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ABSTRACT 

Polycarbonate templates of (30±1) µm thickness containing cylindrical etched-track nanochannels 

of (500±50) nm diameter were used for electrodeposition of Ni nanowires. Using 104 channels per 

cm2, the most favorable deposition potential of -1.0 V was determined in a potentiostatic mode by 

varying the deposition potential with respect to an Ag/AgCl reference electrode over a range 

between -0.1 V and -1.5 V. The deposition efficiency at -1.0 V was estimated around 10 %. The 

resulting single wires had a resistance around 200 Ω and showed an anisotropic magnetoresistance 

(AMR) effect of 1 %, applicable to directionally sensitive magnetic field sensors. 
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1  INTRODUCTION 

Recently, novel fabrication techniques of nanowires [1, 2] have received much attention due to an 

increasing interest in wires close to or below the critical size limit for quantum effects. So far, 

commercially available etched ion-track membranes of polycarbonate [3-5] or anodized aluminum 

oxide films [6-8] with high area density of nanochannels (about 108~1010 channels cm–2) [9-11] 

have been used as templates. In many commercial templates, the incidence angles of the 

nanochannels scatter within a certain range. Furthermore, the channels can be conical-shaped or 

have the shape of a toothpick, which is far from cylindrical. For nanofabrication it would be 

advantageous if the channel position, inter-channel distance, and channel diameter and shape could 

be controlled precisely [12, 13]. Lithographic Galvanoforming (LIGA) techniques based on X-rays, 

have been applied to fabricate novel electronic devices. Using a similar heavy-ion LIGA technique 

[14-18], metallic nanowires with much higher aspect ratio can be synthesized, however presently 

still with random positioning. This has been demonstrated for polycarbonate and polyimide at 

nanochannel densities around 108 channels cm–2 [19]. 

In this study, a polycarbonate film was irradiated using energetic heavy-ion beams to form straight 

tracks perpendicular to the film. Subsequently, the films were selectively etched to create 

cylindrical nanochannels of high quality in terms of orientation, surface roughness, shape, and size 

distribution of the channels over a wide range of area density (from 1 pore per sample to 104 pores 

cm–2), however, spatially distributed at random. The electrodeposition of nickel nanowires and their 

anisotropic magnetoresistance (AMR) behaviour were investigated. 

 

2  EXPERIMENTAL 

Figure 1 shows the fabrication process and the characterization of nanowires electrodeposited in a 

nanochannel: (a) heavy ion track formation, (b) track etching, (c) sputter-deposition of a gold layer 

on both film surfaces, the right one being reinforced by an additional copper layer and serving as 

cathode, and the left one as contact layer, (d) electrodeposition of nanowire, (e) nanowire in contact 
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with the gold layer, (f) resistance measurement with external magnetic field. Polycarbonate films 

(thickness: 30 µm) were used as templates. First, by irradiation with a heavy-ion beam of the 

UNILAC linear accelerator at GSI (Darmstadt, Germany) straight ion tracks were created 

perpendicular to the foil surfaces, as shown in Fig.1-(a). The track densities ranged from a single 

track in a foil to 104 tracks cm–2. Second, the tracks were selectively etched in an aqueous solution 

containing 6 mol l–1 sodium hydroxide to provide cylindrical nanochannels as shown in Fig. 1-(b). 

During etching, a constant voltage was applied between two electrodes separated by the film, and 

the current was used to monitor the etching process. The etching process was optimized to produce 

a uniform cross section along the channel with very small roughness. A gold layer of thickness 500 

nm, later on used as cathode for nanowire growth, was sputter-deposited on one side of a 

nanoporous film, while a thin gold layer of thickness 100 nm, serving as contact layer for the 

nanowires, was placed on the other side as depicted in Fig. 1-(c). A gold wire with diameter of 1 

mm was used as an anode. An aqueous electrolytic solution was synthesized from NiSO4•7H2O 120 

g l–1 and H3BO3 45 g l–1. The solution pH was 3.5 and the temperature was kept to 298 K. A 

cathodic polarization curve was drawn by plotting cathode potentials measured galvanostatically at 

each cathodic current to determine the optimum potential for nickel deposition. Nickel nanowires 

were electrodeposited potentiostatically at a cathode potential of –1.0 V vs. Ag/AgCl as shown in 

Fig. 1-(d). Growth rates were estimated by the channel filling time, which was determined from the 

time dependence of the deposition current. The wires contacted the gold layer when they reached 

the template surface (Fig. 1-(e)). Shape of nanowires was observed by using SEM (Philips XL 30 

FEG). To obtain a SEM image of nanowires, polycarbonate template was removed by 

dichloromethane. The magnetoresistance of the wires was measured at room temperature applying a 

direct current of 10 µA and a magnetic field up to 10 kOe (Fig.1-(f)). 
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3  RESULTS AND DISCUSSION 

3.1  Fabrication of Nanochannels 

Figure 2 shows the time dependence of the current during etching of films with different track 

densities. The breakthrough times in Fig. 2 are shifted to coincide at 300 s. In the time period before 

breakthrough (around 300 s), the current is extremely small due to the large resistance of the film. 

