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Top cover image: colorized SEM image of Au nanowires standing on their Au 

backelectrode fabricated by electrodeposition in etched ion track templates as 

presented in this thesis 

Back cover image: modified SEM image of Au nanocones with their caps 

overlaying a nanocone array  
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Zusammenfassung 
Metallische Nanostrukturen sind äußerst attraktiv für Anwendungen in Batterien, 

Solarzellen oder Arzneimitteln. In dieser Doktorarbeit wurden folgende Gold-

Nanostrukturen durch elektrochemische Abscheidung in geätzten 

Ionenspurmembranen synthetisiert: (1) zylindrische Nanodrähte bestehend aus 

Gold oder Gold-Silber-Legierungen, (2) poröse, zylindrische Gold-Nanodrähte 

hergestellt durch selektives Auflösen des Silberanteils und (3) konische Gold-

Nanodrähte (auch Nanokegel genannt).  

Durch Kontrolle der Prozessparameter wurden zylindrische Nanodrähte 

unterschiedlicher Zusammensetzung (Au; Au60Ag40; Au40Ag60; Ag) und mit 

vorgegebenen Durchmessern abgeschieden. Für Au40Ag60-Nanodrähte führte 

chemisches Auflösen des Silbers zu porösen Au-Nanodrähten mit stark 

vergrößerter Oberfläche.  Morphologie und Zusammensetzung dieser Strukturen 

wurden mit energiedispersiver Röntgenspektroskopie (EDX) und Transmissions-

elektronmikroskopie (TEM) untersucht. Die Analyse der elementaren 

Zusammensetzung der Au-Ag-legierten Drähte gibt klare Hinweise auf 

Oberflächensegregation. Au60Ag40-Drähte zeigen ungleichmäßig goldreiche 

Oberflächen, Au40Ag60 Nanodrähte hingegen zeigen Silberanreicherungen. Nach 

der selektiven Auflösung des Silbers bestehen die porösen goldreichen 

Nanodrähte aus 5 bis 30 nm breiten Ligamenten. Diese porösen Nanodrähte 

könnten künftig als Sensoren benutzt werden. Hierfür müssen allerdings der 

elektrische und thermische Wiederstand ermittelt werden. Um diese Messungen 

zu ermöglichen, wurden geeignete Kontaktierungsverfahren für AuAg-

Nanodrähten mittels Laserlithographie getestet. 

Freistehende Gold-Nanokegel mit Mikrometer großen Basen und ca. 50 nm 

breiten Spitzen wurden elektrochemisch in Ionenspurmembranen mit 

asymmetrisch geätzten konischen Kanälen hergestellt. Stabile Nanokegel sind für 

Anwendungen interessant z.B. als hydrophobe Deckschicht oder als kalte 

Feldemitter. Die in dieser Arbeit hergestellten Gold-Nanokegel wurden 
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elektrochemisch von der Spitze zur Basis abgeschieden, um die mechanische 

Stabilität zu verbessern und einen soliden elektrischen und thermischen Kontakt 

zum Substrat sicherzustellen. Ein Test an geordneten Nanokegel-Arrays zeigt 

kalte Feldemission mit Feldüberhöhungen zwischen 200 und 1000 sowie 

maximalen Emissionsströmen zwischen 1 und 100 µA. 

Die Ergebnisse diese Promotionsarbeit verdeutlichen die große Flexibilität und 

unterschiedlichen Möglichkeiten der Ionenspur-Nanotechnologie. 
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Abstract 
Metallic nanostructures are attracting growing interest because of their potential 

application in various devices such as batteries, solar cells, or drug delivery 

systems. This thesis focuses on the synthesis and characterization of three 

different nanostructures: (1) solid cylindrical AuAg nanowires with controlled 

composition and size, fabricated by electrodeposition in etched ion-track 

membranes with cylindrical channels, (2) porous cylindrical Au nanowires 

attained by selective dealloying of AuAg nanowires, and (3) Au nanocones 

synthesized by electrodeposition in conical channels.  

AuAg nanowires with controlled diameter and composition, namely Au, 

Au40Ag60, Au60Ag40, and Ag were synthesized and characterized. By dealloying 

these nanowires were converted into porous Au-based nanowires with diameters 

above and below 100 nm possessing an enhanced surface area. Surface 

morphology and composition of the nanostructures before and after dealloying 

were studied by means of high spatial resolution energy-dispersive X-ray 

spectroscopy (EDX) in a high-resolution transmission electron microscope 

(TEM). The results demonstrate surface segregation effects in solid AuAg 

nanowires that strongly vary with the initial composition. Surface segregation 

occurs on a time scale of days (< 3 days) independently of the wire dimensions. 

After dealloying of Au40Ag60 nanowires, the porous nanowires have a silver 

content below 10% and ligament size from 5 to 30 nm. Solid and porous wires 

are particularly attractive for future applications, e.g., in sensorics. The 

characterization of such small nanostructures regarding, e.g. electrical transport 

properties, requires suitable contacts. Special designs to contact nanowires by 

laser lithography as well as by using pre-patterned templates were developed.  

Gold nanocones with sharp tips down to 50 nm diameter and several microns 

large bases were fabricated. Given by this special geometry, the nanostructures 

exhibit a high mechanical stability and are freestanding with an aspect ratio of 

500 and above. Stable gold nanocone arrays are attractive for a large range of 
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applications including field emission and as coating for hydrophobic surfaces. In 

this work, the standard wire deposition process from base to tip was inverted in 

order to improve the electrical and thermal contact of the nanocones to the 

substrate. After selective removal of the template, 30 µm long gold nanocones 

with ~ 50 nm sharp tips were freestanding and vertically aligned. Such structures 

are highly tunable in terms of cone dimensions and number density. The field 

emission properties of patterned nanocone arrays, investigated in collaboration 

with the Bergische Universität Wuppertal, exhibit field enhancement factors 

between 200 and 1000 as well as a maximum emission current ranging from ~ 1 

to 100 μA. 

The results presented in this thesis emphasize the variety of possibilities that ion-

track technology offers in order to tailor dimensions and characteristics of 

nanostructures. 
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Résumé 
L’intérêt croissant pour les nanotechnologies et plus particulièrement les 

nanostructures métalliques provient des besoins de nouveaux développements 

technologiques dans le domaine des batteries, des panneaux solaires ou en 

médecine. Cette thèse aborde la fabrication et la caractérisation de trois 

différentes structures à base d’or: (1) des nano-fils en alliage or et argent (AuAg), 

(2) des nano-fils poreux obtenus par la dissolution sélective de l’argent contenu 

dans des fils AuAg, et (3) des nano-cônes en or. Ces structures ont été synthétisées 

par électrodéposition dans des pores calibrés de membranes polymères. Elles ont 

été obtenues par révélation chimique des traces latentes laissées dans le matériau 

après irradiation par des ions lourds accélérés (plus connus sous le nom anglais 

« ion-track technology »). 

Cette technique permet de contrôler précisément le diamètre et la composition des 

nano-fils d’alliage or-argent. La dissolution de l’argent contenu dans des fils de 

composition Au40Ag60 par corrosion sélective rend possible l’obtention de nano-

fils poreux. L’évolution de la morphologie et de la composition de ces nano-fils 

a été étudiée par microscopie électronique en transmission couplée à une analyse 

dispersive en énergie (EDX) avant et après traitement corrosif. Avant la 

dissolution de l’argent, les nano-fils sont cylindriques, mais leur composition 

n’est pas homogène. Une ségrégation de surface se produit au bout de quelques 

jours (< 3 jours). Les nano-fils de composition Au60Ag40 voient leur surface 

enrichie en or et, à l’inverse, celle des fils Au40Ag60 s’enrichie en argent. Après le 

traitement corrosif, seuls les fils comportant le plus d’argent (Au40Ag60) 

permettent la fabrication de nano-fils poreux, donnant lieu à une augmentation de 

leur surface. De tels fils sont particulièrement intéressants pour le développement 

de détecteurs ultra-sensibles. A cette fin, leurs propriétés électriques et thermiques 

doivent être caractérisées. En vue de la prochaine évaluation de ces propriétés, 

des nano-fils ont été connectés électriquement par un procédé de 

photolithographie laser. 
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Des nano-cônes, dont la pointe présente un diamètre inférieur à 50 nm, ont été 

fabriqués grâce à des membranes poreuses révélées chimiquement de manière 

asymétrique. D’une base de quelques micromètres de large, ces nano-cônes sont 

mécaniquement très stables. Ces structures autoportantes atteignent des rapports 

d’aspect supérieurs à 500. Elles peuvent être utilisées pour fabriquer des surfaces 

super-hydrophobes et autonettoyantes, ou servir de cathodes à émission 

électronique par effet de champs. Pour ces travaux, les cônes ont été synthétisés 

par électrodéposition dans une membrane poreuse depuis la pointe vers la base, 

grâce à une électrode sacrificielle. Cette déposition inversée permet de contrôler 

précisément la densité et la dimension des cônes. L’émission par effet de champs 

de réseaux de nano-cônes parallèles a été mesurée en collaboration avec la 

Bergische Universität de Wuppertal. Nous avons obtenus des facteurs 

d’amélioration de l’émission entre 200 et 1000, ainsi que des claquages sous vide 

à des courants entre 1 et 100 µA. 

Les résultats présentés dans cette thèse soulignent la flexibilité et la performance 

de l’« ion-track technology » pour la fabrication de nanostructures métalliques.  
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Introduction 

1. Nanotechnology: infinitely small, such a big topic 

The race to miniaturization has been initiated by computer science and its 

increasing need of calculation power. According to Moore’s law, the transistor 

density on a silicon chip should double every two years.1 This demand led to the 

fabrication of smaller and smaller components, reaching nowadays dimensions in 

the nanometer scale (1 nm = 10-9 m). At the same time, in parallel to the 

technological drive for miniaturization, new properties different from those of the 

bulk were predicted and experimentally observed for nanomaterials generating a 

wildely increasing interest.2–7 

Thus, for example, when the size of the particles is comparable to the electron 

Fermi wavelength, electronic energy levels start to quantize, i.e. to exhibit 

discrete values which significantly differs from the “continuous” energy bands in 

bulk materials. In addition, the number of surface atoms with low coordination 

numbers becomes more dominant, providing an additional way to modify and 

tailor the electron distribution and transport in nanoparticles. Consequently, all 

the material properties depending on the electronic energy levels such as thermal, 

electrical, spectroscopic, or chemical properties of these finite systems are 

expected to differ from those of bulk. These effects are also experimentally 

observable; for example, spherical gold nanoparticles with diameter of   ~ 30 nm 

are red and not shiny deep yellow (gold) as the bulk.8 

For the fabrication of nanostructures, i.e. structures with at least one dimension 

below 100 nm, two complementary ways are available: top-down and bottom-up 

approaches. Top-down processes start from bulk solid from which nanostructures 

are shaped out. Optical lithography is the most common top-down approach. It is 

extensively used in the electronic industry to fabricate silicon based transistors 

because it allows parallel production and controlled integration into systems.9 The 
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bottom-up approach consists of assembling small building blocks (i.e. atoms, 

molecules, particles) to shape nanostructures. Bottom-up techniques such as 

nanoparticle self-assembly 10,11 provide higher throughput but on cost of size 

distribution control. Hybride methods combining top-down and bottom-up 

approaches such as the template method have also been developed and are 

attractive for their high flexibility and the possibility of direct integration into 

devices. 

Nano-objects are attractive for a wide range of applications such as catalysis, 

optics, energy production and storage, sensors, chemical and biochemical assays, 

medicine, gene and drug targeting as well as nanoelectronics and 

nanodevices.1,2,4,5,7,12–15 As a consequence of the broad variety of potential 

applications and the very fast progress of nanotechnologies, nanomaterials attract 

attention of manufacterers, economists, politicians and the general public. Though 

a large number of nanodevices are already commercialized such as components 

of computer central processing units (CPU),16 nanoscience remains a relatively 

young science where new fabrication routes, concepts for devices and possible 

applications are constantly being unveiled.  

According to C.N.R. Rao et al.,2 “the immediate objectives of the science and 

technology of nanomaterials are: (1) to fully master the synthesis of isolated 

nanostructures (building blocks) and their assemblies with the desired properties, 

(2) to explore and establish nanodevice concepts and systems architectures, (3) to 

generate new classes of high performance materials, (4) to connect nanoscience 

to molecular electronics and biology, and (5) to improve known tools while 

discovering better tools of investigation of nanostructures.” 

2. Gold: a rich material 

Symbol of wealth, gold has been fascinating humans since ages. Mostly supplied 

through mining and recycling, it is a malleable rare noble metal that is not affected 
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by dirt or corrosion.5–7 For millenaries, its major uses were jewellery and 

monetary assets.  

Because of its inherent physical and chemical properties (Table V-1), gold is 

being increasingly utilized for advanced technological applications. Initially of 

interest because of its high electrical and thermal conductivity as well as a strong 

corrosion resistance, gold was mostly employed in electronics and electrical 

engineering.  

Table V-1: Principal physical properties of gold extracted from 17–21 

More recently, gold and gold alloys have been used in chemical industry as 

catalysts. In addition, the extended gold-thiol chemistry developed in the past 

decades render this material attractive for both materials science and 

biochemistry. However, due to the high price of the raw material, gold for 

technological purposes is sustainable only for high added value technologies. 

3. Nanoscale gold: a perfect match 

Nanostructuring of gold is being used since antic ages. Egyptians and chinese 

were already using colloidal gold (Au nanoparticles in solution) as colorant for 

ceramics or glasses millenaries ago. The Lycurgus Cup, dated from the 4th to 5th 

Atomic number (Z) 79 

Electronic configuration [Xe]4f145d106s1 

Atomic mass (M) 196.97 gmol-1 

Atomic radius (rA) 0.1442 nm 

Unit cell Face centered cubic 

Lattice parameter 0.40781 nm 

First ionisation energy 890 kJmol-1 

Standard potential Au/Au+ (E0) +1.691 V 

Electronegativity  2.4 

Electron mean free path (λ) ≥ 40 nm 

Melting temperature 1064.43 °C 

Density at 20 °C (d) 19.32 gcm-3 

Electrical resistivity at 0°C (ρ) 2.06×10-6 Ωcm 

Thermal conductivity at 0 °C (κ) 3.14 Wcm-1K-1 
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century before Christus and exposed at the British Museum, is one of the most 

famous examples.7,22 Cathedrals from the middle ages are another glaring 

example of the use of nanoparticles of gold and other materials to fabricate 

multicolored rosette windows. These peculiar optical properties originate from 

surface plasmon resonances in gold nanoparticles. In the presence of an 

electromagnetic field (i.e. incident light), the electrons of the nanoparticles 

oscillate. In the case where the electron oscillations coincide with the incident 

light frequency, resonances lead to strong absorption of that precise wavelength, 

giving rise to coloring of the media. These properties depend not only on the size 

of the nanoparticles but also on their shape, interparticle distances as well as their 

surrounding medium.3,23  

Other effects observable for gold nanoparticles are intimately linked to the 

relative increase of surface atoms with low coordination number. Haruta et al. 

demonstated that nanostructured gold, in opposition to bulk, is chemically 

extremely active and can serve as catalyst.24,25 With the decrease in particle size, 

the total number of atoms in each particle also drastically diminishes, impacting 

the quantum properties of gold. Through quantification of the energy levels, gold 

undergoes a size-induced metal-insulator transition. This results in a pronounced 

modification of the physical properties such as the electrical conductivity.26 The 

mechanical properties of Au are also affected, and increasing attention has been 

given to the mechanical properties of nanoporous gold that can reach and overpass 

the theoretical yield strength of gold.27–30 Gold nanoparticles are also priviledged 

tools for interacting with biological media such as cells with their small 

dimensions and their tunable surface chemistry.7,12,31–33 The promises of these 

novel properties are reflected in the extensive number of published scientific 

articles (> 69.000 in the Web of Science Core data base , topic keyword “gold 

nanoparticles” on the 10/03/2016). 

To tailor the properties of gold at the nanoscale, scientists have been trying to 

shape gold in a very large variety of nanostructures. As listed by Chanana et al. 

in the Encyclopedia of Nanotechnology,3 nanoparticles can be sorted in two major 
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categories. Isotropic gold nanoparticles include spheres as well as shells. On the 

other hand, anisotropic gold nanoparticles comprehend nanorods, nanowires, 

nanoplates and polyhedrons (or facetted nanoparticles). Amongst the numerous 

strategies to fabricate gold nanostructures, the most commonly used processes are 

chemical reduction of Au salts in solution and seeding growth. Both steps are 

assisted by ligand chemistry for the control of size distribution, anisotropy, and 

self assembling of the particles. M. Daniel and D. Astruc reviewed7 many other 

chemical and physical methods developed to fabricate gold nanoparticles. 

However, for some applications, specific arrangement/assembly of nanoparticles 

are required to have representative impact (i.e. catalysis, surface enhanced Raman 

spectroscopy (SERS)). 

Furthermore, nanostructured gold can also be synthesized with various surface 

morphology under the form of nanoporous gold films and nanoporous gold 

particles. Two main fabrication routes coexist. (1) Galvanic replacement, mostly 

used to form hollow particles, requires sacrificial elements. The latest is made of 

a less noble metal and serves as template. It is then oxidized whereas the noble 

element is reduced and plates its surface.34 (2) The dealloying process consists in 

the selective dissolution of the less noble metal of an alloy.35 Porous gold can be 

directly synthesized as macroscopic self sustaining systems and direct 

intergration in devices or systems can be achieved using templated fabrication,36 

nanoimprinting,37,38 or being designed with lithographic tools.39,40 

Gold nanostructures are nowadays of particular interest for almost every 

advanced research and technological fields, including energy storage, energy 

harvesting, chemistry, catalysis, medicine, drug delivery, cancer therapy, 

biological sensing, electronics, welding, optics and many others. At this point, 

two important domains of application have been selected to reflect the 

pluridisciplinarity of nanoscale gold. Healthcare is one of the major human 

concern and gold nanoparticles wil play there an important role. Examples include 

the use of gold nanoparticles (e.g. nanocages), with chemically functionalised 

surface to selectively target cancer cells, in order to convey drugs and release 
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them in the intended cells.31,41 Similar cancer selective gold nanoparticles can also 

be employed to kill the cancer cells by heat resulting from the exitation of surface 

plasmon resonance with specific wavelengths.42 Gold nanoparticles can serve as 

contrast agent for imaging in cells and in vivo.43 Therefore, they can operate as 

sensors, vehicles and even treatment using the specific optical absorption and 

typical gold-thiol chemistry of gold nanoparticles. A second hot topic is related 

to environmental issues and the increasing determination to act against global 

warming. Again, the potential of gold nanoparticles is broad. They can be 

employed for the treatment of exhaust gas, as shown by M. Haruta with their 

extreme catalytic activity for the oxidation of carbon monoxide.24 Green 

technologies such as fuel cells may also profit from the activity and high surface 

of  nanoporous gold.44–46  

Despite the obvious qualities of the gold nanoparticles, many challenges remain 

to both synthesize and better understand the behaviour/properties of the resulting 

nanoparticles. For exemple, the electrical and thermal propeties of nanostructured 

gold is not well known and is strongly dependant on the environment and the 

shape of the particles. The mechanical stability nanostructures with high aspect 

ratio is low and requires improvement for application.  

4. This work 

The present work mainly focuses on the synthesis and characterization of three 

specific types of gold nanostructures, namely AuAg alloy nanowires, porous gold 

nanowires (PAuNWs), and gold nanocones (AuNCs). This thesis aims providing 

advanced understanding on the synthesis of these structures as well as their 

properties, fundamental for their succesful application in sensorics or field 

emission.  

Both structures are fabricated by electrodeposition in etched ion-track templates. 

This technique consists in: (1) irradiating polymer foils with swift heavy ions; (2) 

chemically etching of the damaged tracks to obtain nanochannels of controlled 
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size and shape; and (3) electrodepositing the material in the nanochannels that 

serve as templates. By developing and optimizing these three main steps, it is thus 

possible to fabricate high aspect ratio particles with controlled geometry, length, 

diameter, composition and crystallinity. More details on this technique are 

presented in Chapter I.  

The second part of this work presents the fabrication and characterization of 

PAuNWs that combine the advantages of both porous gold and nanowires. Due 

to their extremely large surface, such nanoporous nanowire systems are very 

attractive for different applications in optics,47
 catalysis,48

 and chemical,49
 and 

biological50
 sensing, for example as antennae for surface enhanced Raman 

spectroscopy.51 In addition, porous gold is of particular interest for fundamental 

research. As a matter of fact, it already served as model system for corrosion 

studies,52 but corrosion in nano-objects or transport phenomena in porous material 

still require investigations. PAuNWs thus constitute an excellent platform to 

study these effects, which are relevant for example for their application in 

sensorics. The PAuNWs are synthesized by electrodeposition of Au−Ag alloy 

(named in the rest of the thesis as “AuAg”) into the cylindrical channels of etched 

ion-track membranes. In addition, dealloying (selective dissolution of Ag) allows 

tailoring size and morphology of the porous nanostructures. The fabrication of 

porous Au nanowires by single-bath electrodeposition of AuAg alloy in templates 

and subsequent dealloying was first demonstrated by Searson et al.53–55 Past 

studies focused on the influence of the initial AuAg wire composition. The 

dealloying parameters on the resulting porosity was investigated in most cases for 

wire diameters larger than 200 nm.49,53–58 This work presents the fabrication of 

porous nanowires with diameters below 100 nm. Taking advantages of the recent 

improvements in scanning transmission electron microscopy (STEM) as well as 

energy dispersive X-ray (EDX) detectors, characteristic properties of the 

nanowires such as the morphology, crystallinity, or composition are investigated. 

These analyses reveal the presence of surface effects such as surface segregation 

that had not been considered until now. To study the electrical and thermal 

properties of these porous nanostructures, a specific lithography process is 
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developed. Finally, upcoming transport measurements of porous gold and 

ultrathin nanostructures will be discussed. 

The third part of this thesis is dedicated to gold nanocones. Because of their 

geometry, cones combine microscopic and nanoscopic dimensions in one 

structure. While the large base of the cone provides enhanced mechanical 

stability, the small tip with typical dimensions below 100 nm yields a high aspect 

ratio and attractive “nano” properties to the cone. In comparison to cylindrical 

nanowires, nanocones also present improved electrical and thermal contact to the 

support. Therefore, such cones are very attractive for a wide range of applications 

in various fields. AuNCs, as Au nanowires, can be used as nanoelectrode to probe 

chemical electrolyte 59,60 or to apply a potential directly to a living cell. 

Chemically functionalized gold cone arrays could also mimic the surface of lotus 

leaves and provide hydrophobic properties as well as self-cleaning properties to 

transparent surfaces. Taking profit of the optical properties of gold nanoparticles, 

gold nanocones may also serve as optical antenna or bases for SERS sensors.61–63 

Mounted on a cantilever, single gold nanocones may be used as scanning probe 

tip for atomic force microscopes. The optical properties of such a tip allow near-

field enhanced scanning optical microscopy probes to resolve ultra-fine 

topographical details.63 In this work, the suitability of AuNCs with high aspect 

ratio for field emission related applications is investigated. As a matter of fact, 

arrays of nanocones can serve as cold cathodes for various applications, such as 

switchable X-ray tubes,64–67 powerful mm-wave and terahertz amplifiers,68,69 

mass spectrometers, vacuum sensors,70 highly efficient light sources,71 or high-

resolution electron microscopes.72,73 AuNCs are obtained by electrodeposition in 

assymetric channels of etched ion-track membranes. The synthesis process 

presented in this work, based on the electrodeposition of gold from the tip to the 

base of the channel, enables the production of freestanding vertically alligned 

nanocones with tunable geometry and density. It is noted that the synthesis 

process has been redesigned in this work in order to provide enhanced mechanical 

stability and contact to the substrate. Field emission from gold nanocones in a two 

electrode configuration is exposed in the third section of this thesis. Difficulties 
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and limitations of these measurement are also discussed. Finally, a proof of 

concept for the direct synthesis of conical emitter in a triode configuration is 

shown.  
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Chapter I 

I. Fundaments of the 
synthesis of Au 

nanostructures by the 
template method 

In this work, Au nanostructures are synthesized by electrodeposition in etched 

ion-track templates. This method is also generally known as the template method 

and is introduced in this first section. Then, the fabrication of polymer templates 

by heavy ion irradiation and chemical etching is explained. Next, the basics of 

metal electrodeposition and more precisely gold and gold alloys are described. 

The dealloying technique employed to fabricate porous nanowires is then 

presented. Finally, the various experimental techniques used for the 

characterization of the nanostructures are discussed. 

1. The template method 

As its name suggests, the template method consists in the use of a template or cast 

to shape a material during its fabrication process. This principle is commonly used 

since thousands years for the patterning and/or reproduction of tools and artefacts 

including swords, jewelry, or walls. In nanoscience, it has been applied for the 
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first time by Possin 74 and was further developed at GSI 75–79 and by others.80–83 

The template method consists of three major steps, namely: (1) template 

fabrication, (2) material deposition in the channels of the template and (3) 

removal of the template (optional). For the fabrication of nanowires, 

electrodeposition into the pores of AAO 80 or etched ion-track membranes 74,81 

was developed in the 1990s to synthesize nanowires of controlled dimensions, 

composition, and crystallinity.  

Porous alumina templates, often named anodized aluminum oxide (AAO) 

membranes are fabricated by anodic oxidation of aluminum in acidic solution.84,85 

AAO membranes can be fabricated with controllable channel diameters but their 

density is determined by their arrangement.86 One of the major advantages of 

AAO membranes is the possibility to obtain hexagonally packed parallel channels 

using self-organization process through double anodization and that allows 

reaching very high channel densities (108 to 1012 channelscm-2).87 Nevertheless, 

this technique has little flexibility to modify the channel shape and does not allow 

easy fabrication of nanostructures other than nanowires, nanorods, or nanotubes. 

In addition, the removal of the template is often performed using NaOH solution, 

thus deteriorating non-noble metal wires.  

Etched ion-track templates are fabricated by irradiating foils such as mica/silica 

glass or polymer foils with swift heavy ions.74,88 The tracks resulting from the 

passage of the ions are then selectively chemically etched and enlarged converting 

them into open channels. Thus, the major advantage of etched ion-track 

membranes relies on its high flexibility. Since each ion produces an etchable 

track, the channel density can be adjusted. Typical channel densities are between 

1 and 1010 per cm2. The upper limit is given by the mechanical stability of the 

irradiated membranes as well as the overlapping of the channels after etching. 

The channel shape and diameter is tailored during the etching process. The major 

drawback of this technique is the necessity of using large ion accelerators. The 

random distribution of the nanochannels and the limited channel densities 

achievable can also be a limitation for some applications. 
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Etched ion-track membranes are commercially available (e.g. Whatman, 

Sterlitech, Oxyphen, etc.) with limited membrane thicknesses, channel densities, 

and channel diameters. In order to have direct control over the channel geometry 

and density, all etched ion-track membranes used for this work were fabricated at 

the GSI Helmholtz Center in Darmstadt. Usually, membranes irradiated at GSI 

have stochastic distribution of channels. However ordered patterns can be 

obtained using a microprobe.89,90 In addition, by controlling both the irradiation 

and the etching step, complex structures such as interconnected network of 

nanochannels or conical nanochannels can be fabricated.91  

Additional techniques to fabricate templates such as self-assembled di-block 

copolymers,92 laser induced self-organization of polyethylene terephthalate 

(PET),93 monolayer photonic crystal,94 interference lithography95 or electron-

beam lithography (EBL)43,96 have also been reported in the literature. Other 

nanoporous materials have also been used as templates such as zeolites, aerogels, 

carbon nanotubes arrays or bio-molecules like DNA as discussed by A. Huczko.97 

Besides the direct use of templates, various techniques can be used for the 

fabrication of Au nanostructures such as nanoimprint lithography,37,38 

nanotransfer printing,98 full wafer stencil lithography,99 ultrasound-assisted 

interfacial synthesis,100 electron-beam lithography (EBL) and, focused ion beam 

(FIB) etching.40,43,101 

To synthesize metallic nanostructures in the above-mentioned templates, the most 

common techniques are sputtering (mostly for the lithographic techniques where 

structures with low aspect ratio, e.g. wires, are deposited from the side), 

electroless deposition, and electrochemical deposition. In literature also the 

deposition of material in templates by melt pressing,102 sol-gel or chemical vapor 

deposition is reported by Hulteen and Martin.82 New developments in the atomic 

layer deposition (ALD) technique and its precursors already allow the conformal 

deposition of oxides such as Al2O3, TiO2, and SiO2 103,104 and is very promising 

for metal coating of porous templates. 
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Depending on the application, the template removal may be required. In all cases, 

the choice of the template is crucial. When the template has to withstand high 

thermal or aggressive chemical environments (e.g. for applications in electronics), 

highly resistant polymers such as polyimide (PI) have to be used. Other factors 

such as thermal expansion coefficient, channel roughness, outgassing, 

mechanical, and electrical performances, as well as the ease of integration in 

operating systems have to be considered. Template removal is easily achieved for 

polymers (e.g. polycarbonate (PC) or polyethylene terephthalate (PET)) with an 

appropriate organic solvent or acid/base bath. Special attention has to be 

addressed during the membrane dissolution step not to damage the 

nanostructures, e.g. due to solvent induced swelling of the polymer or due to 

capillary forces. Another technique to remove the template and/or template 

residues is oxygen plasma etching.105–108 

 

Figure I-1: Schematic of the five steps involved in the synthesis of Au based 
nanostructures using the template method. (A) Swift heavy ion irradiation of the PC foil, 
(B) selective chemical etching of the ion-tracks, (C) sputtering of an electrical contact layer, 
(D) electrodeposition of material in the template, and (E) dissolution of the template 

In the following chapter, the fabrication of Au based nanostructures generated by 

electrochemical deposition of Au and Au alloys in etched ion-track PC templates 

is presented. Figure I-1 illustrates the five major steps of this technique. First, a 

thin polymer foil is irradiated with swift heavy ions (Figure I-1A). By selective 

chemical etching of the ion tracks open channels are formed (Figure I-1B). An 

electrical contact is sputter coated onto one side of the porous membrane (Figure 
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I-1C). Au or AuAg is then electrochemically deposited in the nanochannels 

(Figure I-1D) and if needed the polymer matrix is removed in a suitable solvent 

(Figure I-1E).  

2. Fabrication of etched ion-track templates 

In this section, the fabrication of etched ion-track membranes with two different 

channel geometries, namely cylindrical and conical is presented. The process 

consists in two major steps, namely the heavy ion irradiation of polymer foils and 

the selective etching of the ion-tracks.  

 

Figure I-2: Schematic representation of the GSI accelerator facility (left) and photography 
of the universal linear accelerator (UNILAC) of GSI (right).109 Irradiation of the PC foils is 
performed at the UNILAC beamline X0 (blue label) 

2.1. Heavy ion irradiation of polycarbonate 

Polycarbonate (PC) foils were irradiated with swift heavy ions with a specific 

energy of 11.1 MeV/nucleon (≈ 10% of speed of light) at the universal linear 

accelerator (UNILAC) of GSI. The irradiations were performed in vacuum using 

the remote control sample exchange system available at the X0 beamline (Figure 

I-2). When passing through matter, the swift heavy ions lose energy. The energy 

deposited per unit path length is called the energy loss. It corresponds to the 
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energy accumulated by the target 𝑑𝐸/𝑑𝑥 and is defined as the sum of the 

electronic and the nuclear energy losses: 

 
𝑑𝐸

𝑑𝑥
= (

𝑑𝐸

𝑑𝑥
)

𝑒
+ (

𝑑𝐸

𝑑𝑥
)

𝑛
 (I-1) 

The nuclear energy losses correspond to elastic collisions between the nucleus of 

the projectile and the atoms of the target. They result in billiard-like 

displacements of target atoms and lead to the formation of interstitial vacancies 

and other defects. This stopping process only occurs at very low ion velocities 

(≤100 keV/nucleon), close to the stopping range of the ion projectile.  

At high velocities, accelerated ions predominantly interact with the electrons of 

the target atoms. The moving ions are stripped of part of their orbital electron and 

gain a net positive charge 𝑍∗, also called the effective charge. 𝑍∗ is empirically 

defined as: 

 𝑍∗ = 𝑍 (1 − 𝑒
−

130𝛽

𝑍
2
3 ) (I-2) 

with 𝛽 being the speed of the ions relative to the speed of light, and 𝑍 the atomic 

number of the accelerated ions. For ions at relativistic energies, all electrons are 

stripped off, 𝑍∗ ≈ 𝑍 and the energy losses are dominated by the electrical force 

between the ion and the electrons from target atoms. These so-called electronic 

energy losses are given by the Bethe-Bloch formula: 

 (
𝑑𝐸

𝑑𝑥
)

𝑒
=

4𝜋𝑁𝑍𝑡𝑍∗2𝑒4

𝑚𝑣2
[ln (

2𝑚𝑣2

𝐼
) − 𝛽2 − 𝛿 − 𝑈] (I-3) 

𝑁  =  density of target atoms 
𝑍𝑡  =  atomic number of target atoms 
𝑒  =  electron charge  
𝑚  =  electron mass 
𝑣  =  speed of the projectile 
𝐼   =  ionization energy of the target atoms 
𝛿  =  relativistic correction factor 
𝑈  =  low velocity correction factor 
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The consequences of the electronic energy losses are either to excite target 

electrons to higher energy levels or to eject them from their orbital. Such 

ionization processes result in the emission of energetic electrons also called delta 

rays, which can further ionize and excite atoms over large radial distance from 

the central ion path. This electron cascade around the ion path can lead to the 

formation of ion-tracks. Since (𝑑𝐸/𝑑𝑥)𝑒 scales with (𝑍∗)2, the energy deposition 

of heavy projectiles is significantly larger than low-Z projectiles.110  

Several models have been proposed to clarify the formation of ions tracks.111,112 

The Coulomb-explosion model suggests that the ion tracks result from intense 

ionization and excitation along the ion path, which leads to electrostatic repulsion 

of the ionized target atoms in the track. The thermal-spike model assumes a strong 

temperature increase due to the energy deposited by energetic ions.  

Polymers are in general very sensitive to radiations and easily register ion-tracks 

due to the irreversible damaging of the polymer structure. In agreement with 

simulations, several studies conducted in the past decades prove that the passage 

of swift heavy ions results in a cylindrical damage zone of a several nanometers 

of diameter.113 Damages to aromatic polymers (e.g. PET, PC) induced by swift 

heavy irradiation mainly results in the modification of the structure and of the 

chemical composition of the polymer. Dehaye and al. showed that the irradiation 

damages depend on the stopping power of the ion, i.e. on the energy of the ion 

and its atomic number, consistently with the Bethe-Bloch equation (I-3).114 With 

the use of Au ions at a specific energy of 11.1-11.4 MeV/nucleon, the fast and 

high energy deposition is expected to be able to alter any type of chemical 

bond.115,116 However, the main-chain scission may occur favorably in the 

chemical group with the weakest bonds: the carbonate group.114 Other 

consequences of electronic excitation and radicals’ formation are the outgassing 

of volatile fragments such as CO, CO2, CH4 and C2H2, crosslinking, and 

formation of unsaturated bonds such as alkynes that were observed by means of 

Fourier Transform Infrared spectroscopy (FTIR) and Mass Spectrometry 

(MS).114,117–119  



Chapter I: Fundaments of the synthesis of Au nanostructures by the template method 
 

18 | P a g e  

 

Figure I-3: Molecular structure of Bisphenol-A polycarbonate used for template fabrication 
and corresponding Bisphenol-A monomer 

Polycarbonates are polymers consisting of organic functional groups (monomer) 

linked together by carbonate groups. Easily etched in basic solutions and easily 

dissolved in organic solvents such as dichloromethane, Bisphenol-A 

polycarbonates are ideal polymers for the fabrication of templates. Generally 

synthesized from the starting monomer 2,2-Bis(4-hydroxyphenyl)propane (well-

known under the name Bisphenol-A), these polycarbonates entail 3 main 

functional chemical groups represented in Figure I-3, namely carbonate, alkane 

and aromatic groups. In the present work, different types of commercially 

available polycarbonate foils were used: Makrofol N/KG (Bayer) and Pokalon 

462, 470 and N032 (LOFO). Because their chemical structures are identical, their 

properties are similar and the two polymers differ only in the applied synthesis 

process and in the contained additives. The two polymers can easily be identified 

by their color, yellow for Makrofol and translucent for LOFO foils.  



Fabrication of etched ion-track templates 
 

19 | P a g e  

 

Figure I-4: Schematic of irradiation of under tilted beam incidence for networks production 
(A, B, and C) and patterned irradiation using a mask (D) 

The projected range of Au ions at energy of 11.1 MeV/nucleon in polycarbonates 

is about 150 µm according to SRIM simulations.120 For irradiation, stacks of foils 

with a total thickness below 110 µm were prepared in order to benefit from a 

rather homogeneous energy deposition within the foils of a stack. When the ion 

passes through the foil, it follows a straight line. Thus, the tracks are parallel 

oriented. It should be emphasized that each individual swift heavy ion undergoes 

electronic stopping. Therefore, each individual swift heavy ion passing through 

the PC foils creates one individual linear ion-track. It is thus possible to adapt 

the track density by controlling the ion fluence. Additionally, the beam incidence 

angle can be varied. By irradiating a polymer foil under different orientations 

(Figure I-4A and B), it is possible to create a network of cross-linked ion tracks 

(Figure I-4C). This technique has been used for the fabrication of nanowire 

networks.78,121 The track distribution can also be patterned using an irradiation 

mask in front of the polymer as shown in Figure I-4D. This process is used in this 

work to fabricate patch arrays of nanocones and is presented in chapter IV and V. 

After swift heavy ion irradiation and prior to track etching, the irradiated 

polycarbonate foils are illuminated with ultra-violet (UV) light (30 W, T-30M, 

Vilbert Lourmat) for 1 hour on each side. UV treatment is known to narrow the 

pore diameter distribution after etching.122 Virk et al.117 demonstrated in their UV-

Visible (UV-Vis) analysis that pristine polycarbonate is transparent to UV 
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whereas ion-irradiated polycarbonate absorbs. Therefore, UV treatment mostly 

affects the tracks but not the non-irradiated polymer (so called bulk polymer or 

matrix). By selective photo-degradation of the damaged polymer in the ion 

tracks, the track etch rate increases compared to the bulk etch rate.113,123–125 

Advanced studies of ion tracks by conductommetric measurements on PET and 

PC by P. Apel et al. show that the ion tracks are constituted of two zones with 

different etching behaviors.126–128 On the one hand, the severely damaged track 

core is very sensitive to sodium hydroxide (NaOH) and has an etching rate much 

higher than the bulk. On the other hand, the track halo formed around the track 

core by the electron cascade. In PET, a halo region was identified, where the 

etching rate was lower than the bulk etching rate probably due to cross-linking. 

This halo is a ring ranging up to several hundreds of nanometers around the track 

core. 

2.2. Chemical etching 

The second step for the fabrication of the etched ion-track templates is the 

selective chemical etching that converts ion tracks in the polycarbonate foils into 

open nanochannels. By careful selection of the etching geometry, etching 

solution, etching time and etching additives, the geometry and size of the channel 

are controlled. The basics of the etching process and the experimental conditions 

used for the present work are presented.  

2.2.1. Etching rate 

Given the severe radiation damages produced along the ion trajectory, ion tracks 

have a different etching rate than the bulk polymer. The track etching rate 𝒗𝒕 is 

defined as the etching rate along the track while the bulk etching rate 𝒗𝒃 is 

defined as the etching rate of pristine material. PC being an amorphous polymer, 

𝒗𝒃 is isotropic by definition. The radial etching rate 𝒗𝒓 is defined as the 

nanochannels’ enlarging etching rate, perpendicular to the track direction. The 

parameter of interest for template application is the final diameter of the 

nanochannels ∅𝑐 which is defined by ∅𝑐 =  𝑣𝑟 ∗ 𝑡. 
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These three different etching rates are schematically represented in Figure I-5. 

 

Figure I-5: Schematic representation of the track etching at different etching times with 
respect to the breakthrough time tb and with various ratio of the bulk vs. track etching rate 

The formation of a nanochannel by etching is characterized by its breakthrough 

time 𝑡𝑏, which corresponds to the time necessary for the complete etching of a 

track thus creating a continuous channel from one side of the PC foil to the other. 

By definition, in isotropic etching conditions, the track etching rate can be 

determined by measuring the channel breakthrough time 𝑡𝑏 and the initial track 

length 𝑙𝑇(𝑡 = 0).  

 𝑣𝑡 =
𝑙𝑇(𝑡 = 0)

2 ∗ 𝑡𝑏

 (I-4) 

The initial track length is equivalent to the initial PC foil thickness 𝐷0. Under the 

same etching conditions, the bulk etching rate is defined as: 

 𝑣𝑏 =
𝐷0 − 𝐷𝑡

2 ∗ 𝑡
 (I-5) 

with 𝐷𝑡  =  𝑙𝑇(𝑡) being the PC foil thickness after etching and 𝑡 the etching time. 
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The norm of the radial etching rate 𝑣𝑟(𝑧, 𝑟) is directly dependent on 𝑣𝑡 and 𝑣𝑏. 

On the one hand, the channel can enlarge only if the track core is already etched 

and filled with etchant (dependence on z, position along the track: 𝑧 = 𝑣𝑡 ∗ 𝑡). On 

the other hand, the radial etching rate is not constant but varies as a function of 

the etched radius and consequently with time. In fact, at the beginning of the 

etching, the radial etching rate is equal to the track etching rate, because etching 

occurs preferentially in the highly damaged track core. This very high initial 

radial etching rate also justifies that the minimum channel diameter achievable is 

about 10 nm in 10 µm thick PC membranes and larger for thicker foils. For long 

etching times, the damaged tracks are completely etched away and the channels 

continue to enlarge at the bulk etching rate. Therefore: 

 lim
𝑡→0

(𝑣𝑟) = 𝑣𝑡 (I-6) 

and 

 lim
𝑡→∞

(𝑣𝑟) = 𝑣𝑏 (I-7) 

As mentioned in section 2.1, several works report experimental curves of the 

etching rate vs. pore radius in various polymers as a function of the energy 

deposited by the ion. 126,127,129–132  
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In most cases, the radial etching rate vs. pore radius curves have the following 

shape: 

 

Figure I-6: Schematic model of radial etching rate of ion tracks, Reproduction with 
permission of Elsevier*132 

Other studies evidenced the influence of many other parameters on the radial 

etching rate such as the track density, etchant concentration, temperature, or 

concentration of etching products in the etchant. 122,133 

Because 𝑣𝑟  is intimately related to 𝑣𝑡 and 𝑣𝑏, it is possible to monitor the 

geometry of the pore by tailoring the 𝑣𝑡 𝑣𝑏⁄  ratio. Experimentally, the etching 

rates are mostly adjusted by controlling the etching solution (concentration, 

temperature). The etching of PC results from the action of hydroxide ions (HO-) 

present in basic aqueous solutions. Standard etching solutions are based on 

aqueous sodium hydroxide solutions (NaOH). Changing the NaOH concentration 

modifies both 𝑣𝑡 and 𝑣𝑏; higher concentrations lead to higher etching rates. On 

the contrary, adding organic solvent (i.e. methanol (MeOH) or ethanol) to dilute 

NaOH aqueous solution results in a larger decrease of the track etching rate than 

                                                           
* Reprinted from Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions 

with Materials and Atoms, 236, Zhu, Z.; Maekawa, Y.; Liu, Q.; Yoshida, M., Influence of UV 

light illumination on latent track structure in PET, 61-67, Copyright (2005), with permission 

from Elsevier.  
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the bulk etching rate. In the present work, methanol (MeOH) was used to tailor 

the 𝑣𝑡 𝑣𝑏⁄  ratio and thus tune the geometrical shape of the pores.  

The channel geometries resulting from two different 𝑣𝑡 𝑣𝑏⁄  ratio, namely 

biconical and cylindrical are shown in Figure I-5 and will be discussed in the 

following paragraphs.  

2.2.2. Cylindrical etching: 𝒗𝒕 ≫ 𝒗𝒃 

In the case where the bulk etching rate is negligible compared to the track etching 

rate, the etching along the track prevails and rapidly heads to the breakthrough. 

The resulting channel is quasi cylindrical and has a very small diameter (smallest 

diameter achievable is 10-15 nm 134). Continuation of the etching after 

breakthrough leads to homogeneous enlarging of the nanochannels at the radial 

etching rate. By controlling the etching time, it is thus possible to adapt the 

diameter of the cylindrical nanochannels. By plotting the nanochannels 

diameter vs. etching time, it is thus possible to deduce 𝑣𝑟 . 

In this work, cylindrical nanochannels etching was performed by dipping the 

irradiated PC foils in 2M NaOH aqueous solution at 50 °C for defined times. A 

direct relation between the diameter of nanowires electrodeposited in the 

nanochannels and the etching time in isotropic etching conditions will be 

discussed in Chapter II. 

2.2.3. Conical etching: 𝒗𝒕 > 𝒗𝒃 

In the case where the bulk etching rate is only slightly smaller than the track 

etching rate, track etching and channel widening occur simultaneously. This 

results in non-cylindrical channels. If the etching is performed under symmetric 

conditions, i.e. etching from both sides of the membrane, the resulting 

nanochannels are biconical as shown in Figure I-5. Conical nanochannels can 

be obtained by asymmetric etching,135 where only one side of the PC foil is 

exposed the etching solution and on the other side to a stopping solution (e.g. 

water). 
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Figure I-7: Scheme of experimental setup used for asymmetric etching and fabrication of 
conical channels 

In this work, conical channels were experimentally obtained by asymmetric 

etching geometry. An etching solution of 9M NaOH:MeOH (typically 40:60 

volume ratio) was used on one side of the foil while a water stopping bath was 

placed on the other side (chemical stopping). In addition, a voltage of 1V was 

applied between two Au coil electrodes to monitor the breakthrough of the pores 

and to repel the etching HO- anions from the small opening of the channel 

(electrical stopping). Figure I-7 schematically represents the setup used for 

asymmetric etching. The temperature was regulated by a heating plate and kept 

at 30 °C during the etching process. 

3. Electrodeposition of Au and AuAg alloys 

The aim of this section is to introduce the concept of electrodeposition, to present 

the electrodeposition setup and conditions, as well as the various electrolytes used 

for the electrodeposition of Au and AuAg in the channels of PC membranes. 

3.1. Basics of electrochemical deposition 

When a metal 𝑀 is immersed in a solution containing ions of the same metal 𝑀𝑛+, 

the potential difference between the two media leads to metal ion exchange 

between the solid and the electrolyte. Some ions from the metal lattice enter the 

solution while some ions from the solution crystallize in the lattice.  
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At dynamic equilibrium, with no external contribution, this exchange can be 

summarized by: 

 𝑀𝑛+ + 𝑛𝑒 ⇌ 𝑀 (I-8) 

The reaction from left to right is called reduction and consumes electrons whereas 

the reverse reaction is named oxidation. At dynamic equilibrium, with no 

external contribution, the metal-solution interface is not polarized. Therefore, the 

current generated by the reduction reaction (cathodic current) and the current 

resulting from the oxidation reaction (anodic current) are equivalent. The 

equilibrium potential of the reaction (I-8) is defined by the Nernst equation: 

 𝐸𝑒𝑞 = 𝐸° +
𝑅𝑇

𝑛𝐹
ln

𝑎𝑀𝑛+

𝑎𝑀

 (I-9) 

with 𝐸° being the standard potential, 𝑅 the gas constant, T the absolute 

temperature, 𝑛 the number of electrons involved in the reaction (I-8) and 𝐹 the 

Faraday constant (96485 C). 𝑎𝑀𝑛+  and 𝑎𝑀 refer to the activities of 𝑀𝑛+ and 𝑀 

respectively. For a solid metal 𝑀, the activity is 𝑎𝑀 = 1. The activity of the ionic 

species 𝑎𝑀𝑛+ is proportional to the ion concentration and defined by: 

 𝑎𝑀𝑛+ = 𝛾𝐶𝑀𝑛+ (I-10) 

with 𝛾 being the activity coefficient of 𝑀𝑛+ and 𝐶𝑀𝑛+ its concentration. The 

activity coefficient 𝛾 depends on the concentration of all ions present in the 

solution. 

To polarize the interface region, a second electrode immersed in the same solution 

is necessary. The two electrodes system combined with the electrolyte form an 

electrochemical cell and each individual electrode is a half-cell. Therefore, each 

half-cell has an equilibrium potential (defined by Nernst equation) and they are 

equivalent if the two electrodes are made of the same metal. When an external 

potential 𝐸 is applied between the two electrodes, a current 𝐼 flows in between 

them and their potentials defer from 𝐸𝑒𝑞 . These half-cell potentials shifts are 
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called overpotentials. The cell potential is then equivalent to the sum of the two 

half-cell potentials added to the potential drop resulting from the resistance of the 

electrolyte: 

 𝐸 = 𝜂𝑐 − 𝜂𝑎 + 𝐼 ∗ ℧ (I-11) 

with 𝜂𝑐 being the cathodic overpotential, positive by definition, 𝜂𝑎 the anodic 

overpotential, negative by definition, 𝐼 the current flowing through the cell and ℧ 

the electrolyte resistance.  

The cell overpotential 𝜂 is defined as the potential difference between 

equilibrium cell potential in open circuit conditions 𝐸𝑜.𝑐. and the cell potential 

under external load 𝑬. 

 𝜂 = 𝐸 − 𝐸𝑜.𝑐. (I-12) 

The electrochemical deposition or electrodeposition of a metal is based on the 

application of a potential between two electrodes immersed in the same 

electrolyte. At an appropriate cell overpotential, the polarization of the two metal-

electrolyte interfaces leads to the deposition of mater at the cathode by reduction 

of the metal ions and oxidation at the anode (dissolution of the metal anode, 

oxygen evolution). At a given overpotential 𝜂, hindrances from the overall cell 

reaction have to be considered. Therefore, each reaction step, namely, the charge 

transfer across the double layer (activation), the mass transport (i.e. diffusion), 

the chemical reaction and the crystallization, may influence the total current 

resulting from an applied 𝜂. The slowest process is usually considered as the 

limiting process, which determines the overall cell reaction rate, and is named the 

rate-determining step (RdS). The RdS depends on the cell overpotential. Figure 

I-8 shows general current-potential curves exhibiting charge transfer RdS at low 

potential and mass transport RdS at high potential. 
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Figure I-8: Typical current density - potential curves for metal electrodeposition showing 
four regions: (1) linear; (2) exponential; (3) mixed control; and (4) limiting current density 
region. Reproduction with the permission of John Wiley & Sons, Inc.†136 

If the charge transfer is the RdS, the current density 𝑗 flowing in the cell is given 

by the Butler-Volmer equation: 

 𝑗 = 𝑗0 (𝑒
(1−𝛼)𝑛𝐹𝜂

𝑅𝑇 − 𝑒
−𝛼𝑛𝐹𝜂

𝑅𝑇 ) (I-13) 

with 𝛼 the charge transfer coefficient and 𝑗0 the exchange current density. 

The current density depends linearly on the overpotential at very low voltages 

(Figure I-8(1)) whereas they are related by an exponential law at higher potentials 

(2). At very high overpotential (4), the metal-electrolyte interface is ion depleted 

and each metal ion reaching the electrode is directly reduced. The rate-

determining step is then mass transport. The Nernst diffusion-layer model – which 

                                                           
† Reprinted from Modern Electroplating, 5th Edition, Schlesinger, Mordechay; Paunovic, Milan, 

Fundamental considerations, p6, Copyright (2010), with permission from John Wiley & Sons, 

Inc. 
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assumes a linear concentration gradient of the electrolyte in the Nernst diffusion 

layer – thus suggests the existence of a limiting diffusion current density 𝑗𝐿 that 

only depends on the electrolyte concentration as shown in equation (I-14): 

 𝑗𝐿 =
𝑛𝐹𝐷𝐶𝑂

∗

𝛿
 (I-14) 

where 𝐶𝑂
∗  is the concentration of the bulk, 𝐷 the diffusion coefficient of the metal 

ion, 𝐹 the Faraday constant, 𝑛 the number of charges involved in the reduction of 

the metal ion and 𝛿 the thickness of the Nernst diffusion layer. Equation (I-14) 

suggests that at high enough overpotentials, the electrodeposition current is 

independent of the applied potential and depends only on the electrolyte 

concentration. 

3.2. Au and Ag electrolytes and current 

efficiency 

For the electrodeposition of Au in the nanochannels of etched ion-track templates, 

two different electrolytes were used, namely Au(1)-cyanide (AuCN) electrolyte 

and Au(1)-sulfite (AuSF) electrolyte. In these electrolytes, the Au(1) complexes 

are [𝐴𝑢(𝐶𝑁)2]− and [𝐴𝑢(𝑆𝑂3)]− respectively. For the electrodeposition of Ag 

and AuAg, a cyanide electrolyte was used. The Ag(1) complex is [𝐴𝑔(𝐶𝑁)2]−. 

The properties of these three complexes are summarized in Table I-1. It is noted 

that the cyanide complex is very stable in aqueous solution whereas the sulfite 

electrolyte is much less stable and tends to decompose spontaneously at room 

temperature to form solid Au. To avoid unprompted decay, the sulfite-based gold 

electrolyte is stored at 4 °C until use. In addition, the commercial electrolyte used 

(Make-up Gold-SF, 15 g/L, METAKEM GmbH) contains several stabilizing 

additives. The cyanide electrolytes were prepared at GSI from KAu(CN)2 and 

KAg(CN)2 powders (Carl Roth). To maintain the pH of the cyanide based 

electrolytes basic (pH ~ 13), all solutions were prepared with Na2CO3 (99.5%, 

Sigma Aldrich) at a concentration of 0.25 M/L. 
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Table I-1: Properties of Au(1) and Ag(1) complexes used for electrodeposition of Au and 
AuAg 

Metal 

complex 

Stability 

constant 
137,138 

Half reaction 𝑬𝟎  vs. standard 

hydrogen reference 
139,140 

[𝐴𝑢(𝐶𝑁)2]− 1039 [𝐴𝑢(𝐶𝑁)2]− + 𝑒− → 𝐴𝑢 + 2𝐶𝑁− -0.595 

[𝐴𝑔(𝐶𝑁)2]− 1020 [𝐴𝑔(𝐶𝑁)2]− + 𝑒− → 𝐴𝑔 + 2𝐶𝑁− -0.446 

[𝐴𝑢(𝑆𝑂3)]− 1010 [𝐴𝑢(𝑆𝑂3)]− + 𝑒− → 𝐴𝑢 + 2𝑆𝑂3
− 0.111 

 

According to the half reaction provided in Table I-1, one single electron (n = 1) 

is used for the reduction of one atom of Au or Ag. Thus, it is possible to correlate 

the charge 𝑄 used during the potentiostatic electrodeposition of these metals 

(experimentally obtained by integration of the I-t curves): 

 𝑄 = ∫ 𝐼 𝑑𝑡 (I-15) 

with the mass 𝑚𝑒𝑙𝑒𝑐𝑡  theoretically deposited defined as  

 𝑚𝑒𝑙𝑒𝑐𝑡 =
𝑄 ∗ 𝑀

𝐹 ∗ 𝑛
=

𝑄 ∗ 𝑀

𝐹
 (I-16) 

Where 𝑀 is the molar mass and 𝐹 the Faraday number (96485 Cmol-1). 

Thus by comparing the mass computed from the I-t curves 𝑚𝑒𝑙𝑒𝑐𝑡  with the mass 

effectively electrodeposited and weighted 𝑚𝑤𝑒𝑖𝑔, it is possible to estimate the 

current efficiency (equation (I-17)) of the electrodeposition process as a function 

of the utilized conditions. 

 current efficiency =
𝑚𝑤𝑒𝑖𝑔

𝑚𝑒𝑙𝑒𝑐𝑡

 (I-17) 

The cyanide-based electrolytes were used for the co-deposition of Au and Ag. 

The detailed compositions of the various solutions used are detailed in Chapter 

II. Both metals crystallise in the face-centred cubic (fcc) close-packed structure, 

with very similar lattice parameters (4.0862 Å for Au and 4.0782 Å for Ag).141 In 

addition, their electronegativities (χ(Au) = 1.19 and χ(Ag) = 1.08) are also 



Electrodeposition of Au and AuAg alloys 
 

31 | P a g e  

comparable.140 Thus, the Au-Ag alloy (AuAg) system is generally considered as 

a perfect solid solution at any composition as shown in the AuAg phase diagram 

(Figure I-9).  

 

Figure I-9: AuAg phase diagram. Reproduced with permission of ASM International‡18 

Standard electrodeposition from cyanide electrolytes is performed at 60 °C by 

applying a negative potential of - 1.1 V vs. Ag/AgCl reference. Here the sputtered 

Au film on one side of the membrane serves as working electrode and a Pt coil is 

used as counter electrode. Experimental details for this type of deposition are 

available in Chapter II. 