At breakthrough, the current increases drastically due to formation of open channels. The etching 

rate is estimated to be around 50 nm s–1 and does not depend on the density. After breakthrough, the 

current also increases due to the growing channel diameter. 

The linear relationship between track density and current at various etching times is plotted in Fig. 

3. The channel diameter Dt (nm) at etching time t (s) can be estimated according to  

Dt = 2(πσE)–0.5(l Ie)0.5 =106.5 Ie 0.5  (1) 

Here, E = voltage, Ie = current at etching time t, l = channel length, σ   = conductivity of 6 M 

sodium hydroxide solution. In this study, E = 1 V, l = 3x104 nm, and σ = 0.04 S cm–1. At t = 400 s, 

Ie is around 10–9 A and D400 results in ~100 nm, whereas for t = 1000 s, Ie is about 10–7 A and D1000 

amounts to ~1000 nm. 

 

3.2  Fabrication of Nanowires 

The cathodic polarization curve of Fig. 4 was recorded during electrodeposition of Ni2+ ions in a 

track-etched polycarbonate template with channel diameters of (500±50) nm and an area density of 

104 channels cm–2. If the activity coefficient of Ni2+ ions, γ equals to 1, the equilibrium potential of 

Ni, Eeq, is estimated to be around –0.46 V vs. Ag/AgCl according to the following equation. 

Eeq = E0 + RT(nF)–1ln(γCNi)      (2) 

where, E0 = standard electrode potential, CNi = concentration of Ni2+ ions. In this study, the 

electrolytic solution contains high concentration of Ni2+ ions. Therefore, γ is estimated to be less 

than 1 and Eeq would be less than –0.46 V. (For example, if γ is 0.1, Eeq is estimated to be around –
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0.49 V.) When a cathodic current of 10–5 A was applied to the nanochannel electrode, the cathode 

potential was around –0.1 V, which is nobler than the equilibrium potential of Ni and is close to that 

of hydrogen (ca. -0.2 V). This current corresponds to the hydrogen evolution. With increasing 

current, at ~10–5 A, the potential significantly polarizes from –0.4 to –0.7 V. This phenomenon 

seems to be caused by the concentration decrease of H+ ions in the nanochannels. The consumption 

rate of H+ in the channels increases with increasing cathodic current due to creation of molecular 

hydrogen, while the diffusion rate of H+ from the bulk solution to the channels is independent of the 

current. Therefore, the H+ concentration in the channels decreases with increasing current. At a 

potential less noble than the equilibrium potential of Ni, the current increases again at around –0.7 

V. It is well known that iron-group metals such as Ni, Co, and Fe electrodeposit with an 

overpotential of approximately 0.2 ~ 0.3 V. Hence, this increase in cathodic current is mainly 

caused by an increase in the deposition current of Ni. At about 10–3 A, the potential significantly 

polarizes from –1.2 to –1.4 V. This phenomenon seems to be caused by the concentration decrease 

of Ni2+ ions in the channels. On the basis of the result given in Fig. 4, the optimum deposition 

potential of Ni was determined to be ca. –1 V vs. Ag/AgCl. 

Figure 5 visualizes the effect of channel density on time dependence of the cathodic current during 

electrodeposition of Ni2+ ions. Track-etched polycarbonate films with area densities from a single 

channel membrane to 104 channels cm–2 and channel diameters of (500±50) nm were prepared as 

templates. During Ni2+ electrodepostion, the cathode potential was fixed at –1.0 V with respect to a 

Ag/AgCl reference electrode. In the case of a single-channel template, the cathodic current Ic was  

~10–8 A over a time period of about 150 s. For each sample, the cathodic current rapidly increases 

after a deposition time of about 150 s. At this moment, the wires reach the membrane surface, and 

large hemispheric Ni caps start to form. The growth rate of Ni wires can be estimated to be ca. 200 

nm s–1 by dividing the channel length (l = 3x104 nm) by the filling time (t = 150 s). 

The relationship between channel density and cathodic current recorded at a deposition time of 100 

s is plotted in Fig. 6. Templates with channel diameters (500±50) nm were used for this 

 5



measurement. With increasing channel density, the cathodic current increases linearly. The 

electrodeposition efficiency P (%) of Ni in etched track templates can be estimated by  

P = 25nFπD2lρ (IctMNi)–1        (3) 

Here, n = valence of Ni2+, F = Faraday’ constant, ρ = density of Ni deposit, Ic = cathodic current, 

and MNi = atomic weight of Ni. In this study, n = 2, F = 96485 C mol–1, ρ  = 8.9 g cm–3, MNi = 58.7 

g mol–1. The electrodeposition efficiency P is estimated to roughly 10 %. 