For the electrodeposition of gold backelectrodes and for the electrodeposition of 

nanocones, the commercial AuSF electrolyte was employed as received. Standard 

electrodeposition from AuSF is performed at 60 °C by applying a - 0.375 V 

potential vs. Ag/AgCl reference between the working electrode (sputtered Au) 

                                                           
‡ Reproduced from ASM Handbook, Baker, Hugh, Volume 3: Alloy Phase Diagrams, Copyright 

(1992), with permission from ASM International. 



Chapter I: Fundaments of the synthesis of Au nanostructures by the template method 
 

32 | P a g e  

and the counter electrode (Au coil). More experimental details are available in 

Chapter IV. 

4. Characterization methods 

The crystallographic orientation of the nanowire arrays embedded in the PC 

membrane was analyzed by X-ray diffraction (XRD), using the Cu Kα radiation 

of a Seifert X-ray generator and HZG-4 goniometer in Bragg-Brentano geometry. 

For further characterization of the electrodeposited nanostructure, the PC 

membrane was dissolved by three consecutive dichloromethane baths. The 

nanostructures are then either directly studied on their backelectrode after drying 

or transferred by drop casting onto a substrate of interest.  

Scanning electron microscopy (SEM) images were obtained with a field-emission 

scanning microscope (FESEM) JSM-7401F (JEOL) operated at 10 or 20 kV and 

a JSM-6510 (JEOL) operated at 27 kV (Bergische Universität Wuppertal). Both 

secondary electron images (SEI) and lower secondary electron images (LEI) were 

obtained using the JSM-7401F to combine high spatial resolution and topological 

information on the studied sample. Scanning transmission electron microscopy 

(STEM) mode of the JSM-7401F was also used for detailed compositional and 

morphological characterization of nanowires deposited on transmission 

electron microscope grids.  

For transmission electron microscopy (TEM) analysis of AuAg nanowires, lacey-

carbon/copper grids (CuC) were employed, while silicon nitride (Si3N4) TEM 

membranes (20 nm thickness, Plano GmbH), were used for the fabrication and 

investigation of porous wires, because they are resistant to nitric acid. Geometry 

and crystallinity of the nanowires were investigated by bright-field (BF), high-

angle annular dark-field (HAADF) and high-resolution TEM (HRTEM) imaging 

in a probe corrected JEOL ARM200F operated at 200 kV at the MPI for Solid 

State Research of Stuttgart.  
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The composition of the various nanostructures was studied by energy dispersive 

X-ray spectroscopy (EDX). The average composition of nano-objects was 

measured in the SEM with the EDX detector of the JSM-7401F (Bruker). Spectra 

recorded applying an acceleration voltage of 20 kV were analyzed using the 

Bruker Quantax Software with the M-lines of both Au and Ag. Composition 

analysis – with a spatial resolution between 0.3 and 3 nm depending on the 

position and thickness of the given wire – was undertaken by EDX using a JEOL 

Centurio detector with a solid angle of 0.98 sr in the JEOL ARM200F. For 

quantification, the standard-less Cliff-Lorimer technique was applied using the 

Au-M and Ag-L lines in Thermo Scientific NSS software 3.2. Standard HAADF 

imaging and EDX analysis is performed within a delay of 72 h after dissolution 

of the polymer template. 

The topography of large samples was measured by optical profilometry with a 

MicroProf® profilometer (FRT GmbH). The CHR 150 optical sensor illuminates 

the sample with split white light using passive chromatic aberration optics. Using 

a miniaturized spectrometer, the sensor detects which wavelength is reflected by 

the sample and thus determines the height of the sample. Vertical resolution of 

the spectrometer is about three nm whereas the lateral resolution determined by 

the optical spot size and the step motors is about 2 µm. 

5. Summary 

In this first section, we reviewed the basics of the template method used in this 

work. At first, the swift heavy ion irradiation of PC leads to the formation of ion-

tracks. Then, the selective chemical etching of these tracks is applied to obtain 

nanochannels with tunable geometries. After introducing the bases of 

electrochemistry, the dealloying process employed to form porous gold from 

AuAg alloys was presented. Finally, the major analysis methods used to 

characterize nanostructures, namely XRD, SEM, TEM, EDX and optical 

profilometry were presented. In the following chapters, the experimental 
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condition for the fabrication of PAuNWs (Chapter II) and AuNCs (Chapter IV) 

as well as their characterizations will be detailed. 
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Chapter II 

II. Porous gold nanowires 
synthesized by dealloying 
of AuAg alloy nanowires 

In the present chapter, the fabrication and characterization of nanowires by 

electrodeposition of AuAg into the nanochannels of etched ion-track polymer 

membranes is described. Crystallinity, morphology, and composition of wires 

with various diameters from 30 to 400 nm are investigated by means of XRD, 

high-resolution SEM, TEM, STEM, and EDX analysis. EDX analysis with very 

high spatial resolution (below 1 nm) reveals the presence of surface enrichment. 

A Ag-rich layer in Au40Ag60 wires and a Au-rich layer in Au60Ag40 wires with 

thicknesses between 1 and 4 nm are observed. Furthermore, the dealloying 

process is investigated on both types of wires. We show that Ag-rich wires 

become porous whereas Au-rich wires remain solid cylinders. The results clearly 

indicate that the analyzed AuAg nanowires do not consist of homogeneous solid 

solution, but surface effects before and during the dealloying play an important 

role for the final morphology of the wires.  

Results exposed in this chapter are partly published in 142,143. 

(142) Burr, L.; Schubert, I.; Sigle, W.; Trautmann, C.; Toimil-Molares, M. E. Surface 

Enrichment in Au–Ag Alloy Nanowires and Investigation of the Dealloying Process. 

J. Phys. Chem. C 2015, 119 (36), 20949–20956, DOI: 10.1021/acs.jpcc.5b05596. 
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(143) Schubert, I.; Burr, L.; Trautmann, C.; Toimil-Molares, M. E. Growth and 

Morphological Analysis of Segmented AuAg Alloy Nanowires Created by Pulsed 

Electrodeposition in Ion-Track Etched Membranes. Beilstein J. Nanotechnol. 2015, 6, 

1272–1280, DOI: 10.3762/bjnano.6.131. 

1. Introduction to dealloying of AuAg 

Bulk materials and thin films with nanoporosity attract great attention due to their 

high surface-to-volume ratio. Even though nanoporosity is not a defined standard 

by the IUPAC – which set the term microporosity for structures with pores with 

diameter below 2 nm and mesoporosity for pores dimensions ranging between 2 

and 50 nm 144 – it is  commonly defined as porosity with dimensions between 1 

and 100 nm.145 In this thesis, all the porous structures treated are mesoporous but 

are described with the generic term nanoporous. Historically, nanoporous Au was 

the first system to be studied serving as a model system for corrosion.52 Its 

relatively easy fabrication by wet chemistry and its attractive physical and 

chemical properties are most interesting for both fundamental research and 

applications.6 Most of the nanoporous structures are obtained by dealloying, 

which consists in selectively leaching the less noble metal of a given alloy. This 

rather simple process can be applied to many different alloys and allows good 

control over the porosity.146–148  

As above-mentioned, the dealloying corresponds to the selective dissolution of 

one of the constituent of a solid solution alloy. The more electrochemically active 

element, often the less noble metal is preferentially leached from the alloy by 

galvanic corrosion. The corrosion process depends strongly on the environmental 

conditions and can result, under specific circumstances, in the formation of 

nanoporous material. Already used by pre-Columbian civilizations to purify the 

surface of gold based artifacts and make them look more attractive, the interest 

for gold dealloying returned with Forty et al. and their corrosion studies.6,52,149 

Since the 1970s, the AuAg system serves as model for the investigation of 

dealloying and the fabrication of nanoporous structures. The recent interest in 

such systems results in a better understanding of the prerequisite for nanoporosity 
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formation.6 During the dealloying process, structural, kinetic, and thermodynamic 

considerations account in the competition between dissolution and diffusion. 

One of the first models proposed by Pickering and Wagner included the bulk 

diffusion of silver to the electrolyte according to a vacancy-mediated process.150 

Because diffusion processes are known to be extremely slow and due to the lack 

of experimental evidence, Erlebacher and Sieradzki proposed a surface diffusion 

model.35,151 It is notorious that surface diffusion is faster than bulk diffusion but 

the evolution of imaging techniques as well as in situ observations evidence even 

accelerated surface diffusion in contact with an electrolyte.152 

In a first model, only the geometric conditions of percolation – i.e. formation of 

a continuous path – of Ag atoms are considered as a minimum structural 

requirement. In the case of face centered cubic crystal lattice such as for AuAg, 

the percolation limit is derived about 20 at.% Ag. At such low Ag concentration, 

dealloying has never been experimentally observed. As a matter of fact, a 

monoatomic wide “pore” issued by the dissolution of a 1 atom wide percolation 

path present several counter arguments for porosity evolution. First, except for 

the surface Ag atom, all atoms of a monoatomic path below the surface have a 

high coordination number, which result in the necessity of a prohibitive driving 

force to allow their dissolution. Second, the diffusion of the electrolyte in such a 

small “pore” may also be problematic. Finally, the pore can easily be blocked by 

the diffusion of a Au atom, which would permanently stop the porosity evolution. 

Thus, the removal of one single Ag surface atom does not provide sufficient 

access to the deeper layers.  

More recent models developed with Kinetic Monte Carlo simulations, assume 

that the dissolution of Ag atom is favorable only when their coordination number 

(i.e. the number of direct neighbors, CN) is strictly below 10 and estimate 

percolation limit of about 55 at.%. This value is close to the parting limit observed 

experimentally between 55 and 60 at.%.  

The geometric considerations presented above are independent on the 

experimental conditions and thus only correlate the possibility of porosity 
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evolution in a AuAg system with its composition. A better understanding of the 

porosity evolution also needs to consider surface diffusion of Au atoms as well as 

thermodynamic requirements. Corrosion can occur only if the potential difference 

between the electrolyte and the metal is negative. At low potential, the dissolution 

of Ag is slow and the Au enrichment of the surface by diffusion leads to 

passivation. The consequences of Ag atom dissolution driven by the electrolyte-

alloy potential difference are the decrease of free energy of the system. This 

stabilization is due to the loss of highly electrochemically active Ag. On the other 

hand, the free energy increases due to the creation of new surfaces. Thus, the 

porosity evolution only occurs above a critical potential Ec where the silver 

dissolution related loss of energy counteracts and overpasses the energy gain due 

to surface increase. In other words, above Ec the dissolution phenomenon occurs 

at a rate high enough to compete with the displacement of Au atom. As mentioned 

above, the porosity evolution is the result of a kinetic competition between the re-

arrangement of the Au atoms by surface diffusion and the dissolution of Ag 

atoms.  

Logically and consistently with structural considerations, the higher the 

coordination number, the stronger the binding to the metal lattice, and the lower 

the rate of dissolution. For all atoms where dissolution is relevant, the Ag atoms 

embodied in a flat surface (CN = 9) are more difficult to remove. Thus, the rate-

limiting step is the formation of terrace vacancies (for low energy (111)-oriented 

surface). Dissolution then proceeds layer by layer as shown in Figure II-1. To 

minimize the surface energy, gold atoms diffuse and form clusters that locally 

passivate the alloy. The continuation of Ag dissolution results in the formation of 

mounds (Figure II-1C). Due to Au diffusion to Au rich areas, mound bases that 

become poor of gold are corroded, resulting in the formation of a ligament as 

shown in Figure II-1D. 
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Figure II-1: Scheme of various steps of porosity formation: (A) formation of terrace vacancy 
by dissolution of Ag (RdS), (B) layer by layer continuation of the dissolution and (C) 
formation of Au enriched mounds by surface diffusion; (D) ligament formation by Au 
depletion at the base of the mounds and (E) branching of the ligament to form a porous 
network; (F) Continuation of the corrosion process leading to coarsening of the ligaments. 
Reproduced by permission of The Royal Society of Chemistry § 

When the ligament extend, i.e. when the diffusion path to the Au-rich cluster is 

too long, Au atoms aggregate and form new clusters leading to the formation of 

new ligaments. This process finally results in the formation of a 3D nanoporous 

network of Au rich ligaments. Kinetic Monte Carlo simulations taking into 

account the structural limitations as well as the kinetics of dissolution and surface 

diffusion process yield percolation limits of about 60 at.%, very close to the 

experimental parting limit.153  

Experimentally, highly oxidative solutions (such as sulfuric or nitric acid) or an 

externally applied potential between the alloy and a counter electrode in the 

electrolyte are used to place the system above the critical potential. In the presence 

of an electrolyte, the enhanced surface diffusion of Au atoms results in the 

continuation of corrosion after initial porosity formation. The size of Au clusters 

                                                           
§ Reproduced from Nanoporous Gold : From an Ancient Technology to a High-Tech Material, 

Wittstock, Arne; Biener, Jürgen; Bäumer, Marcus; Fundamental Physics and Chemistry of 

Nanoporosity Evolution During Dealloying, p11-28, Copyright (2012), with permission from 

The Royal Society of Chemistry; http://dx.doi.org/10.1039/9781849735285-00011 . 

http://dx.doi.org/10.1039/9781849735285-00011
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and of voids then tends to increase in volume. This results in the coarsening of 

the porous structures (Figure II-1F). Several strategies have been developed to 

counteract coarsening with the dealloying applied at low temperature to minimize 

Au surface diffusion or using Pt atoms that are less labile to reduce Au atom 

mobility. Porosity thus obtained can reach 2-5 nm whereas typical porosity is 

about 10 nm.147,154,155 In this work, dealloying was obtained by free corrosion in 

concentrated nitric acid without applying any external potential. 

To combine the advantages of porous gold and 1D nanostructures we fabricated 

porous Au nanowires (PAuNWs). The aim was to investigate by high spatial 

resolution techniques if the percolation model applies to nanowires. The 

fabrication of PAuNWs by a single-bath electrodeposition of AuAg alloy in 

templates and subsequent dealloying was first demonstrated by Searson et al.53–55 

Alternative methods such as multistep preparation of segmented wires,55,56,156 

direct electrodeposition, electrochemical fabrication from ionic liquids 157 or 

galvanic replacement reaction 48,158 were developed to synthesize porous Au 

nanowires with various shapes and morphologies. The coalescence of colloidal 

Au or Ag nanoparticles on the functionalized walls of a porous AAO membranes 

results in the fabrication of porous nanotubes with high surface area.159,160 

In the past, the influence of the initial AuAg wire composition and the dealloying 

parameters on the resulting porosity was investigated in most cases for wire 

diameters larger than 200 nm.49,53–58 However, many applications require porous 

Au wires with smaller wire diameters and higher surface-to-volume ratio. 

Previous studies on porous gold systems were performed by scanning electron 

microscopy (SEM) or low resolution transmission electron microscopy (TEM) 

that did not reveal details of the elemental composition.6,161 Due to recent 

improvements in scanning transmission electron microscopy (STEM) as well as 

energy dispersive X-ray (EDX) detectors, new effects such as phase segregation 

have become observable. Only few works report on the use of these techniques to 

study AuAg nanoparticles or nanoclusters.162–164 Phase segregation in particles 

with characteristic dimensions below 10 nm leads to the formation of Ag or Ag 
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oxide shells. However, these effects were observed only after galvanic reactions 

in an electrolyte 162,163 or after extended storage times (e.g. years).164 

In this work is dealloying was applied to AuAg nanowires. The percolation 

threshold is mainly given by the 3D geometric atomic configuration.153,165 We 

expected that the high surface-to-volume ratio combined with the surface tensions 

arising from the strong curvature of wires surfaces might modify the 

diffusion/dissolution properties of the Au and Ag elements. The fabrication of 

AuAg alloy nanowires by potentiostatic electrodeposition using a single-bath 

electrolyte was presented in several previous works.49,51,53–55,143,166–169 Thus 

Searson and al used various mixture of KAu(CN)2 and KAg(CN)2 with 

concentration between 10 and 100 mM and pH adjusted to 13 with 0.25 M 

Na2CO3.49,53–55 They performed CV analysis on flat surface and used AAO 

membrane as template to electrodeposit NWs with diameter larger than 200 nm 

at - 1.2 V (vs. Ag/AgCl) at 60 °C. On the other hand, Karim et al. mainly 

electrodeposited at GSI Au in etched ion-track templates from commercial 

cyanide bath.166–168,170 Finally, Schubert et al. used pulse deposition of Au and 

AuAg to fabricate segmented nanowires.143,169,171–173 Similar experimental 

conditions (electrolyte composition, potential, temperature) are used in this work. 

This chapter describes the potentiostatic electrodeposition of AuAg nanowires 

with controlled compositions and with diameters below 400 nm. The wires are 

deposited in etched ion-track templates using a single bath electrolyte. A detailed 

compositional and crystallographic analysis of AuAg alloy nanowires before and 

after silver dissolution in acidic solution is presented. The dealloying process of 

individual cylindrical wires with various sizes and compositions is characterized 

by means of TEM for the crystallinity and EDX for the elemental analysis.  
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2. Experimental 

This section presents the experimental details of the various steps necessary to 

synthesize porous gold nanowires and to be able, in a near future, to measure their 

electrical and thermal conductivities.  

2.1. Fabrication of templates with cylindrical 

nanochannels 

Etched ion-track membranes with parallel oriented nanochannels of different 

well-defined diameters were fabricated by irradiating 30 μm polycarbonate (PC) 

foils (Makrofol N, Bayer AG) with 2 GeV Au ions at the UNILAC linear 

accelerator of GSI Helmholtz Centre for Heavy Ion Research (Darmstadt, 

Germany). The irradiation was performed in a vacuum under normal beam 

incidence, applying a fluence of 109 ions/cm2. The ion tracks were selectively 

dissolved and enlarged into cylindrical channels by chemical etching using an 

aqueous solution of 2 M NaOH at T = 50 °C. Prior to the etching, the irradiated 

membranes were exposed to UV light from both sides, each for 1 h. Etching times 

of 60, 30, 15, 7.5, and 3.25 min were applied to obtain nanochannels with 

diameter ranging from 380 nm to 35 nm. Before electrodeposition into the 

nanochannels, a working electrode was prepared by sputtering a thin (∼100 nm) 

Au layer on one side of the membrane using an Edwards Sputter Coater S150B. 

This thin layer was subsequently reinforced by electrodeposition of a ∼ 20 μm 

thick Cu layer using a copper-sulfate-based electrolyte (238 g/L Cu2SO4 and 21 

g/L H2SO4, 60 °C, 7 min). For this purpose, a Cu rod served as counter electrode 

in a two-electrode configuration at room temperature.  
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2.2. Au and AuAg reduction 

Table II-1: Applied electrolytes and their respective compositions 

Electrolyte 

name 

Acidity 

neutralizer 

Electrolyte 

composition 

Au:Ag 

ratio 

Au50 0.25 M Na2CO3 50 mM KAu(CN)2 1:0 

Au20 0.25 M Na2CO3 20 mM KAu(CN)2 1:0 

Ag50 0.25 M Na2CO3 50 mM KAg(CN)2 0:1 

Ag20D 0.25 M Na2CO3 20 mM KAg(CN)2 0:1 

Au50Ag50 0.25 M Na2CO3 
50 mM KAu(CN)2 

50 mM KAg(CN)2 
1:1 

Au50Ag20 0.25 M Na2CO3 
50 mM KAu(CN)2 

20 mM KAg(CN)2 
5:2 

Buffer 0.25 M Na2CO3 / / 
 

For the electrodeposition of Au and AuAg, cyanide electrolytes were used. 

KAu(CN)2 (Carl Roth) and KAg(CN)2 (Sigma Aldrich) were mixed with various 

concentration and the pH set basic (pH ≥ 13) with 0.25 M/L Na2CO3 (>99.8%, 

Carl Roth). The various electrolytes considered in this work are listed in Table 

II-1. A Reference 600 potentiostat from Gamry Instruments, Inc. is used to apply 

and vary the potential as well as to measure the resulting current. In all cases, the 

cell and the electrolyte are warmed up for 30 min at 60 °C before operating at the 

same temperature. 

Cyclic voltammograms (CVs) were performed by sweeping the potential between 

the working electrode and a Ag/AgCl reference electrode. A platinum coil served 

as counter electrode. The CVs were performed applying scan rates of 100, 20 and 

5 mV/s and step size of 5 mV between 0 and - 1.5 V (vs. Ag/AgCl reference). 

Various types of working electrodes were investigated. Macroscopic disc 

electrodes consisting of a Au sputter coated polymer foils served as reference 

surfaces whereas sputtered Au layer at the bottom of the nanochannels was used 

to investigate the effect of the nanostructuring of the working electrode. This is 

in fact an array of nanoscopic sized recessed electrodes. Thus, the influence of 

the membrane was studied by comparing the CVs performed on the following 
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working electrodes: (1) Au-coated planar surface (A = 0.5 cm2), Au-coated 

membrane with (2) cylindrical nanochannels of diameter 400 nm and density of 

107 cm-2 (A = 0.014 cm2) and, (3) nanochannels of diameter 45 nm and density 

109 cm-2 (A = 0.018 cm2). The surface of the Pt coil counter electrode was 

geometrically evaluated to A = 0.9 cm2. 

To estimate the current efficiency of the various electrolytes, potentiostatic 

electrodeposition at - 1.1 V vs. Ag/AgCl reference was performed on flat surfaces 

of Au sputter coated on PC films (A = 1.8 cm2). The mass of the deposit was 

measured using a Scaltec SBA32 scale and was then compared to the measured 

electrodeposited charge. 

The nanochannels of the Au-coated PC templates were filled by AuAg 

electrodeposited at 60 °C from aqueous electrolytes containing 0.25 M Na2CO3, 

KAu(CN)2, and KAg(CN)2 in different ratios, namely (1) 50 mM of KAu(CN)2 

and 50 mM of KAg(CN)2 (Au:Ag ratio 1:1, solution Au50Ag50) and (2) 50 mM 

of KAu(CN)2 and 20 mM of KAg(CN)2 (Au:Ag ratio 5:2, solution Au50Ag20). 

A constant potential of - 1.1 V vs. Ag/AgCl reference electrode was applied. As 

reference, pure Au and pure Ag nanowires were grown from 20 mM solutions 

(Au20 and Ag20) of the corresponding pure element-cyanide electrolytes. 

2.3. Nanowire cleaning and transfer 

For further investigations, the PC membranes were dissolved in dichloromethane. 

To remove all organic residues, the nanowires were rinsed in several consecutive 

dichloromethane bathes by centrifugation and dispersion. During the 

centrifugation, the nanowires agglomerate at the bottom of the centrifugation 

tube. The supernatant dichloromethane contaminated with polymer was then 

selectively removed by pipetting. To re-disperse the nanowires, fresh 

dichloromethane (~ 3 mL; 99.8%, Carl Roth) was used in combination with 

ultrasonication (5 s). (Tip: ultrasonication can be used for 1 s before the addition 

of dichloromethane to easily re-disperse the wires in the residual 

dichloromethane; dilution and dispersion in fresh dichloromethane is then very 

easy) The concentrated solution was then mechanically stirred using an IKA® 
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VORTEX GENIUS 3 for at least 1h prior to the next centrifugation step. To avoid 

irreversible agglomeration during centrifugation, the centrifugation speed and 

duration were adapted to the wire diameter as shown in Table II-2.  

Table II-2: Centrifugation and sedimentation parameters for the cleaning and transfer of 
nanowires 

Nanowire 

diameter 

(nm) 

Centrifugation 

speed (RPM) 

Centriugation 

time (min) 

Sedimentation 

time 

< 50 4000 60 > 10 h 

50 - 100 4000 30 < 10 h 

100 - 200 4000 15 < 10 min 

> 200 3000 15 < 10 min 

 

 

Figure II-2: Schematic of (A) the sedimentation of the nanowires and (B) the extraction of 
SiN grids covered with nanowires. Attention is given the dichloromethane front that should 
flow down without breaking (i.e. evaporation of dichloromethane)  

For HRTEM and EDX analysis, the wires were directly drop-casted onto the CuC 

grids. For the dealloying and subsequent analysis, AuAg nanowires were 

transferred to the SiN grids by sedimentation. For this, the substrate was 

horizontally immersed in a highly diluted nanowire in dichloromethane solution 

for a defined time (Figure II-2A). The sedimentation time required to obtain 

sufficient wire density on the substrate strongly depends on both nanowire 

concentration in the solution and the diameter of the nanowires. In the present 

case, the deposition of nanowire on TEM grids was controlled by varying the 
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sedimentation time. A general trend is given in Table II-2. The extraction of the 

substrate appeared to be of critical importance for both the mechanical 

sustainability of the SiN membranes and the cleanliness of the nanowires. The 

substrate was then slowly taken off the nanowire mixture as illustrated in Figure 

II-2B so that the dichloromethane flows down and does not evaporate. In the case 

of nanostructured substrates, this step was performed with the structures normal 

to the moving direction. This technique is also efficient for the deposition of 

nanowires across tranches. The sedimentation technique has also been proven to 

work for other materials such as Bi2Te3 and Sb nanowires.  

2.4. AuAg dealloying 

For the dealloying of AuAg nanowires by selective dissolution of Ag, the 

substrate with randomly distributed nanowires were immersed in 65% nitric acid 

(HNO3, LS Labor-Service GmbH) at room temperature for 3 h. The samples were 

then rinsed with water two times and dried with a nitrogen jet. 

3. Results and discussion 

This section presents the analysis of the electrodeposition process by monitoring 

the growth of the nanowires in the nanochannels of PC templates. The dimensions 

of the wires are discussed in relation with the etching conditions. Finally, the 

composition, morphology, and crystallography of the nanowires are presented. 

3.1. Analysis of AuAg electrodeposition process 

3.1.1. Electrodeposition efficiency 

In most of the previous works, a current efficiency of 100% is assumed for the 

interpretation of the cyclic voltammograms and electrodeposition curves. The 

current efficiency depends on various parameters such as the concentration, the 

presence of additives, or the potential. Here we study the current efficiency of the 

employed electrolytes by performing potentiostatic deposition over large flat 

working electrodes and comparing the measured charge to the deposited charge. 
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On the one hand, the working electrode was chosen with surface sufficiently large 

to enable the determination of the deposited Au (or Ag) mass with satisfactory 

precision. On the other hand, the electrodeposition was performed under identical 

conditions as the deposition of nanowires. The deposition current was measured 

whereas a constant potential of - 1.1V (vs. Ag/AgCl) was applied. After 1h of 

deposition, the mass of the deposit is compared to the electrodeposited charge by 

analyzing the current-time curves. The experimental U-t and I-t curves obtained 

for electrolyte Au20 and Ag20 are presented in Figure II-3. 

Analysis of the I-t curves 

 

Figure II-3: (A) U-t and (B) I-t curves for potentiostatic electrodeposition of Au and Ag on 
a flat Au surface 

As shown in Figure II-3, independently on the electrolyte, all I-t curves exhibit 

identical trends (also for electrolytes Au50 and Ag50 not shown here). In a first 

time, a current spike is observed within the first seconds of the deposition. Then, 

the current decreases steadily until the deposition process is stopped. This 

behavior is typical for electrodeposition in the diffusion-limited regime. When 

the potential is applied, the ions in solution start to migrate, the analytes close to 

the surface of the working electrode are reduced, depleting the electrolyte close 

to the electrode (i.e. the formation of the diffusion layer). These cumulative 

effects (migration, diffusion, and chemical heterogeneous reaction) lead to high 

initial cell currents. After complete depletion of the diffusion layer, the current is 

regulated by the diffusion of electrolyte through the expanding diffusion layer.  
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Therefore, according to the Cottrell equation, the current declines with time: 

 𝐼(𝑡) =
𝑛𝐹𝐴𝐷

1
2𝐶𝑂

∗

𝜋1/2𝑡1/2
 (II-1) 

with 𝑛 the number of electron involved in the reaction, 𝐹 the Faraday constant, 𝐴 

the surface area of the working electrode, 𝐷 the diffusion coefficient of the metal 

ion, 𝐶𝑂
∗  its concentration in the bulk and 𝑡 the time. 

Our experiment, however, show strong deviation from the 𝑡−
1

2 time dependency 

and can be explained by experimental limitations: (1) our experiments are 

conducted in a cell with electrolyte volume of about 6 mL where the bulk 

concentration 𝐶𝑂
∗  of active species is not constant over time and decreases. As an 

example, for the 20 mM KAu(CN)2 electrolyte (Au20), the Au+ mass in the 6 mL 

cell is about 23.6 mg to compare with the 13.9 mg of electrodeposited gold in one 

hour. Therefore, 𝐶𝑂
∗  decreases by more than half over the electrodeposition time 

and reduces the current. (2) At 60 °C, convection in the cell cannot be excluded, 

which possibly results in higher currents than expected as well as irregular I-t 

curves. Consequently, one has to take into account that the current efficiencies 

given in Table II-3 are measured with a significant bulk concentration drop that 

is not encountered for NWs deposition because the working electrode dimension 

as well as the deposited masses are much smaller. 

Current efficiencies 

Table II-3: Electrodeposition efficiency for various electrolytes at - 1.1V (vs. Ag/AgCl) and 
60 °C 

Electrolyte 

name 

Electrolyte Concentration  

(mM/L) 

Electrodeposition 

efficiency (at. %) 

Au50 KAu(CN)2 20 77± 2 

Au20 KAu(CN)2 50 88 ± 1 

Ag50 KAg(CN)2 20 85 ± 2 

Ag20 KAg(CN)2 50 95 ± 1 
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Table II-3 displays the current efficiency calculated according to equation (I-17) 

for the various pure element electrolytes on flat surfaces. The current efficiency 

are calculated as detailed in section 3.2 from chapter I, with Q derived by 

integration of the experimental curves and 𝑚𝑤𝑒𝑖𝑔 being directly weighted with a 

scale. High current efficiencies (> 75%) are observed for all electrolytes tested. 

The errors on the current efficiencies provided in Table II-3 originate from the 

scale inaccuracy. We observe that the electrodeposition is in average more 

efficient for Ag-cyanide electrolytes than for Au cyanide electrolytes with similar 

concentration. In addition, a higher efficiency is obtained for higher 

concentrations. Therefore, 50 mM KAu(CN)2 and 50 mM KAg(CN)2 electrolytes 

have deposition efficiencies close to 100%. The reduction of current efficiency 

experienced with a diminution of electrolyte concentration may probably be 

explained by the stability of the cyanide complexes. Actually, Au and Ag cyanide 

complexes are very stable, especially in basic media, leading to reduction at very 

negative potentials. Therefore, the co-reduction of hydrogen ions may be 

observed, which reduces the Au/Ag reduction current efficiency. Since the 

diffusion coefficient of Au(CN)2
- and Ag(CN)2

- are rather similar (about  

1.6×10-5 cm2s-1),137,174–176 the difference of efficiency between Au and Ag cannot 

be explained by the diffusion process. A probable explanation is related to the 

reduction potentials for Au and Ag as well as the chemical reduction processes. 

These effects were investigated by cyclic voltammetry (CV) in the next section. 
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3.1.2. Cyclic voltammetry analysis of Au and AuAg reduction 

 

Figure II-4: Cyclic voltammograms performed on Au-sputtered flat surfaces at 5 mVs-1 for 
(A) Au and (B) Ag electrolytes of different composition 

The voltage characteristics of the electrodeposition process were studied by cyclic 

voltammetry on the two systems described in the previous section: (1) planar 

electrodes and (2) recessed nanoelectrode arrays. To simplify the reading of the 

cyclic voltammograms, only the second out of three consecutive cycles are 

displayed. Cyclic voltammograms were first performed on planar working 

electrodes. Figure II-4A shows the cyclic voltammograms obtained by slow 

voltage sweeping (5 mVs-1) for various electrolytes on flat gold surfaces. The 

green curve, corresponding to the CV of the 0.25 M Na2CO3 buffer solution, 

exhibits no specific peak between 0 and - 1.1 V. The current increase observed at 

voltages that are more negative is attributed to H2 evolution and is observed on 

every curve. On the other hand, electrolytes Au50 to Au50Ag20 have 

characteristic j-U curves.  

Study of the reduction processes 

Figure II-4 evidences that the onset of Ag(CN)2
- reduction occurs closer to 0 V 

(B) than for Au(CN)2
- ions (A). In fact, whereas the equilibrium potential for 

Au+/Au is more positive than for Ag+/Ag, the equilibrium potential for the 

Ag(CN)2
- /Ag couple is more positive than that of the Au(CN)2

- /Au couple (see 

Chapter I). Accordingly, the reduction peak (or inflection), indicating diffusion 
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limited deposition is approached at a more negative potential for gold electrolytes 

than for silver electrolytes.  

Further information is obtained by the shape of the CVs and concerns the reaction 

scheme. Both gold based electrolytes Au50 (50 mM KAu(CN)2) and Au20 (20 

mM KAu(CN)2) contain two waves and current-potential plateaus (Figure II-4A). 

This behavior is attributed to two distinct reduction processes possible for gold 

cyanide anions. The first plateau observed at less negative voltage is attributed to 

a two-step reduction of Au(CN)2
-, which is assigned to the adsorption of 

Au(CN)ads:55,137 

 𝐴𝑢(𝐶𝑁)2
− ⇄ 𝐴𝑢𝐶𝑁𝑎𝑑𝑠 + 𝐶𝑁− (II-2) 

followed by the reduction of gold by electron exchange which has been 

determined to be the rate limiting step:177 

 𝐴𝑢𝐶𝑁𝑎𝑑𝑠 +  𝑒− ⇄ 𝐴𝑢 + 𝐶𝑁− (II-3) 

At more negative potential, gold is stripped from its two cyano ligands in a single 

reduction step: 

 𝐴𝑢(𝐶𝑁)2
− + 𝑒−  ⇄ 𝐴𝑢 + 2 ∗ 𝐶𝑁− (II-4) 

Ag electrolytes Ag50 and Ag20 exhibit a single wave I-U shape with only one 

plateau (Figure II-4B); this indicates that the reduction of Ag(CN)2
- proceed 

directly to the metallic Ag in one step: 

 𝐴𝑔(𝐶𝑁)2
− + 𝑒−  ⇄ 𝐴𝑔 + 2 ∗ 𝐶𝑁− (II-5) 

In addition, the potential difference between the oxidation and reduction peak, 

about 250 mV for Ag20 and higher than 500 mV for Ag50 is a clear sign that this 

reaction is not a reversible reaction. This observation is consistent with previous 

works where the reduction of Ag(CN)2
- is considered as quasi-reversible. This 

quasi-reversibility is in between the electrochemical reversibility, where the rate 
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of electron transfer occurs quickly compared to the rate of diffusion, and 

irreversibility where the electron transfer is much slower. 

Additionally, the absence of stressed reduction peaks and the quasi-sigmoidal 

shape of the curves show that the slow scan rate operated for the CVs in Figure 

II-4 approaches the steady-state conditions.  

Plateaus are observed at highly negative potential for both Au and Ag electrolytes. 

This constant current indicates a diffusion-limited regime. Consequently, the 

current is independent on the applied potential, and depends only on electrolyte 

parameters such as the concentration. This statement is in agreement with 

experimental observations, since the diffusion limited current is directly 

proportional to the electrolyte concentration, with currents for electrolyte Ag20 

and Au20 about 2.5 times smaller than for electrolytes with higher concentrations 

(Ag50 and Au50). 

Figure II-4 shows a clear dependence of the reduction peak (or inflection) on the 

electrolyte concentration. For the gold-based electrolytes, the reduction potentials 

are shifted to more negative potential with an increase of concentration. 

Therefore, the two-step reduction plateau is observed around - 0.65 V for 

electrolyte Au20 (lower concentration) and about - 0.75 V for electrolyte Au50 

(higher concentration). The difference is more obvious for the direct reduction 

plateau, about - 1.1 V for Au20 and < - 1.3 V for Au50. A similar shift is observed 

for Ag-based electrolytes, with a diffusion limited plateau starting at about - 0.7 

V for the electrolyte Ag20 (lower concentration) and < - 1.0 V for Ag50 (higher 

concentration).  
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Figure II-5: CVs on flat surfaces performed at 5 mVs-1 for electrolytes containing both Au 
and Ag cyanide salts with different concentrations 

Concerning the mixed electrolytes Au50Ag50 and Au50Ag20, the CVs (Figure 

II-5) contain the characteristic shapes and currents of both individual Au and Ag 

electrolytes. As a matter of fact, electrolyte Au50Ag50 with a Au concentration 

equivalent to electrolyte Au50 and a Ag concentration identical to solution Ag50 

exhibits a CV quasi equivalent to the sum of the CVs from electrolyte Au50 and 

Ag50. Similar observations can be obtained with solutions Au50Ag20, Au50, and 

Ag20. Therefore, at potentials above - 0.8 V, the CV shape and current values are 

dominated by the silver contribution whereas at potentials below - 0.8 V, Au 

contribution starts to become significant and leads to further increase of the 

current. It is then expected that the composition of AuAg deposited from a single 

bath at constant potential can be estimated considering the individual electrolyte 

contribution in combination with the currents efficiencies. Assuming a current 

efficiency of 100% for all species, a rough estimation of alloy deposit 

composition can be obtained by comparing the current densities at - 1.1 V. For 

Au50Ag50 electrolyte, the current ratio of Au50 and Ag50 yields ≈ 66 Ag at.%. 

A composition of ≈ 38 Ag at.% is predicted from Au50 and Ag20 CVs for deposit 

from electrolyte Au50Ag20. 
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Figure II-6: CVs of (A) Au electrolyte Au20 and (B) Ag electrolyte Ag20 at various scan 
rates 

Figure II-6 the representative CVs at various scan rates of 5, 20, and 100 mVs-1 

respectively. For both Au and Ag cyanide electrolytes (Au20 and Ag20), the 

shape of the CV evolves from quasi-sigmoidal at low scan rates to peak shaped 

CVs at high scan rates. This change of shape is associated to a change in 

deposition regime that approaches the steady-state deposition conditions for the 

lower scan-rates. Another possible contribution originates from the cell geometry 

itself that may induce a modification of the diffusion layer geometry. Simulations 

are necessary to consider any deviation from the planar diffusion model. The 

difference in peak current between low and high scan rate can be explained by 

the proportionality between the peak current and the square root of the scan rate. 

On the other hand, the shift in potential of the reduction peak with the scan rate is 

more complex. For both gold and silver, the reduction peaks shift to more negative 

potentials when increasing the scan rate. In addition, it is observed that the 

electrolyte concentration also influences the reduction potential peak position. As 

observed above for CVs at 5 mVs-1, the increase of electrolyte concentration 

results in a shift of the reduction peak to more negative potentials. This is also 

observed for faster scans (not shown). 

Influence of the experimental conditions 

In this section, we try to explain the different observations made in Figure II-6 

(e.g. shift of the reduction peak). The cyclic voltammograms expressed as the 

current density vs. applied potential (j-U curves) obtained by linear sweeping of 
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the potential relate the various processes leading to potential dragged 

heterogeneous chemical reaction. Contributions to the current originate from the 

combination of mass transfer current, electron transfer current, additional 

chemical reactions currents, as well as other non-faradaic currents issued from the 

reaction cell itself. Assuming a perfect reaction cell with no capacitance nor 

uncompensated resistance, the current is determined by the limiting step: either 

mass transfer or electron exchange reaction. In the case of gold, the preceding 

chemical reaction, i.e. the adsorption of gold, may also influence the current at 

low voltages, but will be considered negligible in a first time. Therefore, the rates 

of both processes, respectively characterized by the mass transfer coefficient mT 

and the electrochemical rate constant k0 are of critical importance. It is noted 

that, in opposition to k0, mT is not an intrinsic property of the reaction cell but 

depend on the scan rate 𝜐. The mass transfer coefficient is a function of the square 

root of the electrolyte diffusivity but also inversely proportional to the square root 

of the scan rate 𝜐 (thus dependent on probing conditions).   

Matsuda and Ayabe introduced in 1955 the dimensionless parameter Λ defined 

by:  

 
Λ =

𝑘0

(
𝑛𝐹
𝑅𝑇

𝐷𝑂
𝛼𝐷𝑅

1−𝛼𝜐)

1
2

 
(II-6) 

to enable the distinction between the different types of heterogeneous reaction: 

reversible, quasi-reversible and irreversible.178 They also give a general 

expression for the current density in potential sweeping conditions: 

 𝑗 = 𝑛𝐹𝐴𝐶𝑂
∗ 𝐷𝑂

1
2 (

𝑛𝐹

𝑅𝑇
𝜈)

1
2

𝜓(𝐸, Λ) (II-7) 

𝜓(𝐸, Λ) is a peak shaped function that is numerically evaluated by Nicholson for 

various electrodeposition conditions.179 Experimentally, 𝜓(𝐸, Λ) reflects the 

contribution of kinetic and mass transfer on the current during the voltage 

sweep. For high values of Λ, i.e. the reaction is reversible; the function 𝜓 is then 
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independent on Λ. On the other hand, Matsuda and Ayabe show that for quasi-

reversible and irreversible reactions, Λ influences the position of the maximum of 

𝜓(𝐸, Λ) such as an increase of Λ lead to a shift of the oxidation and reduction 

peak so that the distance between them decreases. From the definition of Λ, it is 

then easy to see that higher scan rate lead to a wider splitting between oxidation 

and reduction peaks. In agreement with the shift of the reduction peak observed 

in Figure II-6, this confirms the quasi-reversibility of the gold reduction reaction. 

On the other hand, the contribution from the concentration is less direct and may 

influence Λ by modifying the diffusion coefficient of the analytes since the 

diffusion coefficient 𝐷 depends on the media. 

Additional contributions from non-faradaic currents such as capacitive effect or 

the presence of uncompensated resistance cannot be fully excluded. Capacitance 

effect can originate from the double layer. The current from a capacitor being 

linearly proportional to the voltage scan rate, capacitance current resulting from 

linear potential sweeps is then constant. Thus capacitive effect may affect the 

current flowing through the cell but has limited influence on the peak potential. 

Differently, the presence of uncompensated resistance, due to the resistance of 

the electrolyte separating the reference electrode and the working electrode, may 

influence the peak potential. Ohm’s law allows to estimate the potential shift as 

𝐸𝑅𝑢
= 𝐼 ∗ 𝑅𝑢. Hence, reduction peaks are shifted to more negative potentials and 

oxidation peaks to more positive potentials.  

Recessed nanoelectrode arrays: influence of the nanochannels  

After the study of electrolyte properties by CV on flat surface, the effect of the 

nanostructuring of the working electrode was investigated. During 

electrodeposition, the metal ions have to flow through the long and narrow 

nanochannels of the etched ion-track PC template before being reduced at the Au 

coated bottom of the nanochannels acting as working electrode. Individual 

channels can be considered as recessed micro/nano electrodes and the complete 

working electrode as an array of randomly distributed recessed microelectrodes.  
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Figure II-7: Cyclic voltammograms of cyanide based electrolytes performed in the 
nanochannels of etched ion-track PC membranes with two different diameters (400 and 

45 nm) at a scan rate of 20 mVs-1. (A) CV of buffer solution in nanochannels compared 
with similar CV on flat surface (solid line). (B and D) CVs of Au, Ag, and mixture electrolytes 
in 400 nm channels. (C and E) CVs of Au, Ag, and mixture electrolytes in 45 nm channels 

Figure II-7 shows several CV performed in nanochannels with two different 

diameters of channels: 400 and 45 nm. The respective densities of channels are 

of 107 and 109 channelscm-2. The total surface area of the working electrode are 

similar for cells of 1.2 cm of diameter (1.4×10-2 and 1.8×10-2 cm2) but the area is 
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more than 10 times smaller than the surface of the flat working electrode treated 

above. For better comparison, the CVs are thus expressed in term of current 

densities. Due to the limited volume of the nanochannels, low scan rates of 5 

mVs-1 could not be used because the deposition proceeds through the complete 

pore faster than the duration of a complete voltage cycle. At a scan rate of 20 

mVs-1 as presented in the CV of Figure II-7 three consecutive cycles are possible 

without outgrowing the membrane. 

Figure II-7A compares the CVs of the buffer in the nanopores (dashed lines) and 

on a flat surface (solid line) obtained at the same scanning rate. On flat Au 

surfaces, no peaks are observed in the CVs of the buffer. The current increase at 

highly negative potential is associated to hydrogen evolution. However, the shape 

of the voltammograms using nanochannels differs from the ones obtained on flat 

surfaces, exhibiting a delayed current drop and longer decrease of the current 

while sweeping the voltage towards more negative values. On top of this, the 

current densities measured in nanopores are about 1000 time higher than for flat 

surfaces. These effects are very surprising since no reaction is expected for 

potentials above - 1.0 V for the 0.25 M Na2CO3 aqueous solution. It is probably 

related with non-faradaic effects. Considered independently, each nanochannel is 

a recessed disk electrode with its individual uncompensated resistance and 

capacitance. The nanochannel array is then a parallel array of these resistances 

and capacitances. As a result, the resistance of the array does not differ 

significantly from the resistance of an individual resistance since 1/𝑅𝑇 = ∑ 1/𝑅∥. 

On the other, the capacitance increases of the array is considerably higher with 

𝐶𝑇 = ∑ 𝐶∥. In addition, both resistance and capacitance may be enhanced by the 

high aspect ratio of the nanochannels.  
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Figure II-8: SEM images of (A) sputtered gold in ~ 400 nm large nanochannels after 
template removal exhibiting ring-like shapes instead of nanodisc electrode and (B) free 
standing nanowires with various tip shapes 

The shape of the sputtered gold that serves as working electrode at the bottom of 

the pore may also influence the current. Because the current is proportional to the 

electrode area, any deviation from the flat disk will lead to a surface area increase. 

Figure II-8A illustrates this deviation from recessed disk electrode. When sputter-

coating Au on one side of the track-etched membrane, gold is obviously also 

deposited on the wall of the pore opening. In particular, for larger channel 

diameters, the pore is not closed and the sputtered gold has a ring-like shape. 

Deviation from nanodisc electrode may also initiate during CV measurement 

and/or deposition of material. Nanowires do not have flat top surfaces as shown 

in Figure II-8B, especially under fluctuating growth conditions as during voltage 

sweeps. Tokuda et al.180 observed the influence of the shape of recessed 

microelectrode made of carbon fibers and suggested that the real surface area of 

the electrode may influence the peak and the limiting current. However, he also 

noticed that the propagation of the diffusion layer through the pore might screen 

this effect. Another contribution to the high current observed for nanostructured 

working electrodes may be an oxidation reaction at the counter electrode. In fact, 

gas evolution has been detected in this work at highly negative potentials on the 

platinum counter electrode indicating the possible formation of O2. 
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Takashi Ito et al.181 observed a strong influence of the quality of the contact 

between the sputtered gold and the template. According to their study, the solution 

creeps in between the membrane and the gold electrode and increases the 

capacitive currents.  

The green khaki dashed curve in Figure II-7A shows the effect of additional 

wetting time in the membrane with 45 nm channels prior voltage sweeping. After 

extended wetting time of the membrane (~ 2h instead of 30 min), CVs show 

similar behaviors at low voltages but deviates at more negative voltages. The 

constant current observed at potential below - 0.5 V is consistent with a capacitive 

current, which is by definition proportional to the scan rate. The effect of partial 

wetting, with the presence of air bubbles blocking nanochannels of an array, has 

been investigated by CV in 181. As expected, the measurements tend to show lower 

current when not all nanochannels are conducting. However, this is in opposition 

to the experimental observations of Figure II-7A. Another possibility relates with 

the interaction between buffer and polycarbonate surface. At pH 13, the buffer 

solution is basic and contains hydroxide molecules that further etch the PC. Thus, 

the diameter of the pores may increase during the wetting time. Finally, because 

of their fabrication process, the pores of the membranes used for CVs may not be 

completely closed. A leakage of the solution on the backside of the working 

electrode would undoubtedly influence the total cell current. Therefore, because 

we are not sure if some pores are blocked, if further etching occurs, or if leakages 

play a role, our CV study only provides qualitative information. 

Reduction of Au and Ag in nanochannels 

Figure II-7B and D show CVs of single metal electrolyte (Au20 and Ag20, in B) 

and mixtures (Au50Ag50 and Au50Ag20, in D) performed in arrays of 

nanochannels of 400 nm. Though the “peak” shape of the CVs is less pronounced 

than on flat surfaces at the same scan rate, they present similar behaviors. The 

“peak” positions are similar for both, single metal electrolytes and mixtures. 

Likewise, CVs at higher scan rates (not shown) display more pronounced peak-

shaped curves and alike shifts of the peak potential. The evolution to sigmoidal 
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curves even at higher scan rate has already been investigated by several groups 

and is attributed to the change of diffusion regime depending on the scan rate.180–

182 At high scan rates, the diffusion layer is trapped in the nanochannel and the 

diffusion is then linear, hence the peak shaped CVs. At lower scan rate, the 

diffusion layer exits the nanochannels and the diffusion becomes radial, resulting 

in sigmoidal curves. 

Figure II-7C and E show CVs of electrolyte Au20 and Ag20 (C) and Au50Ag50 

and Au50Ag20 (E) performed in arrays of 45 nm wide nanochannels. All CVs in 

these small channels have a sigmoidal shape. Only the CVs issued from the 

mixtures exhibit a pseudo peak at - 1.1 V. It should be noted that the sharp peak 

observed at about - 0.6 V in the CVs of electrolyte Au50Ag20 are attributed to 

organic impurities. This strong shift toward the radial diffusion mode for 

nanochannels with small diameters is consistent with the conclusions from 

Lavacchi et al. who simulated CVs in inlaid microelectrode with various aspect 

ratio.183 Nevertheless, the absence of oxidation currents for gold and mixed 

electrolytes as well as the absence of two steps for gold reduction is striking. On 

the one hand, regarding the high current measured in the absence of electrolyte 

(Figure II-7A), it is probable that the faradaic current might be masked by non-

faradaic currents. On the other hand, such CVs may also result from a strong shift 

of the oxidation and reduction peaks in opposite directions. However, this second 

option is less probable since peak-shaped CVs obtained at faster scan rates (100 

mVs-1, not shown) for Au50Ag50 and Au50Ag20 that exhibit oxidation peaks. 

To summarize on CV results, the measurements: 

- Confirm for flat surfaces the reduction mechanisms for both gold- and 

silver-cyanide electrolytes. 

- Evidence the strong influence of the electrolyte (concentration) on the 

deposition rate. 

- Show that voltammograms of mixed electrolytes can be deduced from 

the CVs of individual metal electrolytes. Hence, the composition of the 

deposit can be forecasted from CVs. 
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- Exhibit higher current densities in arrays of nanochannels. These 

currents are mostly attributed to non-faradaic currents originating from 

the cell configuration. 

- Attest that the chemical reduction reaction process is similar in 

nanochannels and on flat surfaces. Small potential shifts are attributed to 

non-faradaic contributions. 

- Prove that in all cases, the reduction of Au and Ag cyanide electrolyte is 

performed in diffusion-controlled regime (or close to). 

 

Figure II-9: Scheme and current-vs.-time curve monitored during the electrodeposition of 
gold into the nanochannels of a template separated in three major steps. (1) Initiation of 
deposition (green), (2) growth of wires at constant current (red), and (3) growth of caps 
(violet) 

3.2. Nanowire electrodeposition 

The observations and interpretations made in this section are in agreement with 

previous works from our groups with other materials91,184–186 and other types of 

membranes.187 The current-vs.-time (I-t) electrodeposition curves exhibit similar 

characteristics for all samples. Figure II-9 shows a representative I-t curve for the 

potentiostatic reduction of gold in nanochannels. The potentiostatic deposition of 

gold at 60 °C and -1.1 V vs. Ag/AgCl can be separated into three major steps. In 

a short initial time (few seconds), a peak current is measured current (Figure II-9, 

green). This step is attributed to the initial reduction of the ions at the working 



Results and discussion 
 

63 | P a g e  

electrode and the formation of a diffusion layer. An additional decrease of the 

surface may also occur at the beginning of the deposition when the deposition 

initiate on tube like structure (as shown in Figure II-8A) and convert to solid 

cylindrical wires. During this transition time, the depletion of the diffusion layer 

spreads until a steady-state regime in diffusion-limited conditions is reached. 

Afterwards, since the nanochannels are cylindrical, the surface area of the 

working electrode is constant. As a consequence of the constant surface area 

and of the diffusion limited regime, the current is constant during the growth of 

the wires (Figure II-9, red). Once the nanochannels are completely filled, gold 

outgrows the membrane. Outside the nanochannels, the electrodeposition process 

is not constricted by the channels and growth continues in all directions. This 

results in the formation of so-called caps on the other side of the membrane. The 

surface area of these caps thus enlarges with time, resulting in a fast increase of 

the current (Figure II-9, violet).  

By following the current evolution during the potentiostatic electrodeposition of 

Au and AuAg, it is thus possible to control the length of the wires. The maximum 

length of the wire is the foil thickness when the electrodeposition is usually 

stopped just before the formation of caps starts. 

3.3. Morphology and composition of nanowires 

before and after dealloying 

This section presents the results obtained on the characterization of AuAg NWs 

before and after dealloying by XRD, TEM, and EDX. Special focus is given to 

the local composition of the nanowires. The consequences of the observed surface 

enrichment are discussed. 

3.3.1. Geometry of as-deposited wires 

The geometry of the as-deposited nanowires was examined by SEM directly after 

the dissolution of the membrane. 
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Diameter of the nanowires 

Figure II-10 exhibit SEM images of NWs with various diameters obtained by 

electrodeposition in templates etched for (A) 15 min, (B) 7.5 min, and (C) 3.25 

min. After the dissolution of the membrane, the diameter of at least 80 nanowires 

is measured on a central position on nanowires lying on the back electrode (as in 

Figure II-10) or on wires transferred on a CuC TEM grid (as shown later in Figure 

II-13 and Figure II-14).  

 

 

Figure II-10: SEM images of nanowires with diameter of (A) ~ 92 nm, (B) ~ 47 nm and (C) 
~ 30 nm, lying on the backelectrode after the dissolution of the membrane. (D) Low 
magnification SEM image of ~ 92 nm wires behaving like spaghettis 
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Figure II-11: SEM images of the top surface of PC templates etched for (A) 60, (B) 30, (C) 
15, (D) 7.5 and (E and F) 3.25 min. The diameter of the nanochannels (black disks) directly 
depends on the etching time 

For comparison, we also determined the mean diameter of many nanochannels on 

the template surface by means of SEM (after sputtering of Pt). The nanochannels 

are visible as black disks in Figure II-11 and we measured their diameter (Øc). 
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Figure II-12: Diameter of nanochannels in PC (Makrofol (PCM) and Pokalon (PCP)) and 
of nanowires electrodeposited in PCM membranes as a function of the etching time. The 
size of the disc symbols represents the number of analyzed channels or wires (violet circle 
= 100 counts). The lines are linear fits to the data 

Figure II-12 displays the average diameters of the nanowires as a function of the 

etching time applied for the fabrication of the templates (orange). The surface 

diameter of the nanochannels is displayed for Makrofol PC (PCM) membranes in 

dark green. To illustrate the statistical significance, the sizes of the data symbol 

are scaled to the number of analyzed objects. The error bars correspond to the 1 

sigma width of the diameter dispersion. 

For wire diameter below 100 nm, the distribution is only of a few nanometers, 

whereas it enlarges up to about 60 nm for the 380 nm large wires. Thin nanowires 

with diameter below 100 nm are fairly cylindrical (Figure II-10). In opposition, 

thick wires with larger diameter can slightly deviate from the cylindrical shape 

as illustrated in Figure II-13. 
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Figure II-13: SEM images of ~ 380 nm wide nanowires with bullet like tip on (A) CuC TEM 
grid and (B) backelectrode. The diameter of the nanowire end (red) is smaller than the 
middle of the nanowire (green) 

Wires with 180 (not shown) and 380 nm (Figure II-13) diameters have bullet like 

ends in opposition to the thinner wires. Therefore, the evaluation of the diameter 

may differ as a function of the position of the measurement, hence a large size 

distribution. In addition, wires with large diameters are synthesized in membrane 

with lower densities (108 nanochannelscm-2 for wire diameter of 180 nm and 107 

nanochannelscm-2 for wire diameter of 380 nm) which also decrease the number 

of measurements and thus the precision of the error.  

Figure II-12 evidences that the radial etching rate in PC is approximately 

constant for etching times equal or higher to 3 min and 15 s. The radial etching 

rate of PCM is 4.34 nm/min for isotropic etching at 60 °C with 2 M NaOH. The 

etching rate deduced from systematic wire diameter measurements is 6.29 

nmmin-1. This difference of ~ 2 nmmin-1 may be explained by two additive 

effects. The first is that the wires are deposited from a basic aqueous solution at 

high temperature. As mentioned before, the pores may be etched further by the 

electrolyte during the membrane wetting and electrodeposition steps. The second 

effect is that the wire diameter is measured in the middle of the wire, i.e. where 

the diameter is the larger, whereas the nanochannel diameter is measured at the 

surface of the membrane. Thus the deviation from the cylindrical shape at the 

pore opening (wire tip) has to be considered. In addition, the measurement of the 
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nanochannel diameter is also influenced by the necessity of sputtering a thin layer 

of platinum for SEM study. 