 

3.3  Characterization of Nanochannels 

To obtain a SEM image of nanowires, a sample was prepared as follows. Firstly, Ni nanowires of 

length 10 µm were electrodeposited into a polycarbonate template of thickness 30 µm, channel 

diameter (500±50) nm and area density 104 channel cm–2. Then, the template was removed by an 

organic solvent. Finally, a thin gold layer of thickness 10 nm was sputter-deposited on the sample to 

avoid charging during SEM observation. Figure 7 shows a micrograph of Ni nanowires separated 

from the template. The average diameter corresponds well to that of the channels, and the 

cylindrical shape of the channels was perfectly transferred. 

Homogeneous Ni nanowires and Co/Cu multi-layered nanowires electrodeposited in commercially 

available polycarbonate membrane filters are known to possess characteristic transport properties 

such as anisotropic magnetoresistance (AMR) and current-perpendicular-to-plane giant 

magnetoresistance (CPP-GMR) [3-5]. Figure 8 displays magnetoresistive hysteresis curves of a Ni 

nanowire in a single-channel template with a channel diameter of (500±50) nm. Here, the MR ratio 

is defined by 

MR ratio (%) = 100(Rmax – Rmin)Rmin
–1       (4) 

where, Rmax and Rmin are the resistance at zero and saturation field, respectively. The AMR curves 

exhibit the usual dependence on the direction of the applied magnetic field. In the direction parallel 

to the wire (0 deg), the effect of the magnetic field on the resistance is very small and the MR ratio 

is almost zero, while in the direction perpendicular to the wire (90 deg), the MR effect is maximum. 
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An AMR ratio of 1.0 % was observed for a Ni nanowire, which is typical of this system. Without 

magnetic field, the resistance of a Ni nanowire is around 198.2 Ω. Here, length and diameter of the 

nanowire are 30µm and 500nm. Therefore, the resistivity is estimated to be around 130 µΩcm. This 

value confirms that the electrodeposited nanowire has metallic state [19]. 

Figure 9 displays the angular dependence of the normalized resistance measured at a magnetic field 

of 10 kOe for a Ni nanowire in a single-channel template with a channel diameter (500±50) nm, θ 

being the angle between magnetic field and wire axis (= direction of current). The normalized 

resistance is well represented by a cos2θ curve. This result confirms that the track-etched 

polycarbonate film has straight channels perpendicular to its surface. 

 

4  CONCLUSION 

Using energetic heavy ions, nanoporous polycarbonate templates with a wide range of channel 

densities were synthesized and Ni nanowires were electrodeposited in these templates. The 

technique can be employed to manufacture high-quality magnetic angle sensors based on the AMR 

effect. The track density and diameter can be controlled by ion fluence and etching time, 

respectively. Homogeneous Ni nanowires were successfully electrodeposited in these templates. 

The deposition efficiency was estimated to be around 10 % at a deposition potential of –1 V using 

an Ag/AgCl reference electrode. The AMR of the wires reached 1 %, sufficient for technical 

applications such as directional magnetic field sensors. 
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Captions 

Fig.1 Fabrication and characterization of a nanowire electrodeposited in a single-channel 

membrane. (a) track formation, (b) track etching in alkaline solution, (c) sputter-deposition of gold 

layers on both sides of the membrane, (d) electrodeposition of the wire, (e) contacting the growing 

wire with the metal layer on the opposite side, (f) measuring the wire resistance as function of an 

external magnetic field. 

 

Fig.2 Time dependence of current during track etching for samples with different heavy-ion-track 

densities (single-track membrane, 10, 100, and 104 tracks cm–2). 

 

Fig.3 Linear relationship between track density and current for etching times of 400, 600, 800, and 

1000 s. 

 

Fig.4 Cathodic polarization curve of a heavy-ion-track etched polycarbonate template with a 

channel diameter (500±50) nm and a density of 104 channels cm–2 in a solution containing Ni2+ 

ions. 

 

Fig.5 Effect of channel density on  cathodic current in a solution containing Ni2+ ions. Templates 

with channel diameter (500±50) nm were used. 

 

Fig.6 Relationship between channel density and cathodic current for templates with a 

channeldiameter (500±50) nm, measured at a deposition time of 100 s 

 

Fig.7 SEM image of Ni nanowires with diameter (500±50) nm and a channel density of 104 channel 

cm–2. 

 

Fig.8 Magnetoresistive curves of a Ni nanowire electrodeposited into a single-pore template with a 

channel diameter (500±50)nm. 

 

Fig.9 Angular dependence of the normalized resistance measured at a magnetic field of 10 kOe of a 

single Ni nanowire of diameter (500±50) nm. 
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