The production of PCM membranes being stopped by its producer, replacement 

polymers have to be considered for future works. Preliminary etching test were 

performed on another type of PC membranes: Pokalon PC (PCP). For 

comparison, PCP membranes were etched for 7.5 and 15 min (blue in Figure 

II-12). For short etching time of 7.5 min, the nanochannel diameter is 

approximately equivalent to that of PCM membrane. For a longer etching time of 

15 min, a deviation of 20 nm is observed. These results are consistent with 

previous work where a linear dependence of weight loss as been established for 

PCM etching whereas PCP radial etching rate increases with time.133 

Length of the nanowires 

 

Figure II-14: SEM images of (A) ~ 47 nm nanowires on a silicon substrate and (B) ~ 92 nm 
nanowires on a CuC TEM grid. The length of the nanowires fluctuates between 10 and 30 
µm 

Figure II-14 exhibits SEM images of nanowires with two different diameters of 

47 and 92 nm after their transfer on a substrate. The wires tend to be shorter after 

membrane dissolution and multiple cleaning steps. For wire synthesis, a 30 µm 

thick template was completely filled until caps growth. The expected wire length 

should thus be 28-30 µm. However, as seen in Figure II-14, the length of the 

nanowires fluctuates between 10 and 30 µm. The length of the wires transferred 

to a substrate is observed to depend on their diameter. Thin wires (< 50 nm) are 
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in general shorter with lengths between 5 and 15 µm. Wires with Ø ≈ 92 nm have 

a typical length of 15-20 µm. Larger wires (not shown here), obviously 

mechanically more stable, often have a length close to the theoretical length of 

28-30 µm. Various effects may explain the shortness of the nanowires. (1) 

Nanowires are fragile and the ultrasonication treatments performed during the 

wire cleaning may lead to wire breaking. (2) The limited wetting of the small 

nanochannels may result in large wire growth-rate discrepancy, hence various 

wire lengths. These two effects are consistent with longer wires when their 

diameter is larger. However, the wire robustness also changes with the 

composition. Ag wires are in general shorter than gold equivalent ones. 

3.3.2. Nanowire composition before and after dealloying 

The diameter values presented above are averaged over several wire/membrane 

batches whereas the following compositional and morphological analyses are 

based on a small number of wires. Cylindrical AuAg nanowires with three 

different diameters, namely 85, 45, and 30 nm, and lengths between 10 and 20 

µm were analyzed with respect to their composition and morphology before and 

after dealloying. 

Table II-4: Averaged Ag content (at.%) in the nanowires measured by EDX spectroscopy 
before and after dealloying as a function of the initial diameter. Due to their fragility, 
dealloying of 30 nm thick wires was not performed 

 Before dealloying 

Atomic % of Ag 

After dealloying 

Atomic % of Ag 

Initial diameter (nm) 

Electrolyte 
85 45 30 85 45 

50 mM KAu(CN)2 

50 mM KAg(CN)2 
62 ± 4 60 ± 4 63 ± 3 8 ± 6 5 ± 6 

50 mM KAu(CN)2 

20 mM KAg(CN)2 
41 ± 4 38 ± 4 39 ± 3 39 ± 5 36 ± 3 

 

The average compositions, measured by EDX-TEM for AuAg nanowires 

deposited using different electrolytes, before and after dealloying, are reported in 

Table II-4. Before dealloying, nanowires electrodeposited at - 1.1 V vs. Ag/AgCl 
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from electrolyte with KAu(CN)2:KAg(CN)2 ratio of 1:1 (Ag50Au50) and 5:2 

(Au50Ag20) exhibit an average Ag concentration of about 60 at.% and 40 at.% 

respectively. For the chosen potential applied during electrodeposition, the wire 

composition is independent from the wire diameter. In addition, EDX 

measurements at various positions of a given wire reveal a rather constant 

composition along the nanowire. In few cases, fluctuations by a maximum of 

10% along the about 20 µm wire length was observed. This is a strong indication 

that the electrodeposition occurs close to the diffusion-limited regime where mass 

transport is the rate-limiting step. This result is consistent with a previous 

investigation using cyclic voltammetry.  

Regarding the wire composition after the dealloying process, the nanostructures 

obtained by dealloying of Ag-rich wires (Au40Ag60) contain very little remaining 

Ag (< 10 at.%, Table II-4). On the contrary, the dealloyed Au60Ag40 nanowires 

do not exhibit significant composition changes.  

Pure Au and pure Ag wires electrodeposited under the same conditions as the 

alloy nanowires were checked by EDX in SEM. In both cases, the wires exhibit 

elemental purity without indication of contamination with other materials. 

3.3.3. Formation of porous Au wires by dealloying 

To observe the morphology evolution of AuAg nanowires dealloyed in nitric acid, 

nanowires before and after dealloying were analyzed by SEM and STEM. Panels 

A and B of Figure II-15 show HAADF images of nanowires synthesized using 

the Au50Ag50 electrolyte with diameters of 85 and 45 nm, respectively. The left 

images are representative for the as deposited wire, and the right images show 

typical wires after dealloying. 

After the dissolution of the membrane and before dealloying, alloy (left images 

in Figure II-15) metal nanowires are cylindrical and exhibit very smooth surfaces 

for all compositions and diameters. After dealloying (right images), wires with 

very different morphologies are obtained. The dealloying in HNO3 of Au40Ag60 

wires results in highly porous nanostructures. In the case of large nanowires (Ø 

= 85 nm), dealloying leads to continuous random porosity (Figure II-15A), with 
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ligament sizes between 5 and 30 nm. In addition, the average size of the ligaments 

and pores does not seem to depend significantly on the wire diameter. 

Consequently, the small wires (initial diameter 45 nm) consist of partly 

discontinuous sections exhibiting rather irregular contour (Figure II-15B, Figure 

II-16C). 

 

Figure II-15: Dark-field TEM images of AuAg nanowires before (left) and after (right) 
dealloying in HNO3: (A) Au40Ag60 nanowire, initial diameter 85 nm; (B) Au40Ag60 nanowire, 
initial diameter 45 nm; (C) Au60Ag40 nanowire, initial diameter 85 nm; (D) Au60Ag40 

nanowire, initial diameter 45 nm 
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Figure II-16: (A) TEM and (B and C) HAADF images of several sections of one single (A 
and B) 85 nm and (C) 45 nm dealloyed Au40Ag60 nanowire. Bottom, middle, and top 
determine the position of the section of the wire imaged in the TEM 

Figure II-16 shows images of different sections of an 85 nm porous gold 

nanowires (PAuNWs; A and B) and of a 45 nm PAuNW (C). Figure II-16 thus 

demonstrate that the porosity of the nanowires obtained by the dealloying of 

Au40Ag60 nanowire is homogeneous along their complete length.  

In contrast, nanowires synthesized from an electrolyte with a significantly lower 

Ag concentration (KAu(CN)2:KAg(CN)2 ratio of 5:2; Figure II-15 C, D) do not 

exhibit any porosity after dealloying. Only the surface roughness slightly 

increases. 
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Figure II-17: STEM images of 30 nm AuAg nanowires before (left) and after (right) 
dealloying. (A and B) Au40Ag60 nanowires, nanowires after dealloying are not continuous 
(B); (C and D) Au60Ag40 nanowires, nanowires after dealloying exhibit strong diameter 
fluctuations (D) 

In agreement with HAADF observations (Figure II-15), the STEM study of the 

dealloying of thin wires (Ø = 35 nm reveals that the Au40Ag60 wires are no longer 

continuous anymore. As shown in Figure II-17B, the dealloyed wires consist in 

a series of droplets either connected by several nanometers large interconnects or 

separated by few nanometers. On the other hand, the Au60Ag40 nanowires are 

continuous but exhibit diameter fluctuations as evidenced by the red circle in 

Figure II-17D. It is highly probable that similar roughness is present on larger 

wires of similar composition after dealloying but is hardly observed due to the 

lower curvature of the wires. SEM study of dealloyed Au40Ag60 nanowires with 

larger diameters (180 and 380 nm, presented in the next chapter in Figure III-7, 
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page 101) and similar compositions exhibit cognate porosities which are 

consistent with previous works from Searson et al.49,53,54,188 

3.3.4. Wires crystallinity 

To gain further insight into the dealloying process, the crystalline structure and 

local composition distribution of the nanowires both before and after dealloying 

were analyzed. Prior to dealloying, we measured the crystallographic orientation 

of the nanowire arrays still embedded in the membranes using XRD. 

Figure II-18A shows XRD patterns of four different nanowire arrays with 85 nm 

diameter (from top to bottom: Au, Au60Ag40, Au40Ag60, and Ag), deposited at the 

same potential and temperature. The corresponding alloy concentrations are 

tabulated in Table II-4. The XRD patterns of both alloy nanowire arrays, Au60Ag40 

and Au40Ag60 display all reflection peaks, namely (111), (200), (220), (311) and 

(222), indicating that various orientations of the crystals with respect to the wire 

axis are present in each sample. The analysis of the peak intensities indicates a 

small preferred (111) texture. The corresponding reflections are found at the same 

positions for both samples as expected because Au and Ag possess almost 

identical lattice parameters (4.0862 Å for Au and 4.0782 Å for Ag).141 

Interestingly, XRD patterns of pure Au (top, orange) and Ag (bottom, grey) 

nanowires exhibit less reflection peaks and reveal a preferred crystallographic 

orientation along the (200) and (220) direction, respectively. Since all other 

syntheses and geometrical parameters were the same, these results reveal a strong 

influence of the electrolyte composition and concentration on the crystallographic 

orientation of the arrays. 

Figure II-18B shows the XRD patterns of three arrays of Au40Ag60 nanowires with 

wire diameters of 85, 45 and 30 nm. The number of reflections and their relative 

intensities are the same indicating that under these deposition conditions, the wire 

diameter has no significant influence on the crystallographic orientation. 
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Figure II-18: XRD patterns of (A) arrays of nanowires with diameter 85 nm and various 
compositions and (B) arrays of Au40Ag60 nanowires with diameters 85, 45, and 30 nm. The 
vertical lines at the bottom indicate the intensities of the corresponding polycrystalline 
powder reference samples. All diffractograms as well as the reference values are 
normalized to the (111) orientation of gold 
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The crystallinity of single nanowires before and after dealloying in HNO3 was 

studied by using TEM dark-field and bright-field imaging. In Figure II-19, 

representative images of sections of Au40Ag60 (Ø = 85 nm, Figure II-19A, B, and 

C) and Au60Ag40 (Ø = 45 nm, Figure II-19D, E and F) nanowires before 

dealloying are depicted at different magnifications.  

 

Figure II-19: Bright-field TEM images of nanowires before dealloying: (A, B and C) 
Au40Ag60 nanowires (initial diameter 85 nm) and (D, E and F) Au60Ag40 nanowire (initial 
diameter 45 nm); Red dots mark single and double grain boundaries; red stars indicate 
dislocations, and red triangles point stacking faults 

Before dealloying, the nanowires consist of micrometer long grains with few 

crystalline defects and separated by single or multiple grain boundaries. Figure 

II-19A, B and C depict typical grain boundaries, dislocations, and double grain 

boundaries in Au40Ag60 nanowires (Ø = 85 nm). Figure II-19D and E show bright-

field images of Au60Ag40 nanowires with diameter 45 nm with similar double 

grain boundary and other defects. Panel F shows HRTEM image of a stacking 

fault. 
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Figure II-20: (A, C, D, E and F) Bright-field TEM and (B) HAADF images of nanowires after 
dealloying: (A and B) Au60Ag40 nanowire (initial diameter 45 nm) and (C, D, E and F) 
Au40Ag60 nanowires (initial diameter 85 nm); Red dots mark single and double grain 
boundaries 

Figure II-20 shows TEM images of sections of the initially equivalent wires after 

dealloying. Independently of their morphologies, the nanowires remain 

crystalline after dealloying with micrometer long grains. Figure II-20A and B 

show representative Au60Ag40 nanowire (initial diameter 45 nm) after dealloying 

in HNO3 with grain boundaries as well as a double grain boundary. Figure II-20C, 

D, E, and F show Au40Ag60 sections of nanowires with diameter 85 nm after 

dealloying with various grain boundaries (C, E, and F) and a double grain 

boundary (D). Our results suggest that the nitric acid treatment does not alter the 

crystalline defects and the morphology of the wire close to the grain boundaries 

is similar to that in the middle of the grain. Moreover, the crystalline defects do 

not seem to influence the dealloying process as observed in Figure II-20D, where 

the double grain boundary crosses over voids formed by the dealloying process. 

These results are consistent with previous observations and established notions 
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that the crystallography of the AuAg is retained during dealloying of bulk samples 

and thin films.189–191 

3.3.5. Analysis of the local composition with high spatial 

resolution energy dispersive X-ray spectroscopy 

The crystallographic analysis was complemented by EDX in the scanning TEM 

mode. Although the size of the probing electron beam at the applied high-current 

settings was between 0.1 and 0.15 nm, the spatial resolution of the EDX analysis 

is limited by elastic electron scattering and thus influenced by the sample 

thickness. The use of a high-resolution TEM such as the JEOL ARM200F with 

probe correction provides a resolution ranging between 0.3 nm at the wire edge 

and 3 nm at the wire core.  

Surface enrichment of alloy nanowires 

 

Figure II-21: HAADF images and the corresponding EDX linescans measured before 
dealloying at the edge of representative Au40Ag60 nanowires with diameters (A) 85, (B) 45, 
and (C) 30 nm. Lengths and positions of the linescans with respect to the nanowires are 
represented by arrows 
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We first analyzed the local composition of the Au40Ag60 and Au60Ag40 nanowires 

in the TEM before dealloying. Figure II-21 shows HAADF images of 

representative Au40Ag60 nanowires with diameters of (A) 85, (B) 45, and (C) 30 

nm together with the corresponding EDX linescan across the nanowire surfaces. 

Interestingly, for all nanowire diameters, the measured Ag concentration is higher 

at the surface (written as shell in EDX linescans) than in the inner core of the 

wires. The Ag content in the nanowire bulk is constant whereas the concentration 

rises significantly towards the surface of the wire. The high resolution of the 

measurements allows us to determine a surface layer thickness between 1 and 4 

nm with a composition of up to 90% of Ag. The constant concentration in the 

inner part of the nanowire observed by EDX together with our TEM 

investigations of the crystals clearly demonstrates that the body of the nanowire 

consists of a homogeneous AuAg solid solution. Note that the Ag concentration 

measured in the core of the wires is slightly higher for the 30 nm diameter wires 

(Figure II-21C) which is attributed to a higher relative contribution of the surface 

layer to the total EDX signal due to the higher shell-to-wire volume ratio. 
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Figure II-22: HAADF images and corresponding EDX linescans measured on different 
Au60Ag40 nanowires (diameter 85 nm) before dealloying. Lengths and positions of the 
linescans with respect to the nanowires are represented by the arrows 

Figure II-22 shows HAADF pictures of two Au60Ag40 nanowires with 85 nm 

diameter before dealloying and three EDX linescans measured across the surface 

of nanowires. For all of the analyzed Au60Ag40 nanowires, most positions along 

the surface show a Au-rich shell as displayed in the left EDX linescan in Figure 

II-22A. At the surface, the fraction of Ag decreases in average from 40% down 

to about 10% (25% in Figure II-22A) within few nm thickness. EDX analysis also 

reveals regions without a Au-rich surface layer (see middle linescan in Figure 

II-22). A small number of wire regions even exhibit the presence of few 

nanometer thick Ag enrichment as shown in Figure II-22B. In overall, the analysis 

indicates a less homogeneous Au surface layer along the wire length compared to 

the Ag layer discussed above for Au40Ag60 wires. 

 

Figure II-23: HAADF images and corresponding EDX linescans measured on Au60Ag40 
nanowires (diameter 30 nm) before dealloying. Lengths and positions of the linescans with 
respect to the nanowires are represented by the arrows 
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Similar results were obtained for the thinner wires as shown in Figure II-23, where 

HAADF images and the corresponding EDX linescans measured on Au60Ag40 

nanowires with diameter of 30 nm are depicted. The Au-rich shell is still dominant 

(Figure II-23A) in most of the analyzed regions of the various wires while few 

areas indicated the presence of a Ag-rich shell (Figure II-23B).  

Our results on Au40Ag60 and Au60Ag40 nanowires provide evidence of Ag and Au 

surface segregation, respectively, independent of the diameter of the analyzed 

nanowires. The existence of enriched surfaces or core-shell structure for the initial 

electrodeposited AuAg nanowires has not been previously reported and is, 

however, very important for the understanding and interpretation of the 

subsequent dealloying process. The surface enrichment could possibly originate 

from an inhomogeneous electrochemical deposition process in the nanochannels 

of the polymer template due to the presence of negative surface charges on the 

wall of the channels.192 An alternative explanation is related to the observation 

that Ag-rich surfaces appear preferentially – but not exclusively – at the end of 

the nanowires. Rounding and diameter increase are more obvious in the case of 

30 nm diameter nanowires as seen in Figure II-23B. This is a strong indication 

that the surface enrichment occurs during or after the dissolution of the polymer 

membrane and originates from segregation and/or surface diffusion, as evidenced 

in previous works.164,193 It is noted that our nanowires were not stored in a vacuum 

but in most cases in dichloromethane and/or in air on a substrate for 2 - 3 days 

prior to TEM analysis. However, Ag is known to have a lower surface 

energy,194,195 which is inconsistent with the existence of the Au-rich surface layer 

observed on Au60Ag40 wires. Further investigations are required to understand 

how the surface enrichment processes are influenced by the different sample 

preparation steps, namely, the pore etching process, the electrodeposition, and the 

polymer dissolution. The enrichment of the surface of the alloy nanowires can 

have a direct impact on the dealloying process and on the resulting morphology 

of the dealloyed nanowires. 
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Figure II-24: HAADF images and corresponding EDX linescans measured on (A) a 
Au40Ag60 nanowire and (B) a Au60Ag40 nanowire (initial diameters 85 nm) after dealloying 
in HNO3. Lengths and positions of the linescans with respect to the nanowires are 
represented by the arrows 

Local composition of dealloyed nanowires 

Local high-resolution EDX analysis of the AuAg nanowires after dealloying is 

presented in Figure II-24. The HAADF images show the structures obtained after 

dealloying of 85 nm diameter of Au40Ag60 (Figure II-24A) and Au60Ag40 (Figure 

II-24B) nanowires. The formation of porosity in Au40Ag60 is in agreement with 

percolation simulations for face centered cubic lattice where the parting limit is 

estimated to be about 58.4 Ag at.%.153 In Figure II-24A, the EDX linescan shows 

the composition of a ligament and evidences its almost pure Au composition 

across the ligament except for a small region (2-3 nm) with 20 at.% of remaining 

Ag content. Domains with Ag concentration up to 30-40 at.% are randomly 

distributed in the ligaments and are not centered in the middle of the ligament as 

the dealloying theory suggests.35 

After dealloying, the Au60Ag40 nanowires exhibit a diameter and composition 

similar to that of the initial nanowires (Figure II-24B). They also have a relatively 
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homogeneous Au-rich shell. This finding is consistent with percolation theory 

calculations and experimental observations where the limit for porosity evolution 

is obtained for bulk and thin films between 55 and 60 Ag at.%.6,153  After 

dealloying, the surface of the Au60Ag40 wires is slightly rougher than the initial 

surface. It is probably due to corrosion occurring at the surface regions where the 

Au surface layer is discontinuous, as discussed in Figure II-22.  

3.3.6. Comments on the stability of the alloy nanowires 

In addition to the formation of surfaces layers with composition differing from 

the bulk, the presence of particles at the surface of old wires was observed in the 

TEM on some alloy nanowires. 

 

Figure II-25: HRTEM (A and C) and HAADF (D) images and a corresponding EDX linescan 
(B) measured on Au40Ag60 nanowires (diameter 85 nm) with surface nanoparticles before 
dealloying. Length and position of the linescan with respect to the nanowire is represented 
by the arrows 

Some wires were studied in the TEM several months after transfer on the substrate 

in contrast to the previous results where TEM and EDX studies were performed 

3 days after membrane dissolution. Figure II-25 shows HRTEM and HAADF 

images of such Au40Ag60 nanowires with diameter 85 nm exhibiting the presence 
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of nanoparticles at their surface and a corresponding EDX linescan. The 

nanoparticles are at the surface of the nanowires but do not look tightly bound to 

the wire. HRTEM imaging (Figure II-25C) shows that the nanoparticles are 

crystalline and the lattice parameter of the particles coincide with that of gold or 

silver. EDX analysis of one particle (Figure II-25B) reveals that the particle is 

about 100% composed of Ag. The EDX linescan also evidences the net separation 

between the Ag particle and the wire (about 5 nm).  

 

Figure II-26: STEM images of nanowires with different compositions and diameters 
presenting surface nanoparticles after several weeks in air. (A, B, and C) Au40Ag60 
nanowires with respective diameter of 85, 45, and 35 nm after several weeks in air. (D) 35 
nm large Ag nanowires with pronounced coverage with particles 

Consistently with the results introduced previously, a silver shell is also present 

on the Au40Ag60 nanowire, even after several months of storage in air. The Ag 

nature of the nanoparticles, confirmed by EDX as well as HRTEM, contrast with 
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other studies where the formation of nanoparticles at the surface of pure Ag 

nanowires was attributed to the formation of Ag2S.196–198  

The presence of particles is also demonstrated by STEM investigations on NWs 

stored on the wafer in air for several weeks as shown in Figure II-26. The 

investigation reveals that nanoparticles form on all wires that contain Ag, 

independently on their diameter. Figure II-26A, B, and C show Au40Ag60 

nanowires of diameter 85, 45 and 35 nm respectively. Numerous particles appear 

on small nanowires whereas almost no particles are observed on 85 nm wires at 

this magnification. The connection between the particles and the wires is not 

steady, thus quantification of the particle density is not reasonable. Nevertheless, 

SEM observations show the tendency of an increasing particle number with 

increasing Ag content in the wires. In the case of pure Ag nanowires with diameter 

of 35 nm, the particles have dimensions comparable to the wire diameter, which 

leads to discontinuous wires as shown circled in red in Figure II-26D. This 

behavior is clearly different from Rayleigh instability, which forms regularly 

spaced spherical droplets with diameter larger than the wire diameter. It has to be 

emphasized that, no particles could be found on nanowires directly after 

membrane dissolution and transfer to the substrate.  

 

Figure II-27: SEM images of (A) Au40Ag60 and (B) Au60Ag40 nanowires with 85 nm diameter 
stored on a silicon substrate at 60 °C in air for 72h 

The influence of different storage conditions has also been considered. 

Nanowires stored as dichloromethane suspended solution for long periods (before 
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transfer) do not exhibit nanoparticles directly after the transfer (not shown). 

Similarly, nanowires kept on the substrate in dichloromethane are not covered by 

particles. However, it cannot be excluded that the nanoparticles are washed away 

when taking the sample out of the organic solvent. Nanowires stored at higher 

temperature (60 °C) in air feature very fast the presence of particles as shown in 

Figure II-27D and E. Thus, the formation of particles directly depends on the 

surrounding media and is enhanced by temperature. These considerations are 

consistent with the surface diffusion and segregation already mentioned. 

Surprisingly, particles can also be observed on Au60Ag40 nanowires Figure II-27E 

that exhibit Au surface enrichment (see section 3.3.5). However, such wires also 

exhibit inhomogeneity of the gold layer that may explain the particle evolution. 

Our observations raise the question of the stability of the nanowires containing 

Ag. Further systematic investigations are necessary to better understand the 

influence of the temperature and other external parameters on the diffusion of Au 

and Ag as well as to comprehend the surface segregation occurring on the alloy 

nanowires. 

4. Summary 

The synthesis as well as the characterization of porous gold nanowires has been 

presented in this chapter. First, the analysis of the electrodeposition process 

evidences that cyanide based electrolytes enable high current efficiencies and 

depend on the metal ion type and concentration. Cyclic voltammetry confirms 

that the reduction of Au salt can follow a 2-step path at intermediate voltage or, 

like Ag, a one-step reduction at very negative voltage. In addition, Au and Ag can 

be co-deposited from a single bath electrolyte. Operating in a recessed geometry 

(i.e. in nanochannels) exhibits similar reduction processes and the strong current 

density increase is mainly attributed to non-faradaic currents such as capacitance 

and uncompensated resistance of the electrolyte in the nanochannels. Because the 

potentiostatic reduction of Au and Ag at - 1.1 V occurs close to diffusion-limited 

regime, the growth of the nanowires can be precisely controlled, with the 
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differentiation of the various deposition steps: initiation, wire growth, and cap 

growth. Moreover, the composition is expected to be homogeneous along the wire 

deposition and can be tailored by monitoring the constitution of the electrolyte. 

The wires fabricated are cylindrical, independently on their composition and for 

all diameters equal or below 100 nm, whereas larger wires have bullet like 

endings. XRD and TEM demonstrate that all nanowires studied are 

polycrystalline, independently on the diameter and composition. The grains are 

several micron long and often separated by double grain boundaries consisting in 

two grain boundaries spaced by only few tenth of nanometers. Compositional 

analysis by EDX in the TEM shows surface segregation in alloy nanowires. Ag 

surface enrichment of 1 to 4 nm is observed on all measured Au40Ag60 nanowires 

whereas a discontinuous Au layer is detected on Au60Ag40 nanowires. 

Additionally, the formation of Ag nanoparticles has been observed on Ag 

containing nanowires with various compositions and seems to be enhanced by 

temperature. The dealloying of nanowires with composition of Au40Ag60 gives 

rise to porous nanowires with ligaments between 5 and 30 nm. Consequently, thin 

nanowires with diameter below 50 nm before dealloying are not always 

continuous after HNO3 treatment. TEM analysis confirms that the crystalline 

defects seem neither to be affected by dealloying nor to influence the process. 

After dealloying, the residual Ag is of only few percent and is mainly situated in 

small Ag rich domains. Surface roughness is obtained by dealloying of Au60Ag40 

nanowires and no change in composition is observed.  
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Chapter III 

III. Contacting individual 
nanowires for transport 

measurements 
The recent interest in gold nanostructures, especially for sensing and transparent 

conductive films purposes is triggering many investigations of the transport 

properties of gold and silver nanowires.12,49,199–205 The electrical conductivity of 

gold wires with various diameters and crystallinities has been studied. It was 

shown that for diameters below 100 nm, the surface scattering of the electrons 

adds to their scattering at the grain boundaries, thus modifying the conductivity.206 

Lilley et al. measured nonlinear resistance as a function of the current for Au 

nanowires that was induced by surface contamination.39 Porous nanowires 

provide even higher surface-to-volume ratio compared to solid cylindrical wires, 

being thus particularly interesting for sensing. Due to their interesting surface 

chemistry, gold nanowires functionalized with enzymes have been used for 

biosensing and electrochemical sensing. A. Roy et al. demonstrated by simulation 

that bare ultrathin Au nanowires may also sense chemical molecules such as 

carbon monoxide or CH3S.207 Nevertheless, only very few studies focused on the 

electrical properties of porous gold nanowires and their applicability for 

sensing.49,50,208 Furthermore, no study shows the effect of residual silver (more 
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sensitive to oxidation and chemical reactions) on the wire conductivity and on the 

performance of the sensor.  

This chapter presents the development of a set of methods developed at the GSI 

Helmholtz Center and at the Hochschule RheinMain that will allow in a near 

future to measure, in our laboratories, the transport properties of such wires. In 

the first part of this chapter, the optical lithography is introduced followed by a 

detailed description of the process developed to deposit four-point contacts on 

nanowires. Special observations when using measurement chips, including 

trenches, are discussed together with the challenges for electrical and thermal 

characterization of porous nanowires. 

1. Introduction to optical lithography 

From the Greek – lithos: „stone“ and grapho: „to write“ – the optical lithography 

is a process used to selectively pattern a surface. One of the major applications of 

this technique, since its beginning, is the fabrication of integrated circuits.9 

Lithographic techniques are also commonly used in research to build up new 

micro or nano structures, to selectively modify them or to electrically connect 

structures of very small dimensions. Two different approaches for lithography 

coexist. Based on the same principle, they can be distinguished by the role of the 

shaped resist layer. Figure III-1 depicts the two processes. In both cases, the initial 

step consists of the homogeneous coating of a substrate (often a silicon wafer) 

with resist. Typically applied from a solution by spin coating, resists are organic 

polymers with high sensitivity to a specific wavelength. This resist coating step 

(A) includes the promotion of adhesion by surface treatment of the substrate, the 

spreading of the solvated resist on the substrate and soft baking to evaporate 

solvent leftovers. The second major step is the selective exposure of the resist 

(B). Traditionally, resists are exposed to UV through a mask. Thus, the alignment 

of the mask is critically important. Depending on the resist, a post-exposure 

baking may be required. Depending on the type of resist, the development of the 

resist consists in the selective removal of irradiated (positive resist) or non-
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irradiated (negative resist) domains. Positive resists are more sensitive to 

chemical dissolution after exposure, thus the exposed resist is dissolved by the 

developer (C). On the contrary, negative resist harden with light exposure. 

Consequently, the developed design will be the negative of the exposure pattern. 

The developed resist then serves as template for further operations. On the one 

hand, optical lithography may be adopted to modify the structure of a preexisting 

homogeneous surface as shown in D1 and E1. An example can be the selective 

etching of a silicon wafer according to the resist template using fluorhydric acid 

solution. Plasma etching can also be used. Alternatively, optical lithography is 

used to deposit a new patterned surface layer as displayed in D2 and E2. Material 

is then deposited in the open areas of the resist that serves as template. Sputtering 

or evaporation is commonly used to deposit thin coatings but electrodeposition or 

electroless deposition may also be used to form the lithographically patterned 

structures. After the patterning step (D), the resist is removed in a step called lift-

off (E). During lift-off, all layers on top of the resist are also evacuated. 

 

Figure III-1: Simplified scheme of the major steps of lithography: (A) coating of 
substrate/wafer with resist, (B) selective illumination of resist, (C) development by selective 
dissolution of irradiated resist, (D1) texturing of the substrate through the resist mask, (D2) 
selective coating of the wafer through the resist template, (E1 and E2) lift-off: removal of 
resist from wafer including all layers on top of the resist 
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The selective exposition of the photoresist is mostly achieved by using masks. 

However, while the use of irradiation masks is most appropriated for large-scale 

production on large wafers, laser lithography presents the advantage to be more 

flexible. Laser lithography applies the focused beam of a laser to irradiate 

predetermined positions of a sample. Usually coupled with an optical microscope, 

it allows to precisely select the area to expose and to easily modify the irradiation 

pattern. Thus, laser lithography is particularly appropriated to design patterns on 

top of randomly distributed nanostructures such as our nanowires. In this thesis, 

this method was applied to electrically contact solid and porous gold nanowires. 

In addition, special chips were developed for future standard processing by 

multiple step optical mask lithography. The fabrication of these so-called z-chips 

by multiple step optical mask lithography is performed at the Hochschule 

RheinMain by Prof. Dr. F. Völklein and is described in the following 

publications.209,210 

2. Experimental 

2.1. Preparation of nanowires 

Nanowires were prepared in two manners, illustrated in Figure III-2. One 

consisted in the fabrication of electrical connections by laser lithography on top 

of the nanowires lying on a flat silicon wafer (Figure III-2A). In the second one, 

the nanowires were drop-casted on prefabricated substrates with cantilevers 

arrays or trenches arrays (Figure III-2B). 

 

Figure III-2: Scheme of (A) a nanowire with top contacts prepared by lithography and (B) 
a suspended nanowire on top of contact lines  
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Samples for optical lithography 

For laser lithography, the nanowires were transferred on flat silicon wafers 

(Figure III-2A) with ~ 100 nm thermal oxide SiO2 (Si-Mat, P/Boron <100>, 256-

306 µm; wafer diameter up to 2 inches) according the method introduced in 

Chapter II.2.3. Such Si substrates were chosen because of the insulating properties 

of the silicon oxide necessary to allow electrical measurement of the metallic 

nanowires. After the transfer of the wires, the wafers were cleaned of all 

impurities by ultrasonication in acetone bathes (2×30 s), flushing with acetone 

and subsequently with isopropanol. Finally, the substrate is dried using a nitrogen 

jet. The presence of the nanowires after this cleaning process proves their strong 

adhesion to the substrate. 

Substrates with trenches 

In preparation for future measurements of transport or mechanical properties, 

nanowires disconnected from the substrate were also considered. For example, 

the measurement of the thermal properties of porous gold nanowires requires 

having suspended wires to minimize the heat loss in the wafer. Hence, nanowires 

were spread across trenches and arrays of cantilevers (Figure III-2B). On the one 

hand, silicon wafers with 2 and 10 µm wide trenches were provided by Dr. 

Laurent Belliard (Acoustique pour les nanosciences group of the Institut des 

Nanoscience, Paris, France). On the other hand, Z-chips, consisting of an array of 

metallized silicon cantilevers were provided by Prof. Dr. Friedemann Völklein 

(Institute for Microtechnologies of the Hochschule RheinMain, Rüsselsheim, 

Germany). The cantilevers were fabricated with width of 4 and 8 µm and spaced 

by 4 µm. To spread the nanowires across the trenches, the nanowires were 

dispersed randomly on the chips according to the method introduced in Chapter 

II.2.3. 
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2.2. Laser lithography on wafers with 

nanowires 

The wafers with randomly distributed nanowires were coated with resist by spin 

coating. For wires with diameter below 100 nm, the resist AZ1505 was used 

whereas the resist AZ1518 was employed to coat thicker wires. For both resists, 

the spin coating procedure consists in first spreading the resist at 500 RPM for 5 

s and then flatten the resist at 4000 RPM for 40 s. Theoretical coating thicknesses 

according to the manufacturer MicroChemicals are respectively about 0.5 and 

about 2 µm. After spin coating, the resist was soft backed at 100 °C for 60 s and 

subsequently cooled down to room temperature prior illumination. 

Laser lithography was then performed at GSI using a Heidelberg Instrument µPG 

101 equipped with diode laser with a wavelength of 405 nm. Using the optical 

microscope integrated in the lithography setup, the exposure pattern is centered 

on the nanowires of interest. The illumination is performed with the laser diode 

at a power of 10 mW in the case of the thin resist and 11 mW for the thickest 

resist and, using filters, the light intensity is set to 70% of the diode power.  

 

Figure III-3: Schematic of the illumination pattern used for laser lithography. The inset 
magnifies on the 1.5 µm large contacts that are spaced by 2.5 µm. Each microscopic 
contact is associated with a patch of 400×400 to 500×500 µm2 

Figure III-3 display a typical design used for the illumination. For 4 contacts, it 

consists of a row of 4 macroscopic patches (400×400 to 500×500 µm2) connected 

to 4 microscopic contacts of 1.5 µm width and spaced by 2.5 µm (inset). After 

illumination, the patterns are developed using dilution of the developer AZ351B 

(MicroChemicals) with water (1:4). Development process is done at room 

temperature for 45 and 50 s under constant manual agitation (for resists AZ1505 

and AZ1518, respectively). The sample is then transferred to a first water flow 
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bath for 1 min and is immersed in a second water bath for several minutes. After 

complete drying of the sample, it is sputtered with a ~ 5 nm thick Cr adhesion 

layer and a thicker gold layer. The Au sputtered layer was coated thick enough to 

completely embed the nanowire. The lift-off was performed in two consecutive 

steps. First, the sample was inserted diagonally in an acetone bath (sample 

inclined by 45° with the sputtered side oriented downward). After a maximum of 

12 hours of immersion, the lift-off was finalized using acetone flow. 

2.3. Dealloying of AuAg nanowires 

To perform measurements on porous nanowires, the contacted alloy wires were 

dealloyed on their substrate by immersion in HNO3 (67%) for 3h. In the case of 

nanowires spread over trenches, the same methodology was applied. 

3. Observation of connected nanowires 

3.1. Lithographic contacts on top of individual 

nanowires on Si wafers 

Figure III-4 shows representative examples of individual nanowires under four 

contacts fabricated by laser lithography. The contacts thus fabricated have in 

average a width of ~ 2 µm and are spaced by ~ 2 µm. Therefore, the minimum 

length of nanowires to be measured by 4-point contacts is ~ 14 µm. Figure III-4A 

shows an 85 nm nanowire connected with 4 contacts and Figure III-4B displays 

a shorter nanowire with diameter of 45 nm. The nanowire is consequently only 

connected with two contacts. In addition to the length of thin nanowires due to 

their fragile structure (see Chapter II.3.3.1), their small diameter make the 

observation and selection of nanowires by optical microscopy challenging.  
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Figure III-4: Scheme and SEM images of 4-point contacts on an individual nanowire with 
diameter of 85 nm (A, C, and E) and 40 nm (B, D, and F) 
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It is also noted that the contact pattern exhibited in Figure III-4B coincide with 

the lithographic mask proposed in Figure III-3. The Heidelberg Instrument µPG 

101 lithography utilized to illuminate the resist allows to rotate the designs so that 

every nanowires can be addressed. However, inherently to the laser displacement 

process, the illumination of a rotated design is more time consuming than the 

illumination of “inline” designs such as the one presented in Figure III-3. 

Therefore, designs with various contact orientations were employed. Thus, the 

contacts illustrated in Figure III-4A originate from the illumination of another 

pattern. 

Figure III-4E and F show that the edges of the contact consist in thin walls (lighter 

area of the contact). These unwanted features should not affect electrical 

measurements. They probably originate from the use of positive resists and the 

presence of tilted resist walls after development. In order to avoid the presence of 

these features, it is necessary to fabricate a resist design with undercuts. 

Impossible to obtain with positive resist, they are achievable using negative resist. 

However, negative resists implies to expose the complete sample but the pattern, 

which is complicated and time consuming for laser lithography. Nielsch et al.211 

proposed to use multilayers of positive resists to obtain such undercuts and avoid 

the presence of these walls.  

3.2. Nanowires on pre-fabricated substrates 

Besides of lithographic contacting, we alternatively tried to deposit nanowires 

across trenches and cantilevers of pre-structured wafers.  

3.2.1. Suspended cylindrical nanowires 

Figure III-5 schematically represents nanowires lying over tranches and Figure 

III-5A and B shows corresponding SEM images of suspended nanowires with 85 

nm diameter. The inter-trench spacing in Figure III-5A and B are 10 and 2 µm, 

respectively. Figure III-5A shows that the randomly distributed nanowires are not 

robust enough to lie across 10 µm wide trenches but instead bend and adopt the 

shape of the trench. For smaller gaps between the trenches, stable wire deposition 



Chapter III: Contacting individual nanowires for transport measurements 
 

98 | P a g e  

is possible as illustrated in Figure III-5B, showing a nanowire across several 2 

µm wide trenches.  

Similar results were obtained for the deposition of nanowires on cantilevers 

arrays. Figure III-6 shows a scheme of a nanowire on top of cantilevers metallized 

with a thin gold layer as well as SEM images of such nanowires with various 

diameter. Figure III-6A and B show 26 to 30 µm long nanowires with diameter 

380 nm crossing several cantilevers without deformation. Figure III-6C and D 

display randomly distributed 85 nm nanowires (similar to the ones in Figure III-5) 

on top of a metallized cantilever array illustrating that they can hang across gaps 

of at least 5 µm. Finally, Figure III-6E and F exhibit SEM images of thin 

nanowires (40 nm) lying over two cantilevers separated by ~ 5 µm. Such thin 

nanowires slightly bend but do not break as observed in Figure III-6E. Thus, all 

types of as-deposited nanowires presented in this work may be spread over 

trenches or cantilevers arrays if the distance between them is not too large. This 

is critically important in order to be able to measure mechanical and transport 

properties of these nanowires without influence of the substrate before and after 

dealloying. 
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Figure III-5: Scheme in cross-sectional view of a nanowire standing across trenches and 
plan-view SEM images of 85 nm nanowires over (A) 10 µm and (B) 2 µm wide trenches 
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Figure III-6: Schematic representation of a nanowires lying on the metallized cantilevers 
of a z-chip and SEM images of such nanowires with diameter of (A,B) 380 nm, (C,D) 85 
nm and (E,F) 40 nm. The metallized surfaces of the cantilevers appear in the SEM images 
in light grey 
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Figure III-7: SEM images of nanowires with various diameters over (A, B and C) cantilevers 
separated by 3-5 µm and (D) 2 µm trenches. PAuNWs of initial diameter (A) ~ 380 nm, 
(B) ~ 180 nm, and (C and D) ~ 85 nm 

3.2.2. Dealloying of suspended nanowires 

Dealloying was performed on Au40Ag60 nanowires suspended across cantilever 

arrays and trenches. Figure III-7A, B and C exhibit nanowires with initial 

diameters of 380, 180, and 85 nm after their dealloying on cantilevers arrays. All 

dealloyed nanowires exhibit high porosity and remain continuous. In addition, no 

evident sign of bending induced by the dissolution of the Ag could be evidenced. 

Similar observations are made for nanowires above trenches as shown in Figure 

III-7D. These results indicate that pre-mounted AuAg nanowires can be dealloyed 

by nitric acid. This is very promising for the future measurement of multiple 

parameters on one single chip with suspended nanowires. 
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3.3. Challenges of electrical characterization 

of Au nanowires 

 

Figure III-8: SEM images of damaged nanowires contacted with 4-point contact. (A, B, C, 
and D) Ø ≈ 185 nm and (E and F) Ø ≈ 45 nm. (A and B) melting of the nanowires after 
current sweep between -10 and 10 µA using a Keithley 2600A; (C and D) burning of the 
nanowire due to strong transient current applied by an ohmmeter; (E and F) failure of 
nanowires after manipulation 



Observation of connected nanowires 
 

103 | P a g e  

Electrical transport measurements of Au based nanowires are very challenging. 

Due to the very small dimensions, and because gold is an excellent conductor, the 

measurement of the electrical transport in nanowires is delicate.  

The measurement of the electrical properties of our nanowires are planned but 

could not be done due to time constrains in this thesis. What is important for these 

measurements is (1) to assemble a setup able to apply very low current and to 

measure correspondingly small voltages, (2) manipulate nanowires always 

shortcut and grounded to avoid premature failure of the nanowires, and (3) ensure 

the good quality of the contacts. Exemplary failure resulting from non-respect of 

theses experimental conditions are presented in Figure III-8. 

In Figure III-8C, the nanowire failure was observed after an uncontrolled voltage 

was applied with an ohmmeter with low internal resistance. This figure suggests 

that the wire is partly or completely evaporated subsequently to the electrical 

discharge. The gold then condensate on the wafer and forms an array of randomly 

distributed gold nanoparticles over several µm2. Consistently with the hypothesis 

of a sudden temperature rise, signs of heat induced instabilities are observed on 

the wire on the other side of the contact and which was not electrically connected 

(Figure III-8D). 

Nanowires with ~ 200 nm were connected for 4-point contact measurements with 

a source-meter device (Keithley 2600A) in order to attempt preliminary 

conductivity measurements by applying currents between 1 and 10 µA. This 

current is much smaller than mA currents applied in previous studies from our 

group.206,212 The absence of meaningful conductivity measurement is explained 

by the failure of the nanowires as illustrated in Figure III-8A and B. Two possible 

explanation coexist for the wire breakdown. On the one hand, wire manipulation, 

grounding, and shortcut issues may justify the breakdown. On the other hand, in 

opposition to previous studies, the nanowires tested here are not measured in the 

membrane. Hence, the nanowire do not benefit from the stabilization by the 

membrane. Moreover, the resistance is measured on a much shorter wire section: 

2 µm instead of 30 µm. Thus, the measured resistance is expected significantly 



Chapter III: Contacting individual nanowires for transport measurements 
 

104 | P a g e  

smaller in our case. I suggest to use a nanovoltmeter able to measure the voltage 

drop between the inner contacts whereas applying a current as low as few 100 of 

nA. 

In Figure III-8E and F, the two thin nanowires were not measured nor connected 

to any measurement device. The failure observed is the consequence of careless 

manipulation and touching contact with gloves. Nanowire failure was already 

studied by D. Aherne and can be initiated by both electromigration and joule 

heating at small dimensions.213 It is also observed that this second effect occurs 

at the center of the wires that is to say at equal distance from each contacts 

whereas the first happen closer to the electrical contact. This supports failures 

through joule heating; the nanowire parts near the contact evacuate the heat more 

efficiently through the contact than the center of the wires that is only in 

connected to thermal insulators: air and silicon oxide. However, careful and 

repeatable measuring of transport properties as well as breakdown current is 

necessary to attest this hypothesis. 

In the future measurements, several effects will be investigated: the influence of 

the wire (1) diameter, (2) composition, (3) porosity, and the influence of (4) the 

substrate on the electrical and thermal conductivity of the nanowires as well as on 

their failure. 

4. Summary 

In this chapter, the optimized conditions to connect individual AuAg nanowires 

by laser lithography have been determined. This method allows applying 4-point 

electrical contacts on top of nanowires with diameter as small as 45 nm and 

minimum length of 14 µm. AuAg nanowires with diameters down to 40 nm can 

also be efficiently transferred on trenches and cantilever substrates of various 

geometries. The successful dealloying of such suspended AuAg nanowires is also 

demonstrated. This will enable to study thermal and electrical properties of 

nanowires as function of the diameter, composition, and shape in the near future. 
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Chapter IV 

IV. Freestanding vertically 
aligned Au nanocones 

The fabrication of Au nanocones (AuNCs) as well as arrays of vertically aligned 

freestanding gold nanocones with µm-size bases and nm-size tips is discussed. 

Compared to cylindrical nanowires, the conical geometry provides excellent 

contact to the solid substrate, thus improving the electrical and thermal 

conductivity of the system and rendering excellent mechanical stability. First, the 

fabrication of conical nanochannels in polycarbonate will be introduced and 

studied by SEM. The tip-to-base electrodeposition of AuNCs arrays and single 

AuNCs will then be presented as well as the optimization of the potentiostatic 

electrochemical deposition from a gold sulfite electrolyte. 

Part of the results presented in this chapter originate from the following 

publications 214,215. 

(213)  Pérez-Mitta, G.; Burr, L.; Tuninetti, J. S.; Trautmann, C.; Toimil-Molares, M. 

E.; Azzaroni, O. Noncovalent Functionalization of Solid-State Nanopores via Self-

Assembly of Amphipols. Nanoscale 2016, 8 (3), 1470–1478, DOI: 

10.1039/C5NR08190D. 

(214)  Burr, L.; Serbun, P.; Reimuth, C.; Heider, B.; Krieg, J.; Spende, A.; Movsesyan, 

L.; Schubert, I.; Trautmann, C.; Toimil-Molares, M. E. Vertically Aligned Freestanding 

Gold Nanocone Arrays. In preparation. 2016. 
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1. Introduction to conical nanostructures 

Most applications of nanowires require their assembly into 3D structures. 

However, nanowires have too low mechanical stability to allow the fabrication of 

self-sustaining structures from individual nanowire with high aspect ratio. One 

solution relies on the fabrication of a network of interconnected nanowires. 

Another proficient alternative are the nanocones, consisting of a large µm-size 

base and a sharp nm-size tip. When the nanocone is fixed to a support, the large 

base provides enhanced mechanical stability, whereas the small tip confers a 

high aspect ratio and attractive “nano” properties to the structure. Moreover, 

electrical and thermal contact to the support is improved in comparison to 

equivalent nanowire structures. Therefore, such cones are very attractive for a 

wide range of applications. 

One of the most active research fields concerns the use of nanocones to mimic the 

surface of lotus leaves and to fabricate highly hydrophobic self-cleaning 

surfaces.94,216,217 Similar surfaces covered with nanocone arrays are also used as 

antireflective coatings,94 solar cells,218 or sensing surfaces.219,220 In particular, 

metallic nanocones are investigated to act as antenna, taking advantages of the 

localization of the electromagnetic field at the nano-tip.40,63,100,221 Near field 

enhancement in the gap of a dimer antennas has been proven to be highly efficient 

40,172,173,222 and even higher enhancement are expected for biconical dimer 

structures.223 Taking profit of the optical properties of gold nanoparticles, gold 

nanocones may also serve as optical antennas or bases for SERS sensors.61–63 

Mounted on a cantilever, single gold nanocones may be used as scanning probe 

tip for atomic force microscopy. The optical properties of such a tip allows near-

field enhanced scanning optical microscopy probes to resolve ultra-fine 

topographical details.63 Gold nanocones, as Au nanowires, can also be used as 

nanoelectrode to probe chemical electrolyte 59,60 or to apply a potential directly to 

a living cell. Last but not least, arrays of nanocones can serve as cold cathodes for 

various vacuum electronics applications as already mentioned in the introduction 

of the thesis. In all the applications mentioned above, the device properties will 



Introduction to conical nanostructures 
 

107 | P a g e  

strongly depend on shape, aspect ratio, density, periodicity, and morphology of 

the nanostructures. 

Metal cathodes with conical geometry have been fabricated using various 

techniques, including nanotransfer printing,98 ultrasound assisted interfacial 

synthesis,100 lithography and related techniques.37,40,63,94,221,224 However, for most 

methods the aspect ratio of the cones is below 10. By ion track technology and 

electrodeposition, nanocones with high aspect ratio can easily be synthesized.91,225 

When using the template method, the nanocones were electrodeposited from the 

large base to the nano tip directly on a conductive substrate. Due to 

inhomogeneous growth, this process results in the fabrication of nanocones with 

various lengths and tip diameter. In addition, gold nanocones electrodeposited 

from base to tip have ring-like hollow bases which reduce significantly their 

mechanical stability.225 

The fabrication of the template is of critical importance for the synthesis of 

nanocones. However, in addition to their use as template, such structures also 

have wide range of potential applications including molecular sieves, 

nanofluidics, energy conversion and biosensors.226–230 For the latest, the synthetic 

nanochannels aim to mimic the biological pores of lipidic membranes. The 

current rectification properties of these bio-inspired membranes have been proven 

highly dependent on the geometry of the nanopores and the surface properties of 

the channel walls. The manipulation of both the geometry and the surface charge 

of nanochannels is reported in several studies 106,127,135,231,232 and conical 

nanochannels are excellent candidates. Until recently, covalent chemistry has 

been used almost exclusively to functionalize the channels of polymeric 

membranes. G. Perez-Mitta et al. demonstrated that single conical channels in PC 

fabricated according to the method presented above can rapidly and efficiently be 

modified by amphiphilic self-assembly to tune their ionic transport properties.214 

Therefore, due to their strategic interest for various applications, several studies 

report on the fabrication of conical nanochannels. The ion-track technology is one 

of the most active research field and different polymers were already investigated 
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such as polyimide, polyethylene terephthalate or polycarbonate.128,231–235 The 

etching of the conical nanochannels is mostly obtained using NaOH:MeOH 

aqueous mixtures in asymmetric conditions.236 The influence of the etchant 

composition on the nanochannels has also been investigated in several works. A 

general trend: the cone angle broadens with an increase of the organic solvent 

content. For most studies, the geometry of the nanochannels is investigated by 

SEM measurement of the large opening side of the channels as shown later in 

Figure IV-3A and C. Due to the very low channel density, the small opening of 

the channel – on purpose extremely small (typically below 10-20 nm) – is almost 

impossible to detect and measure. The small opening is derived from the analysis 

of ionic transport measurements inside the channel.127,237 A second method for the 

investigation of the channel morphology/geometry is the replica method where 

the channels are used as template. This second method is employed in this work 

with the fabrication of gold nanocones. A third method to observe the 

nanochannels consists in the study by SEM of cross-sections of membranes. 

In this work, the fabrication of randomly distributed vertically aligned gold 

nanocones (AuNC) by electrodeposition in etched ion-track polymer membranes 

with conical channels is presented. Other than in 238, a thin metal working 

electrode was sputtered on the membrane side with small channel diameters, so 

that the electrodeposition of gold starts at the small tip and continues towards the 

large base opening. Outgrowing the membrane, the process was continued to 

form caps and then a macroscopic layer that provides stability and support to the 

system. The density of cones is varied between 104 and 107 cm-2, while their 

dimensions are controlled by modifying the etching process and/or the template 

thickness. With this method, nanocones exhibiting lengths between 10 and 100 

µm, base diameter (Øbase) in the micrometer range and tip diameter (Øtip) down to 

50 nm were fabricated. 
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2. Experimental 

Figure IV-1 summarizes the various steps already introduced in chapter I applied 

to the fabrication of gold nanocones. 

 

Figure IV-1: Schematic representation of the major steps involved in the fabrication of 
freestanding AuNC arrays: (A) irradiation of PC foils with swift heavy ions, (B) asymmetric 
etching of conical channels, (C) sputtering of conductive Au thin film on small opening of 
channels, (D) electrodeposition of a Cu sacrificial backelectrode, (E) electrodeposition of 
Au in conical channels, (F) sputtering of a Au layer on caps after complete filling of the 
channels, (G) dissolution of the Cu sacrificial backelectrode and electrodeposition of the 
Cu interconnecting substrate, (H) dissolution of PC membrane to obtain free standing 
vertically aligned Au nanocones 

2.1. Fabrication of templates with conical 

nanochannels 

In a first step, polycarbonate (PC) foils (30, 60 and 100 µm thick Makrofol N, 

Bayer AG; 20 and 30 µm thick Pokalon; LOFO) were irradiated at GSI (Figure 

IV-1A). We applied three different configurations during the irradiations. (1) PC 

foils were irradiated at fluences between 104 and 107 trackscm-2. (2) PC foils were 

irradiated placing a metallic shadow mask (thickness 200 µm) with a regular 

distribution of round holes (diameter ~ 150 µm, pitch size ~ 320 µm) in front of 
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the membrane. The metallic mask stops the ions and thus patterns the irradiated 

areas. (3) PC foils were irradiated with a single ion. Therefore, a strongly 

defocused beam was applied in combination with a metallic shadow mask with a 

single hole (diameter ~ 200 µm). A silicon surface barrier detector placed behind 

the sample was used to detect the passage of the single ion and the beam is 

subsequently deflected.  

The ion tracks were sensitized by UV irradiation (30 W, T-30M, Vilber Lourmat) 

on both sides for 1 h. Ion tracks were then selectively dissolved and enlarged into 

conical channels by asymmetric chemical etching in a two-compartment cell. 

233,239 We used an aqueous 9M NaOH:MeOH (typically 40:60) etching solution 

in one compartment and a water stopping bath in the second one (Figure IV-1B). 

Performed at 30 °C, various etching times were investigated, depending on the 

membrane thickness. To improve the homogeneity of the nanochannels 

formation, the etching solution was rapidly injected in the cell using a syringe. 

Au coil electrodes were then manually inserted in the cell few seconds (typically 

30 s for reproducibility) after the beginning of the etching and a potential of 1 V 

was applied to monitor the channel breakthrough (Figure IV-1B). In addition, the 

voltage was applied so that the etching of the small pore opening is minimized. 

The potential was set negative in the water stopping solution to repel the etching 

OH- ions from the tip. 

The channel diameter was measured at the surface of the PC membrane by 

scanning electron microscope (SEM). The geometry of the channels is studied by 

cross sectional SEM imaging. Therefore, two techniques to brittle fracture PC 

membranes were developed. In the first multistep technique, the etched ion-track 

membranes were irradiated with swift heavy ions (5×1010 ionscm-2) followed by 

UV treatment for 24 h on each side. High ion fluence was necessary since the 

pristine PC is almost transparent to UV and only the damaged tracks absorb.125 

The membrane was then broken in liquid nitrogen by slight bending of the foil 

with tweezers to obtain sharp cross-sections for imaging. An alternative single 
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chemical step technique consisted in immersing the PC membrane in Aqua Regia 

solution for extensive time periods (≥ 2 months) to render them brittle.  

For SEM study, a thin Pt layer (< 5 nm) was sputtered on top of the sample with 

a Cressington Sputter Coater 108auto/SE (20 s, 0.01 mBar, 30 mA). 

Prior to electrodeposition, a sacrificial thin Au backelectrode (~ 100 nm) was 

sputtered on the polymer foil side with the small channel openings to block the 

channels and served as working electrode (Figure IV-1C). Subsequently, a thicker 

Cu layer is electrodeposited from a copper sulfate based electrolyte (CuSO4 238 

g/L + H2SO4 21 g/L) by applying - 0.6 V between the gold sputtered layer and a 

copper wire acting as counter electrode for 5 min at 60 °C (Figure IV-1D). 

2.2. Nanocone electrodeposition 

Prior to any electrochemical process, both electrolyte and cells were warmed up 

to 60 °C for 30 min. The electrodeposition and cyclic voltammetry analysis of the 

electrolyte was carried out in a three electrode configuration, using a Ag/AgCl 

reference electrode and a gold coil as a counter electrode. A commercial gold 

sulfite electrolyte (Gold-SF, METAKEM, 15g/L) was employed for the growth 

of most of the nanocones. The cyanide based electrolyte introduced in the 

previous section was also used (Au20, 0.25 M Na2CO3 + 20 mM KAu(CN)2) for 

comparison. For this electrolyte, a Pt coil was used as counter electrode. 

The current efficiency of the sulfite electrolyte was estimated by potentiostatic 

electrodeposition at - 0.375 V vs. Ag/AgCl reference on a flat surface of sputtered 

gold (A = 1.8 cm2). Deposited charge and deposited mass were then compared. 

To grow the cones, gold was potentiostatically deposited in the conical channels 

from tip-to-base at 60 °C. The deposition process was carried out until the 

channels were completely filled and the gold subsequently deposit hemi-

spherically (so-called caps) on the channel large opening side (Figure IV-1E). 

Potentials ranging from - 0.3 to - 0.8 V were tested to determine an optimal 

voltage of - 0.375 V vs. Ag/AgCl for the electrodeposition of Au from the AuSF 

electrolyte. Electrodeposition from this commercial electrolyte in conical 
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nanochannels was also explored in a two-electrode configuration for comparison 

with previous works. In this case, constant voltages between - 1.0 and - 0.5 V 

were applied between the sputtered working electrode and a gold coil that served 

as counter electrode. 

2.3. Preparation of freestanding nanocone 

arrays 

To obtain freestanding nanocones on a solid substrate, several steps were 

required. First, a thin layer of gold was sputtered on top of the caps to electrically 

connect them (Figure IV-1F). The sacrificial Cu backelectrode on the tip side was 

then dissolved with concentrated HNO3 (Figure IV-1G). Third, the nanocones 

were mechanically bound on the base side by subsequent electrodeposition of a 

copper interconnecting layer (- 0.6 V, CuSO4 238 g/L + H2SO4 21 g/L, 60 °C, 

7 min ~ 10-20 µm). Finally, the PC template and the Au remaining from the 

sacrificial backelectrode were dissolved and washed away by successive 

dichloromethane baths (Figure IV-1H). This resulted in vertically aligned 

freestanding gold nanocone arrays on Cu substrate. This process allows other 

materials to be deposited as interconnecting substrate (e.g. Au). For further 

studies, the gold nanocone arrays were fixed on flat aluminum holders using silver 

glue. 

3. Results and discussion 

3.1. Templates with conical nanochannels 

In order to understand the formation of conical nanochannels, the current flowing 

during etching through the membrane is analyzed. The etching behavior of single 

nanochannel is also linked with the etching of arrays. Then the morphology of the 

channels is investigated by cross-section imaging of our membranes and related 

with the shape of the nanocones electrodeposited in them. 
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3.1.1. Analysis of asymmetric etching 

By applying a potential difference of 1 V between two Au electrode immersed 

respectively in the etching bath and the stopping solution (Figure IV-1B), the 

ionic current flowing during the etching through the membrane can be monitored. 

Figure IV-2 shows representative etching curves for 30 µm thick PC foils 

irradiated with 106 ionscm-2 (A) and one single ion (B). 

 

Figure IV-2: Representative I-t curves recorded during etching of conical nanochannels in 

PC irradiated with (A) 106 ionscm-2 and (B) a single track. Etching is initiated 20 s before 
the measurement start. The green arrows point channel breakthrough times, i.e. when the 
channels open 

In both cases, only noise is recorded during the three first minutes of etching when 

the pore is not yet open. The moment at which the first channel opens is called 

the breakthrough and once open, ions can flow through the membrane and current 

can be recorded. Strong deviations of the breakthrough time (up to 30 s) are 

observed, especially for single pores. These probably originate from two separate 

factors. On the one hand, the membranes are known to have high surface 

roughness on one side (up to few µm). Thus, depending on the position of the 

track, the effective track length will be longer or shorter than the nominal 30 µm 

thickness of the PC foil, hence resulting in longer or shorter etching times. This 

effect is more significant for single ion-track membranes because higher track 

densities lead to an averaging of the breakthrough time of all individual channels. 

On the other hand, the etching temperature may fluctuate. This is an inherent 
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problem of the heater used to stabilize temperature of the cells at 30 °C. Few 

degrees difference can then lead to strong etching rate variations. However, this 

effect can be minimized by preheating the etching cells and solutions, and by 

using etching durations longer than the heating-cooling period of the heater. In 

addition, errors of few seconds inherent to the manipulation of the setup for 

insertion/removal of the etching solution and the two Au electrode cannot be 

discarded. 

After the breakthrough, ions can flow through the membrane and a net current is 

recorded. In the case of a single channel (Figure IV-1B), the current is very small 

after the breakthrough (few tens of pA) and almost constant for few hundreds of 

seconds. After 300 to 500 s, the current starts to rise regularly. The increase of the 

current is attributed to the enlargement of the nanochannel with increasing 

etching time. A second effect relates to the contamination of the stopping bath 

induced by the ion transfer through the pore. Consequently, the conductivity of 

the deionized water increases and allows higher currents to be recorded between 

the two electrodes. Current fluctuations are also observed after the channel 

breakthrough. Partially originating from the ambient noise, another source of 

current variations can be the presence of dangling bonds as reported by Siwy et 

al.232,233 Partly attached to the membrane, dangling bonds may vacillate in the 

small aperture of the conical channels resulting in an oscillation of the effective 

channel diameter and thus influencing the ionic flow through it. The etching 

results presented in this work are consistent with previous works on the etching 

of single conical nanochannels. Thus, various additional effects such as the 

influence of the UV sensitization 239 or the influence of the etching residues 122 on 

the etching rate may also be relevant to explain the etching behavior.  

In the case of parallel nanochannel arrays (Figure IV-1A), the concomitant 

breakthrough of several pores results in higher currents (from several hundredth 

of nA to few µA). The current jump last about 10 s and is attributed to the 

discrepancy of the channel breakthrough time. After a small current spike, the 

current slowly increases. Between 500 and 800 s, a stronger current increase is 
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measured before stabilizing until the end of the 30 min etching. On the one hand, 

this I-t curve for etching of multiple channels is consistent with the currents 

recorded for single channels. The current through the membrane initiates with the 

breakthrough of the first pore and is very fast limited when almost all the channels 

are open. The slow increase of the current after channel breakthrough may 

coincide with the opening of few additional channels and to the slow enlarging of 

all of them. In addition, ionic contamination of the stopping bath reduces the 

resistance of the cell. On the other hand, the current is not perfectly proportional 

to the number of nanochannels (compared to the single channel). The 

breakthrough current recorded for the channel array is only about 10000 time 

higher than the single channel breakthrough current (instead of 106). The second 

current rise 500 to 800 s after the beginning of the etching does not coincide with 

the addition of etching curves from several single channels. The difference is even 

more obvious when comparing the current after 30 min of etching; of ~ 0.1 µA 

for the single nanochannel (Figure IV-1B) it is only ~ 1000 time higher for the 

channel array (~ 60-80 µA in Figure IV-1A). Part of the current recorded for 

multichannel is related to the regular current increase observed for single 

channels. However, its evolution cannot be justified only by this contribution. 

One possible explanation relates with the enlarging of the channels and electrical 

stopping. Though the electrical stopping should be more or less equivalent for 

single and multi-channel etching (parallel array of channels is in a rough 

approximation equivalent to a parallel array of equal resistances), the chemical 

stopping on the other hand may be significantly different. Actually, identical 

etching cells are used. Thus, the volume of stopping solution is similar for single 

and multi-channel etching. The stopping solution is much faster contaminated in 

multi-channel membranes and may not slow down the tip etching as efficiently 

as in single pores. Therefore, larger tip openings are expected for arrays and the 

current increase observed during etching is expected to be linked to an enlarging 

of the channels. 
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For the PC membranes (Makrofol) used in this work, it is possible to estimate the 

track etching rate according to equation (I-4) from Chapter I (p21) adapted to 

asymmetric etching. Thus according to Figure IV-2,  

 𝑣𝑡 =
𝑙𝑇(𝑡 = 0)

𝑡𝑏

≈
30 µ𝑚

200 𝑠
≈ 0.15 µ𝑚/𝑠 ≈ 9 µ𝑚/𝑚𝑖𝑛 (IV-1) 

for etching at 30 °C with 9M aqueous NaOH:MeOH solution with ratio 40:60. 

Comment: the breakthrough times pointed by the green arrows in Figure IV-1 

indicate ~ 170 s, but the 𝑡𝑏 used in the equation takes into account the 30 s 

necessary to insert the electrode in the etching cells. The results are summarized 

in Table IV-1 for Makrofol PC irradiated with a fluence of 106 ionscm-2 or below. 

It is noted that the breakthrough times provided in the table are average times 

from the etching of several membranes. As mentioned above, strong deviations 

(up to 60 s for thicker membranes) can be observed. Despite the low 

reproducibility, unfortunately very common for conical etching, general etching 

trends are observed. Surprisingly, the etching of 100 µm thick PCM membranes 

requires more than 30% extra time than expected for channel breakthrough. A 

possible explanation is the deepness of the pore that increases the diffusion path 

for etching agent as well as for the extraction of etching residues. Another 

possibility relates with the UV penetration in the membrane; due to the thickness 

of the polymer, UV may not irradiate the polymer track uniformly and reduce the 

etching rate. This explanation seems less probable regarding the transparency of 

PC to UV and the large angular distribution of UV incident light. The last 

possibility relates with the influence of the track density on the etching rate.   
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Table IV-1: Average breakthrough time of conical nanochannels for different 
polycarbonate foils and different density of irradiation. Etching solution: 9M aqueous 
NaOH:MeOH with ratio 40:60 

Membrane type and 

thickness (µm) 

PCM  

20 

PCM  

30 

PCM  

60 

PCM  

100 

PCP  

20 

PCP  

30 

Irradiation fluence 

(ionscm-2) 
106  106  105  104  106  106  

Breakthrough  

time (s) 
130  200  360 900 60  120  

 

Table IV-2 exhibits the average breakthrough times for the etching of conical 

pores in 30 µm thick PCM membranes irradiated with various fluences. The 

etching was performed in every cases using the standard etching solution at 30 

°C. The track density has a very low impact on the etching rate for fluences below 

106 ionscm-2. For a fluence of 107 ionscm-2, the track etching rate almost doubles. 

No consistent explanation was found up to now to clarify this effect because the 

ions used for the irradiations are identical (Z, energy) and effect of the fluence 

have been observed on the radial etching rate only for higher fluences (109 

ionscm-2).133 Though the etching solution was fresh for each sample, the effect of 

etching residues may differ with the channel density. This should be investigated 

for example by using an etching solution saturated with etchant residues.122,131 

Table IV-2: Average breakthrough time of conical nanochannels as function of the 
irradiation fluence. Etching solution: 9M aqueous NaOH:MeOH with ratio 40:60, 
membrane: 30 µm thick PCM 

Irradiation fluence 

(ionscm-2) 
104 105 106 107 

Opening time (s) 210 s 200 s 200 s 110 s 

 

3.1.2. Channel morphology 

To fully describe the morphology of the nanochannels, the membranes were 

studied by SEM. Figure IV-3 exhibits SEM images of conical nanochannels 

observed under two different orientations. The left images (A and C) are obtained 

by placing a membrane perpendicularly to the electron beam with the large 
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channel opening facing the beam. Except for the thin conductive Pt layer 

sputtered onto the membrane, no specific treatment was necessary to measure the 

diameter of the large opening of the channels. Right images (B and D) are cross-

section images of the membrane. To obtain Figure IV-3B and D, brittle 

fracturing of the membrane was executed by a combination of swift heavy ion 

and UV irradiation embrittlement as well as low temperature fracturing as 

presented in section IV.2.1. Under these conditions, the foils easily break yielding 

cross-section of the nanochannels without plastic deformation of the 

polycarbonate.  

 

Figure IV-3: SEM images of nanochannels obtained with various etching times. (A and B) 
are etched for 30 min whereas (C and D) are etched for 15 min in 9M aqueous 
NaOH:MeOH (40:60). (A and C) are top views of the nanochannel large opening. (B and 
D) are the respective cross section images. (E) Scheme of a channel and a fracture plan 
(dashed line) that is not perpendicular to the membrane 

All channels displayed in Figure IV-3 originate from the etching of polymer 

membranes having track densities of 106 trackscm-2 with the standard etching 

solution at 30 °C (c.f. section IV.2.1). Figure IV-3A and B depict the channels 

etched for 30 min whereas Figure IV-3C and D show channels after 15 min 
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etching. The nanochannels resulting from this asymmetric etching are in both 

cases conical. The base diameters of the channels are about 2.5 µm and 4.0 µm 

for 15 and 30 min etching respectively. The tip diameter of the channels was too 

small to be analyzed in our SEM. The non-linear dependence of the large opening 

diameter with etching time (the diameter does not double) is consistent with the 

non-linearity of the radial etching rate as a function of the pore diameter (Chapter 

I). The dilution of the etching solution with the stopping solution after the 

breakthrough may also contribute to the decreasing of the radial etching rate with 

time. The base diameters obtained for both cross-section and top-view images of 

the same sample are similar. Thus, treatment performed to brittle fracture the 

membrane (Figure IV-3B and D) has only low impact on the membrane. The 

membrane thickness after fracturing, between 27 and 30 µm, is also in agreement 

with the PC foil manufacturer data and the etching step performed. The channels 

walls do not form perfect cones but the tips have bullet-like shape, especially for 

longer etching times. The insets of Figure IV-3 evidence the non-linearity of the 

channel edge observed in cross-section. This bullet-like shaped channels were 

first observed by P. Apel et al.131 when surfactant was used during the etching. It 

is believed that the bullet-like shape observed in Figure IV-3 originates from the 

brittle breaking of the membrane. Performed manually, the fracture plan can 

deviate from the desired 90° angle to the membrane plane as represented 

schematically in Figure IV-3E. The fracture plan is also often passing next to the 

exact tip position, thus appearing as channels with no small opening as the 

channel presented in the inset of Figure IV-3D.  
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Figure IV-4: SEM images of (A) membrane cross-section and (B) corresponding 
nanocones 

Figure IV-4 exhibits SEM images of conical channels (30 min etching under 

standard conditions) and of nanocones electrodeposited in an equivalent template 

(electrodeposition will be discussed in the following section). As expected, the 

nanocones are perfect replica of the nanochannels. Similar base diameters are 

observed for both channels and cones. The presence of cavities in the PC 

templates (due to material inhomogeneity; red arrows, Figure IV-4A) explain the 

bulb-like defects on the cone surfaces (red arrows, Figure IV-4B). Compared to 

fractured cross-sections, the replica technique provides the advantage that the 

polymer matrix does not need to be modified. However, the influence of the 

electrolyte on the electrodeposition as well as the effects of membrane dissolution 

in dichloromethane needs to be accounted. 

The embrittlement of the PC to obtain cross-section suitable for the analysis of 

the channel shape is difficult. Taken independently, extensive irradiation with 

swift heavy ions or UV exposure does not enable brittle fracturing of the PC 

membrane, even at temperatures as low as - °C. (1) The extensive ion irradiation 

was observed to irremediably modify the PC template with black coloring and 

bending of the foils, which remain pliable. (2) Extensive UV exposure (~ 30 days) 

leads to a decrease of foil thickness from 30 µm down to about 20-23 µm as shown 

in Figure IV-5. In addition, the shape of the channels is modified. The conical 

shape is almost not visible for membranes etched for 30 min and the diameter of 
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the channel is about 1 µm larger than in Figure IV-3. Similarly, membranes etched 

for 15 min (Figure IV-5B) exhibit increased base diameter but also display 

biconical shape, with at the tip, diameter increasing up to the µm range as circled 

in red. Thus, even though the irradiation fluence as well as the UV exposure are 

minimized (as presented above), their effects cannot be fully neglected. They are 

especially relevant for the study of nanoscopic features such as the channel small 

openings, where small effects are more relevant. Therefore, cross section analysis 

can only be used for qualitative analysis of the channel morphology and 

illustration.  

A third technique for sharp fracturing of PC templates* based on ice-embedded 

membrane breaking proved its inefficiency. Finally, the embrittlement method 

based on the immersion in Aqua Regia (section 2.1) is also performant. This 

technique presents the major advantage that it does not require heavy ion 

accelerators. 

  

Figure IV-5: Cross-section images of conical nanochannels after more than 30 days of UV 
irradiation. Nanochannels etched for 30 min (A) and 15 min (B) under standard conditions. 
Red circles point biconical shape of the tips 

Figure IV-6A and B exhibit cross-sections images obtained from the same sample 

resulting from multiple irradiation and cold fracturing in Figure IV-6A whereas 

                                                           
* Method: Membrane frozen in deionized water at -18 °C for 24h. The breaking of the ice pellet is 

then performed manually on a straight edge.  
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Figure IV-6B is obtained after Aqua Regia hardening. These images prove that 

the two techniques presented are equivalent and enable brittle fracture of PC 

samples.  

In addition, these techniques can be used for imaging other track geometries as 

shown in Figure IV-6. The embrittlement works well for PC membranes with 

thickness up to 60 µm (Figure IV-6E and F) and is expected to operate also for 

thicker membranes. In collaboration with L. Movsesyan, various nanochannels 

geometries have been investigated. Figure IV-6C displays a cross-section of an 

array of cylindrical nanochannels with channel diameter as small as 100 nm and 

density of 109 cm-2. 3D networks of nanochannels could also be imaged, more 

details on their fabrication are available in 121,240. In the inset of Figure IV-6B, 

channels oriented along three irradiation orientations are distinguishable. The 

fourth orientation being almost parallel to the direction of observation cannot be 

identified. Channels parallel to the x- and y-axis are in the fracture plane whereas 

channels parallel to the z-axis are penetrating the membrane. Geometries that are 

more complex have been achieved by multiple heavy ion irradiation – etching 

sequences. Thus, low density of conical channels (Figure IV-6D) or large vertical 

cylindrical channels (F) can be overlapped to 3D networks of thin nanochannels. 

These complex membranes are of particular interest for template use as explained 

by L. Movsesyan in her thesis.240  
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Figure IV-6: SEM cross-section images of nanochannel networks (A and B), parallel array 
of nanochannels (C), conical nanochannels (E), overlapping of 3D network and conical 
channels (D), or cylindrical channels (F). Initial membrane thickness of 30 µm (A, B, C, 
and D) and 60 µm (E and F) 

The interaction between Aqua Regia and the polymer is attributed to the nitrogen 

dioxide and chlorine gases resulting from the decomposition of the mixture. It 

has also been observed that PET and Teflon bottles become brittle after long 
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contact with the yellow gas mixture. Therefore, it seems probable that the Aqua 

Regia embrittlement can be adapted to other templates such as PET or even PI 

membranes.  

To summarize the fabrication of nanochannels presented above: 

- Conical channels are obtained in PC membrane by asymmetric etching 

- Track etching rate and breakthrough time can be determined by 

conductommetric study of the etching 

- Two methods to image the conical shape of the channels, fracture cross-

section and replica by electrodeposition were successfully developed 

- Replicas and cross-section imaging provide consistent information on 

the shape of the nanochannels. 

3.2. Electrodeposition 

To fabricate gold nanocone arrays, the electrodeposition of the gold in templates 

with conical nanochannels was investigated. In opposition to previous works, the 

present nanocones are grown from the tip to the base by means of a sacrificial 

working electrode. Based on previous works of the group,166,225 electrodeposition 

in two-electrode configuration was first considered. To improve the deposition, 

potentiostatic chemical reduction of Au in a three-electrode configuration was 

then explored. Finally, the fabrication of single nanocones will be discussed. 

3.2.1. Two electrode potentiostatic deposition 

The electrodeposition of gold from a commercial sulfite-based electrolyte has 

been extensively reported.166,168,170,206,212,225 The results of these investigations 

suggest optimal electrodeposition of gold at 50 °C by the application of a constant 

voltage of - 0.6 V between the cathode (the Au sputtered layer on the membrane) 

and an anode consisting in a gold coil immersed in the electrolyte. Nanowires 

electrodeposited under these conditions were proved polycrystalline by means of 

XRD and TEM. J. Krieg reported the use of these experimental conditions for the 

electrodeposition of AuNCs in PC templates.225 The cones obtained by 

potentiostatic deposition of gold from the base to the tip resulted in hollow gold 
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cones with very low mechanical stability. In addition, the inhomogeneous growth 

of the gold nanocones induced large distribution of cone lengths as well as a large 

effective cone tip diameters in the case of shorter cones. 

 

Figure IV-7: I-t curves for the potentiostatic electrodeposition of Au from commercial 
electrolyte (Metakem, AuSF) at various potentials in templates with 106 conical 

channelscm-2. (B) Initial phase of I-t curves 

 

Figure IV-8: I-t curves of different potentiostatic electrodepositions of Au from commercial 
electrolyte (Metakem, AuSF) at - 0.6 V in identical membranes 

In order to improve the electrodeposition of gold, the filling of the conical 

channels is performed from the tip to the base. Hence, diffusion of the gold ions 

proceeds through the large pore opening and allows solid growth of the gold. We 

etched series of membranes under the same conditions and used them to grow Au 

applying voltages between - 0.5 V and - 1.0 V. The I-t curves are shown in Figure 

IV-7. At voltages more negative than - 0.8 V, the gold cones have a rough 
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surfaces and the filling percentage of the conical channels is very low. At 

potential of - 0.5 V, the electrodeposition is extensively slow without achieving 

high filling of the channels. Cones with smooth surfaces and sharp tips are 

obtained for both - 0.6 V and - 0.7 V. Surprisingly, the current recorded for 

deposition at - 0.7 V is significantly lower than for the lower voltage and the 

current increase is observed after longer deposition times. The consequence of the 

lower current and small deposited charge for depositions at - 0.7 V is a lower 

filling percentage of the channels than for higher voltages. At - 0.6 V, optimal 

filling up to 66% of the channels is achieved. The electrodeposition in the 2-

electrode configuration has a very low reproducibility as shown in Figure IV-8. 

The I-t electrodeposition curves resulting from the same electrodeposition 

conditions have various shapes: two plateau steps (A and B) vs. continuous 

current increase (C and D). The filling percentages resulting from these 

depositions also differ. Due to the absence of reference electrode, the constancy 

of the potential cannot be verified and thus does not allow detailed understanding 

of the electrodeposition process in a 2-electrode configuration. In addition, 

because of the incomplete filling of the channels of the templates, parasitic 

structures are observed as presented in Figure IV-9.  

 

Figure IV-9: (A) SEM image displaying parasitic structures on a AuNC array. Schematic 
representation of the formation of parasitic structures: (B) cap growth in empty pores 
leading to cone bases (blue arrows), (C) electrodeposition of the interconnecting substrate 
in the empty pores leading to tubes (red arrows), (D) dissolution of the template releasing 
incompletely grown wires (green arrows) 
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Figure IV-9A shows an SEM image on which the three different parasitic 

structures observed on our arrays: cone bases (blue arrow), tubes (red arrow), 

and tumbled cones (green arrow). The formation of these parasitic structures 

during the fabrication process is schematically depicted in Figure IV-9B, C and 

D. Thus, cone bases (blue arrows) are formed by cap overgrowing into 

neighboring empty or partially filled channels. The surface of the cone bases is 

inclined because its growth starts from the center of the cap and stops once the 

adjacent empty channel is fully covered. Tubes (red arrows) are formed in empty 

or partially filled channels that are not covered by caps during the sputtering of 

the interconnecting Au top-layer after cap growth (Figure IV-9C) which leads to 

tubular growth of copper inside the channels. Finally, the dissolution of the 

polymer membrane leads to the tumbling of NCs that had not reached the top of 

their channel and were not connected to the conductive top layer (Figure IV-9D). 

This explanation is in complete agreement with our observation that 

homogeneous growth clearly decreases the amount of parasitic structures on the 

sample. 

3.2.2. Three electrode potentiostatic deposition 

To improve the electrodeposition process and reproducibly product nanocones 

arrays, potentiostatic electrodeposition of gold from the same commercial 

electrolyte (AuSF, Metakem) was investigated in a three-electrode 

configuration. As reference, a Ag/AgCl electrode was used. Following the 

manufacturer suggestions, the electrodeposition temperature was set to 60 °C.  
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Electrolyte properties 

 

Figure IV-10: Cyclic voltammograms of commercial AuSF electrolyte (Metakem) on (A) flat 
working electrode and on (B) working electrode in cylindrical nanochannels of 45 and 400 

nm diameter. Scan rate: 100 mVs-1 

The reduction of gold from commercial AuSF electrolyte was investigated by 

means of cyclic voltammetry. The second cycle of each CV performed at scan 

rate of 100 mVs-1 is displayed in Figure IV-10. CVs of AuSF are performed 

between 0 and - 0.9 V vs. Ag/AgCl reference. On a flat Au surface (Figure 

IV-10A), the CV exhibits one single reduction peak between - 0.3 and - 0.4 V. 

The current plateau observed at more negative voltages demonstrates that the 

reduction occurs in diffusion-limited regime at such voltages. A strong current 

increase is observed for highly negative voltages. This current rise, as well as the 

oxidation peak observed at about - 0.6 V is attributed to the reduction/oxidation 

of additives in the electrolyte. Hydrogen evolution is not expected at such “low” 

voltages and the brownish color of gold deposited at these potentials confirms the 

poor quality of the deposit. Adsorption of sulfur probably passivates the surface 

leading to the formation of cavities. The color change of gold deposited at high 

overpotentials from AuSF may result from the embodiment of organic molecules 

as well as solvent.  

To study the effect of the nanostructuring of the working electrode, similar 

voltammograms were recorded inside cylindrical nanochannels of PC 

membranes (Figure IV-10B). We used cylindrical nanochannels instead of 
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conical ones to keep the area of the working electrode constant during the various 

voltage cycles. As for cyanide-based electrolytes, the current densities measured 

for the CVs of AuSF inside nanochannels are much higher than on flat surfaces. 

A strong shift of the diffusion limited reduction peak is observed in large 

nanochannels of 400 nm with a peak between - 0.6 and - 0.7 V vs. Ag/AgCl. On 

the other hand, the reduction in 45 nm nanochannels is similar to flat surfaces and 

only exhibit a slight shift toward sigmoidal behavior. In both cases, the absence 

of the oxidation peak is surprising but could not be explained. 

For all three cases, the presence of a single reduction peak is in agreement with 

the one step reduction process given in the literature.139 

Optimization of the electrodeposition process 

To determine the optimal voltage for the fabrication of AuNCs, gold was 

potentiostatically electrodeposited in similar membranes with conical 

nanochannels at various potentials and the resulting structures were studied by 

SEM. Figure IV-11A presents current vs. time (I-t) curves recorded during the 

electrodeposition of gold within the conical channels of several PC membranes 

etched under the same conditions. The applied potential was varied between - 

0.325 and - 0.800 V vs. Ag/AgCl. In all cases, the channel density was ~ 5×105 

cm-2, the channel lengths of ~ 28 µm, the base diameters Øbase of ~ 3 µm and the 

tip diameters Øtip smaller than 100 nm as measured by SEM. Most of the I-t curves 

exhibit similar behavior: while gold is electrodeposited in the conical 

nanochannels from the small tip to the large base (tip-to-base), the current 

increases continuously with time (see for example the deposition curve at - 0.375 

V). Then, a faster increase of the current is observed (blue arrow) when gold 

grows outside the channels and forms caps with hemispherical shapes. Finally, 

the current starts to decrease slowly (red arrow). This is attributed to the 

formation of a continuous gold layer by overlapping of the caps and/or to a 

decrease of the Au concentration in the electrolyte. 

 



Chapter IV: Freestanding vertically aligned Au nanocones 
 

130 | P a g e  

 

Figure IV-11: (A) Current-time curves recorded during the electrodeposition of gold in 
conical channels (tip-to-base) at various potentials and corresponding SEM images of 
nanocones arrays deposited at (B) - 0.800 V, (C) - 0.500 V, (D) - 0.375 V and 
(E) - 0.350 V 
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Figure IV-11B to E show representative SEM images of nanocone arrays 

deposited at (A) - 0.800, (B) - 0.500, (C) - 0 .375 and (D) - 0.350 V. At large 

negative applied voltages (U < - 0.400 V), the deposition is very fast (< 10 min). 

The resulting cones are inhomogeneous and have rough surfaces (Figure 

IV-11B, C). At less negative voltages (U > - 0.350 V) the electrodeposition 

reaction does not occur or is very slow resulting in a very low density of cones 

(Figure IV-11E). We found that U = - 0.375 V vs. Ag/AgCl yields the most 

homogeneous growth, with more than 50% of the channels completely filled and 

with NCs exhibiting smooth surfaces (Figure IV-11D). In addition, the conformal 

filling of the nanochannels as observed in Figure IV-4 validates the use of this 

potential for replica purposes. 

The current efficiency measured for potentiostatic electrodeposition at - 0.375 V 

vs. Ag/AgCl for 1 h is 99 ± 2%. Thus, the analysis of the charge electrodeposited 

at this voltage during the cone growth (first period of the deposition with a small 

current increase) enables an easy estimation of channel filling. 



Chapter IV: Freestanding vertically aligned Au nanocones 
 

132 | P a g e  

Vertically aligned freestanding nanocones arrays 

 

Figure IV-12: SEM images of vertically aligned freestanding Au nanocones deposited at - 
0.375 V vs. Ag/AgCl imaged under 45°. Arrays of 27 µm long nanocones with density ~ 

106 conecm-2 and Øbase = (A) 2, (C) 2.5 and (E) 4 µm and Øtip < 100 nm (insets). Arrays 

of nanocones with Øbase = 2.5 µm and density (B) ~ 105 conecm-2, and (D) ~ 107 conescm-

2; (F) array of 56 µm long nanocones 

The optimized electrodeposition conditions presented above were applied to 

synthesize arrays of nanocones with various geometries and densities. Figure 
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IV-12 shows SEM images of nanocones electrodeposited in three 30 µm thick PC 

templates asymmetrically etched for (A, C) 15 min and (E) 30 min corresponding 

to a base diameters of (A) 2 µm, (C) 2.5 µm and (E) 4 µm, respectively. The cone 

base diameter in (A) is slightly smaller because the etching was performed with 

a 9M aqueous NaOH:MeOH mixture with 60:40 ratio instead of 40:60 for the 

others. In all three cases, the nanocone tips are sharp with sizes below 100 nm 

(see insets) but for larger cones, the tips tend to have a bullet-like shape (inset in 

Figure IV-12E). This bullet like shape was already observed earlier (see section 

IV.3.1.2). The experimental filling of the channels observed for nanocones 

appears to be dependent on the cone dimensions. For large cone diameters, very 

high channel filling is achieved and very few parasitic structures are present. On 

the contrary, for cones with thin bases (Figure IV-12A) only few nanocones grow 

fully and remain attached to the membrane. The absence of broken cones and the 

low density of incompletely grown cones would suggest that only few cones grew 

due to moderate wetting of the channels. Trials to improve the wetting by means 

of multiple wetting steps with both ethanol and electrolyte did not improved the 

cone density. Another explanation relies on the obstruction or closing of the 

nanochannels at their tips. The second point will be discussed in more details in 

a following section presenting the fabrication of single nanocones.  

 

Figure IV-13: (A) Schematic representation of swift heavy ion irradiation with mask. SEM 
image of (B) a patterned nanocone array and (C) high magnification on a single AuNC 
patch 

The average distance between cones has been varied by using templates exposed 

to different ion fluences. Figure IV-12B and D show exemplary arrays with 
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expected cone densities of 105 conescm-2 and 107 conescm-2, respectively. 56 µm 

long AuNCs were obtained by electrodeposition in 60 µm thick membranes 

(Figure IV-12F). In this case, etching time of 30 minutes resulted in cones with 

Øbase = 5 µm and Øtip < 100 nm. The difference between the initial membrane 

thickness and the final cone length is due to etching of the bulk polymer.127 

Patches of AuNCs regularly distributed on the cathode area were fabricated for 

field emission measurements. The cone formation was confined to limited 

domains using a metallic shadow mask during the irradiation as schematically 

represented in Figure IV-13A. Figure IV-13B shows an overview SEM image of 

a pre-structured sample. Figure IV-13C displays a single patch of nanocones 

(density = 3×105 conescm-2, cone length 27 µm, Øbase = 2.5 µm, Øtip < 100 nm). 

The regular distribution of patches is of particular interest for field emission (FE) 

applications because it enables to increase the distance between the nanocones 

and to form patterned arrays of emitters. Another advantage of the patch structure 

is the possible identification and labeling of individual AuNCs in each patch and 

their subsequent analysis by SEM of the nanocones before and after the FE 

measurements. 

As illustrated by the SEM images, the vertically aligned and freestanding 

nanocones are mechanically stable. Figure IV-14A displays SEM images of 

tilted cones synthetized by electrodeposition in inclined nanochannels. Such 

channels are obtained by irradiating the PC under a predefined angle. Figure 

IV-14A shows nanowires tilted by 40° from the surface normal. Tilted cones are 

also mechanically stable and do not bend under their own weight. Note: arrays of 

tilted cones mimic at the skin of seals (used as ski climbing skins since long times) 

and are thus attractive for possi application where unidirectional sliding is 

required at the microscopic scale. 

Figure IV-14C and D display SEM images of cones after applying strong 

mechanical forces during handling with tweezers (Figure IV-14C), and after 

intense agitation during the membrane dissolution process (Figure IV-14D). 

These images prove the strong mechanical stability and the soft behavior of the 
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cones where the cone bases remain attached to the interconnecting substrate and 

the cones bend instead of breaking. This effect can be of particular interest for 

applications where the contamination with nanoparticles should be avoided such 

as interaction with biologic samples. These results demonstrate that the 

electrochemical growth from tip-to-base yields homogeneous filling along their 

length and thus a large contact to the supporting conductive layer.  

 

Figure IV-14: SEM images and schematic of (A) tilted cones (40° with respect to substrate 
normal) observed from above, (B) nanocones detached from the interconnecting substrate 
layer. The blue arrows points a group of caps detaching from the interconnecting substrate 
layer, the red arrows indicate a fully decoupled hemispherical cap overlaying the 
interconnecting substrate layer. SEM images of bended nanocones, (C) after applying 
pressure with tweezers, and (D) after intense dichloromethane flushing 

We have seen that nanocones are very stable and that they bend but do not break 

due to their strong binding to their large caps. However, the major weakness of 

the nanocone arrays relies on the attachment of the cone to the conductive support 

layer. As observed in Figure IV-14B, instead of breaking at the base, the 
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nanocones may decouple from their support together with their caps (blue arrows) 

or even completely detach from their substrate (red arrows). Figure IV-14B 

highlights the importance of the conductive support layer and the quality of its 

deposition. This problem can be minimized by growing caps so that they overlap 

and form a solid and continuous layer. Alternatively, the contact between 

supporting layer and caps can be optimized by using the same material as for the 

cones (i.e. gold instead of copper). Figure IV-14B also confirms the 

hemispherical shape of the caps. 

3.2.3. Nanocones deposited from other electrolytes 

To further improve the filling of conical channels, test electrodepositions were 

performed from cyanide based gold electrolyte under various conditions. 

Preliminary results are presented here and may provide an interesting alternative 

for cone fabrication. 

Figure IV-15 shows selected SEM images of Au cones synthesized with a 

cyanide-based electrolyte containing 20 mM KAu(CN)2 and 0.25 M Na2CO3 at 

60 °C. A platinum coil acted as counter electrode and a Ag/AgCl electrode served 

as reference. Potentiostatic electrodeposition of Au at - 1.1 V vs. Ag/AgCl 

resulted in the fabrication of cones with relatively smooth surfaces as shown in 

Figure IV-15B. The cone density obtained at this potential is very low as 

presented in Figure IV-15A. On the contrary, for potentiostatic electrodeposition 

performed at - 0.9 V vs. Ag/AgCl, almost all conical nanochannels are filled and 

high cone density is achieved (Figure IV-15C). However, these cones have rough 

surfaces as revealed in Figure IV-15D and flakes decorate their surface. 

Surprisingly, the cones exhibit signs of faceting, which is even more obvious 

when the nanocones are electrodeposited at constant current. Figure IV-15F 

exposes a faceted cap (left side) as well as faceting of the cone itself (right side). 

This is a clear sign that the electrodeposition of gold from cyanide-based 

electrolyte under such conditions influences the texture and crystallinity of Au 

nanocones. Surprisingly, the channel filling rate was relatively high in 

comparison with the inhomogeneous caps size distribution (Figure IV-15E).  
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Figure IV-15: SEM images of Au nanocones electrodeposited from a KAu(CN)2 solution. 
Potentiostatic electrodeposition of Au at (A and B) - 1.1 V and (C and D) - 0.9 V vs. 
Ag/AgCl. (E and F) Galvanostatic deposition of Au at - 0.3 mA 

The fabrication of AuNCs from cyanide-based electrolyte is promising; especially 

for tailoring the crystalline properties of the cones, but further investigations are 
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required for the fabrication of cones with controlled dimensions for future 

applications. 

3.3. Single nanocones 

The fabrication of single nanocones is interesting for various applications (e.g. 

AFM tips on cantilever) but is also particularly important to understand the 

synthesis process as well as the properties of individual nanocones. The 

fabrication of single nanocones is performed under the same conditions and 

according to the same parameters as for nanocone arrays presented above.  

3.3.1. Single conical nanochannels 

The etching of single conical channels is performed according to the procedure 

presented above (section 3.1.1). The etching of a single conical nanochannel with 

a sharp tip is problematic because (1) the breakthrough time has a reproducibility 

deviating up to 50% and (2) the pore does not always remain open after etching. 

To test the effects of membrane drying (mandatory for sputtering the sacrificial 

backelectrode), the open or close status of the pore is tested by conductommetry 

in a 1 M KCl aqueous solution. The current flow through the channel is recorded 

by sweeping the potential between the two gold electrode immersed on each 

compartment of the electrochemical cell (Figure IV-16A). Figure IV-16B shows 

representative I-U curves. Open pores let the current flow through them and a 

current of few nA is recorded. In some cases, I-U curves have rectifying behavior, 

i.e the ions flow preferentially in one direction. Such rectifying behavior is known 

to depend on the surface functionalization of the polymer as well as on the pH of 

the solution, but was not analyzed in this study. Here, the presence of a current 

was only used to identify the open or close status of the pores. For half of the 

pores etched according to the standard process, no current was recorded, meaning 

that the half of the channels is closed after drying. The channels may be blocked 

by dirt or any impurities. Capillary forces generated during the membrane drying 

may also induce a collapse of the channel tip. In some rare cases, the channel 

opens during the voltage cycling as shown by the blue curves in Figure IV-16B. 
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This channel opening can be induced by the wetting of the membrane during the 

measurement but also by the unblocking of the channel tip due to the potential 

induced movement of the ions. 

 

Figure IV-16: (A) Scheme of the setup used for measuring the opening of single nanopores 
by conductommetry and (B) typical conductommetric measurements of two different single 
conical nanochannels: red curves = channel already open in a 30 µm thick membrane, 
blue curves = channel re-opening after second I-U cycle in a 20 µm thick membrane 
leading to an increase of current flowing through the pore (blue arrow) 

The frequent pore collapse obtained for etching under standard conditions (9M 

aqueous NaOH:MeOH 40:60 during 15 min at 30 °C) is also valid for arrays. It 

is thus not surprising that the percentage of channel filling is rarely higher than 

60-70%. Hence, channel closing during the cones fabrication process may partly 

explain the presence of parasitic structures shown in Figure IV-9. 

3.3.2. Potentiostatic electrodeposition of single gold 

nanocones 

The electrodeposition of gold in single conical nanochannels is also very 

challenging. Figure IV-17 shows representative I-t curves for the 

electrodeposition of five equivalent single cones. All the curves presented in 

Figure IV-17 correspond to the electrodeposition of gold in single conical 

nanochannels etched in 30 µm thick PC membrane under standard conditions. 

The electrodepositions are identically performed at - 0.375 V vs. Ag/AgCl. We 

see that each I-t curves is different with very small reduction currents. This is due 
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to the dimension of the working electrode, ranging from few nm2 at the beginning 

of the deposition up to few µm2 after complete filling of the channel. Thus, 

various effect such as vibrations and other noises affect the quality of the recorded 

current.  

 

Figure IV-17: (A) I-t curves recorded for the potentiostatic deposition of gold at - 0.375 V 
vs. Ag/AgCl in five similar membranes with a single conical nanochannel. (B) Focus on the 
initial stage of the electrodeposition at low currents 

Figure IV-18 focuses on the I-t curve 4 from Figure IV-17 to understand in detail 

the electrodeposition of the single cones. The process can be separated in three 

steps. The first step is attributed to the deposition of gold in the single conical 

nanochannel (green background). Within the first 50 min, the current – of few 

tenth of pA – increases slowly with time (Figure IV-18B). Assuming 

electrodeposition occurring in diffusion limited conditions and linear diffusion in 

the nanochannel, the current should be proportional to the surface area of the 
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working electrode. Thus, the current should be proportional to the square of the 

diameter of the nanochannel at any time. However, the current, in the present 

example increases only from ~ 20 pA up to ~ 230 pA, that is to say by a factor 

10 instead of the expected factor of ~ 1000 considering that the nanocone has a 

sharp tip (Øtip ~ 50 nm) and large base (Øbase ~ 3 µm). Obviously, this simple 

consideration is not realistic. 

 

Figure IV-18: Representative I-t curves for the electrodeposition of Au from AuSF 
electrolyte in the single conical channel 4. Green area: cone growth in the channel, Yellow 
area: cap growth outside the channel, Red area: current breakdown 

The second step of the electrodeposition (yellow background in Figure IV-18) 

corresponds to the fast increase of the current from the pA-nA to µA regime. It is 

attributed to the growth of the hemispherical cap at the base of the cone. Similar 

behavior is observed for all electrodepositions as shown in Figure IV-17. Figure 

IV-17B also evidences that the time necessary to fill the nanochannel and initiate 

the growth of the caps fluctuate from one deposition to another. Cone deposition 

as fast as 6 minutes can be observed (1), but full growth of single cones can last 

up to 8 h (5). For most of the depositions, the transition from cone growth to cap 

evolution can clearly be identified: 1 ~ 5 min, 2 ~ 20 min, 4 ~ 1 h 20 min and 5 

~ 8 h. Smooth transitions are also observed as for curve 3 at ~ 25 min. It is noted 

that the fast increase of the current attributed to the cap growth is consistent with 

an unrestricted surface area expansion of the working electrode in the form of 

hemisphere. 
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The last step of the electrodeposition process, labelled with a red background in 

Figure IV-18A, corresponds to an electrical breakdown. Thus, for curve 4, at t 

~ 3 h 30 min, the current suddenly drops from ~ 0.7 µA down to 0. This is 

attributed to the partial melting of the cone tip due to the very high current density 

flowing through it. We note that if the cone tip is of expected diameter ~ 50 nm, 

the resulting current density before breakdown is estimated to about 3.5×105 

A/cm2. This result is significantly lower that breakdown current measurements 

performed by Enculescu et al. on Cu nanocones and Karim et al. on Au nanowires 

embedded in a polymer membrane that sustain current densities up to 108 

A/cm2.206,241 However, Figure IV-17A clearly evidences that not only the 

deposition but also the breakdown currents differ from one sample to another with 

failure occurring at a current as low as 200 nA (curve 5) or as high as 8 µA (curve 

3). The analysis of the cone dimension is necessary to understand these large 

differences. 

3.3.3. SEM analysis of single nanocones 

To analyze single nanocones in the SEM, the growth of a conductive 

interconnecting support layer and removal of the membrane (described in chapter 

2.3) is mandatory.  
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Figure IV-19: SEM images of single nanocones electrodeposited in single nanochannels 
etched under standard conditions for (A, B) 15 min and (C) 30 min. (A) Freestanding cone 
and (B) cone damaged after complete synthesis process and dissolution of the membrane. 
(C) Freestanding cone attached to the cap, which mechanically detached from the 
membrane after electrodeposition 
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Figure IV-19 exhibits SEM images of three different single nanocones 

electrodeposited in single nanochannels asymmetrically etched for 15 min (A and 

B) and 30 min (C). The dimensions of the single cones are significantly different 

from cones originating from arrays fabricated with identical conditions. As shown 

previously in Figure IV-12, the average base diameter for cones from arrays is 

2.5 and 4 µm for templates respectively etched for 15 and 30 min. The tip 

diameter in both cases is in average below 100 nm. The base diameters of the 

single nanocones measured in Figure IV-19A and B are ~ 2.9 and ~ 3.3 µm, 

respectively, i.e. larger than expected value of ~ 2.5 µm. The large tip of about 

350 nm in diameter (Figure IV-19A) is also larger than in the case of arrays. An 

even larger deviation is observed for single cones deposited in a single 

nanochannel etched asymmetrically for 30 min as presented in Figure IV-19C. 

The base diameter is more than 50% larger than equivalent cones from arrays and 

the tip of about 750 nm is much larger than expected. Due to the fragile nanosize, 

it cannot be excluded that the uppermost tip of the nanocone broke off, especially 

for the cone presented in Figure IV-19C where the template was not chemically 

dissolved. In that case, the giant cap (almost 1 mm diameter) induced the fall of 

the cone from the membrane. The fact that the cone remained attached to the cap 

is an additional proof of the strong connection between cones and caps. All single 

cones measured up to now were observed with larger bases (and tips) than the 

ones obtained in arrays. This is a clear sign that there exist a difference between 

the etching of a single ion-track and an array of ion-tracks. These observations 

are corroborated by studies from A. Spende et al.242 who also measured geometry 

fluctuations in single conical nanochannels and the resulting nanotubes. 

The cone corresponding to electrodeposition I-t curve 4 from Figure IV-17 and 

analyzed in Figure IV-18 is depicted in Figure IV-19A. The charge 

electrodeposited during the period attributed to the cone electrodeposition is 

𝑄𝑐𝑜𝑛𝑒 ~ 7.3×10-7 C.  
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Considering the density of gold 𝑑 and the molar mass 𝑀, the corresponding 

volume 𝑉𝑐𝑜𝑛𝑒(𝐸𝑙𝑒𝑐) of electrodeposited gold can be calculated: 

 𝑉𝑐𝑜𝑛𝑒(𝐸𝑙𝑒𝑐) =
𝑄𝑐𝑜𝑛𝑒 ∗ 𝑀

𝑛 ∗ 𝐹 ∗ 𝑑
≈ 7.7 ∗ 10−17 𝑚3 (IV-2) 

This volume is in good agreement with the cone volume 𝑉𝑐𝑜𝑛𝑒(𝑆𝐸𝑀) calculated 

from the dimensions of the cone measured by SEM: 

 
𝑉𝑐𝑜𝑛𝑒(𝑆𝐸𝑀) =

𝜋
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∗ ((

∅𝑡𝑖𝑝

2
)

2

+
∅𝑡𝑖𝑝

2
∗

∅𝑏𝑎𝑠𝑒
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∅𝑏𝑎𝑠𝑒

2
)

2

)

≈ 7.0 ∗ 10−17 𝑚3 

(IV-3) 

Similarly, the volume of the cap (assuming a perfect half-sphere with diameter 98 

µm) is in perfect agreement with the volume determined from the 

electrodeposition I-t curves. 

This result validates the interpretation of the electrodeposition curves presented 

above as well as the interpretation of the electrodeposition process for AuNC 

arrays. Thus, the slow current increase observed for arrays of nanocones is 

attributed to the growth of the cones (involving the increase of the surface of the 

working electrode; Figure IV-11). On the other hand, the presence of parasitic 

structures is related to the blocking of part of the nanochannels as well as the 

discrepancy in cone growth rate (as observed for single nanocones).  

3.3.4. Nanocone growth model 

The last open question in the gold nanocone fabrication is the electrodeposition 

process itself. Enculescu et al. reported that the planar diffusion model applies for 

Cu electrodeposition from tip-to-base.241 Here we analyze the electrodeposition 

of Au in single conical nanochannels, which is not proven to follow the same 

process. The different electrodeposition curves suggest deviations from one to the 

other deposition. To illustrate the complexity of the electrodeposition process in 

conical nanochannels, two experimental I-t electrodeposition curves are 

confronted with simulated curves.  
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Figure IV-20: Schematic representation of the nanochannel geometry and of the various 
diffusion geometries: (A) planar diffusion and (B) hemispherical diffusion 

In our model, we consider two major assumptions: 

- The rate determining step is the mass transport. 

- The nanocone growth is linear in the nanochannel. 

The first one is related with cyclic voltammograms presented above. They suggest 

that electrodeposition of Au occurs in diffusion limited regime at potentials < - 

0.3 V vs. Ag/AgCl. The second, also observed for electrodeposition in cylindrical 

nanochannels, is arbitrarily imposed constant for growth in conical 

nanochannels and induces: 

 𝑧(𝑡) = 𝐺𝑅 ∗ 𝑡     𝑤𝑖𝑡ℎ     𝐺𝑅 =
𝑑𝑧

𝑑𝑡
= 𝑐𝑜𝑛𝑠𝑡 (IV-4) 

with 𝑧(𝑡) being the length of the growing cone, 𝐺𝑅 the growth rate and 𝑡 the time. 

For better correlation, 𝐺𝑅 is experimentally determined for each example as the 

time needed for the whole cone deposition divided by the cone length. Table IV-3 

tabulates the various 𝐺𝑅 for the electrodeposition of single nanocones presented 

in Figure IV-17. 
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Table IV-3: Growth rates and deposition times for the electrodeposition of various single 
nanocones produced under identical experimental conditions (presented in Figure IV-17) 

Electrodeposition N° from Figure 

IV-17 
1 2 3 4 5 

Growth rate in nms-1 94 24 19 5 1 

Deposition time (min) 5 20 25 80 480 
 

Two diffusion geometries are considered, namely planar and hemispherical 

diffusion, as shown in Figure IV-20 that schematically represents the conical 

nanochannel and its various geometrical parameters. The radius of the cone at any 

time 𝑅(𝑡) is geometrically defined as a function of the cone length 𝑧(𝑡) and the 

cone angle (𝛼) by the relation: 

 𝑅(𝑡) = tan (
𝛼

2
) ∗ 𝑧(𝑡) (IV-5) 

Consequently, depending on the diffusion geometry considered, the disc surface 

area 𝐴𝑑𝑖𝑠𝑐 and the hemisphere surface area 𝐴ℎ𝑒𝑚𝑖  of the cone-electrolyte interface 

are determined for any time t as: 

 𝐴𝑑𝑖𝑠𝑐 = 𝜋 ∗ 𝑅(𝑡)2 = 𝜋 ∗ (tan (
𝛼

2
) ∗ 𝐺𝑅 ∗ 𝑡)2 (IV-6) 

and: 

 
𝐴ℎ𝑒𝑚𝑖 = 2 ∗ 𝜋 ∗ 𝑅(𝑡)2 = 2 ∗ 𝜋 ∗ (tan (

𝛼

2
) ∗ 𝐺𝑅 ∗ 𝑡)2

= 2 ∗ 𝐴𝑑𝑖𝑠𝑐 
(IV-7) 

Using the first assumption above mentioned it is possible to estimate the cathodic 

current by solving Fick’s first (steady-state) or second law (time-dependent) of 

diffusion in correlation with the electrochemical reaction arising at the cathode. 

In the first case, the deposition is assumed to be instantaneously in dynamic 

equilibrium. In the second case, the deposition evolves with time to reach the 

dynamic equilibrium. Table IV-4 provides the equation of the current as a 
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function of time for potential leap experiments for diffusion limited 

electrodeposition under different conditions.243  

Table IV-4: Mass-transport limiting current as a function of time for various diffusion models 
and regimes. 𝐴 = 𝐴𝑑𝑖𝑠𝑐 in planar and inlaid disk models and 𝐴 = 𝐴ℎ𝑒𝑚𝑖  in the hemi-
spherical model 

Diffusion 

geometry 
Planar Inlaid Disk Hemi-spherical 

Diffusion 

regime 

Steady-

state 

Time-

dependent 

Steady-state Steady-

state 

Time-

dependent 

Current 
𝑛𝐹𝐴𝐷𝐶0

∗

𝛿
 

𝑛𝐹𝐴√𝐷𝐶0
∗

√𝜋𝑡
 

4𝑛𝐹𝐴𝐷𝐶0
∗

4(𝑙𝑡 − 𝑧(𝑡)) + 𝜋𝑅
 

𝑛𝐹𝐴𝐷𝐶0
∗

𝑅
 

𝑛𝐹𝐴𝐶0
∗

∗ (
𝐷

𝑅
+

√𝐷

√𝜋𝑡
) 

𝑛 is the number of electron involved in the electrochemical reaction, 𝐹 the 

Faraday number, 𝐷 the diffusion coefficient of the ion of interest and 𝐶0
∗ the bulk 

electrolyte concentration. It is noted that the time dependent equation of the 

current for planar diffusion correspond the Cottrell equation (II-1) introduced in 

Chapter II. 

 

Figure IV-21: I-t electrodeposition curves of single nanocones (A) 2 and (B) 4 overlapped 
with theoretical I-t curves assuming diffusion limited reaction under different conditions 

In Figure IV-21, the green and the dark green curves are the currents expected in 

steady-state conditions whereas the light green curve corresponds to the time-
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dependent growth of the diffusion layer. On the other hand, the green and light 

green curves assume planar diffusion in the single conical channels without 

additional consideration whereas the inlaid disk diffusion (dark green) model 

supposes that the diffusion layer is restricted to the inside of the nanochannel.  

Figure IV-21A shows the experimental I-t curves 2 (from Figure IV-17) and 

compares it with the three different models involving linear diffusion above 

mentioned. For these models, a 𝐺𝑅 of 24 nms-1 as well as deposition time of 20 

min (Table IV-3) was used to fit the calculated current with the experimental 

curve. Figure IV-21A suggests that the planar diffusion model in steady-state 

conditions fits the best the experimental current with 𝑛 =  1, 𝐶0
∗ =  15 g/L , 𝐷 =

 1 ∗ 10−5 cm−2s−1 and 𝛿 arbitrarily fixed to the initial nanochannel length 30 

µm. The channel dimensions estimated from SEM observations (Figure IV-19B) 

yield a base diameter of 3.3 µm and a tip diameter of ~ 500 nm. The diffusion 

coefficient of gold sulfite is not provided by the manufacturer and strongly 

depends on the electrolyte composition. Therefore, a standard diffusion 

coefficient for aqueous electrolytes (D ~ 1×10-5 cm2s-1), was chosen for our 

simulations. Figure IV-21A also evidences that the inlaid disk model quickly 

overestimates the current whereas the non steady-state model underestimates the 

current. Even though the planar diffusion model seems to coincide the best, it is 

important to remember that we arbitrarily selected a constant thickness for the 

diffusion layer (30 µm). In addition, as noticed in the previous section, this model 

does not fully explain the initial current, whose experimental value is 

systematically higher than for calculated I-t curves, even when considering very 

large tip diameters.  

Figure IV-21B compares the experimental I-t curves 4 (from Figure IV-17) with 

the same 3 models, assuming a 𝐺𝑅 of 5 nms-1 and a deposition time of 80 min 

(Table IV-3). Figure IV-21B evidences that none of these models are able to 

simulate the current expected for this cone with dimension Øtip = 350 nm and Øbase 

= 2.9 µm (Figure IV-19A). As for the inlaid disk model (where the current 

increases due to the reduction of the diffusion layer thickness), the planar 
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diffusion model very fast overestimates the current under steady-state 

assumption. In addition, the quasi-linearity of the experimental I-t curve 

contrasts the t3/2 time dependency of the planar diffusion model. We consider in 

the following curves a more complex diffusion geometry including a 

hemispherical gold-electrolyte interface. 

 

Figure IV-22: Experimental and simulated I-t electrodeposition curves of sample 4 with 

different diffusion coefficients (A) D = 1×10-5 cm2s-1 and (B) D = 3.8×10-8 cm2s-1 

Figure IV-22 presents simulated and experimental electrodeposition curves for 

the single cone 4 from above. For the simulated curves in Figure IV-22A, all non-

geometrical parameters are identical to the one used in the simulations of Figure 

IV-21. It thus shows that higher electrodeposition currents are expected in the 

case of hemispherical diffusion than for planar diffusion. This result is in 

agreement with the diffusion-limited process where the electrodeposition rate is 

expected to be proportional to the working electrode surface area. With no 

surprise, the simulated current with the diffusion coefficient of 𝐷 =  1 ×

10−5 cm2s−1 is much higher than the experimental current (solid black line at 

the very bottom of Figure IV-22B). In Figure IV-22B, a much smaller diffusion 

coefficient 𝐷 =  3.8 × 10−8 cm2s−1 was considered for gold sulfite ions. The 

rate-limiting step of diffusion in hemispherical geometry under steady-state 
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conditions exhibits a linear time dependency and thus fits well the experimental 

current-time values. 

Looking at the two cases, sample 2 and 4, it seems that different diffusion models 

fit the experimental data. This does not make really sense and no conclusion is 

possible because the diffusion coefficient D is unknown for the present electrolyte 

and both models are too simple. However, the steady-state regime assumption 

seems to be correct for two electrodepositions studied since the initial transient 

current lasts less than 20 s. This observation is in agreement with microelectrode 

models. 

In conclusion, the manipulation of the single nanocone, even embedded in the 

template, is very challenging. Because of the small contact area established by the 

single cone with the membrane, grown Au nanocones are sensitive to vibrations 

and to manipulation as well as rather fragile, particularly when removing the 

template. We estimated that only one third of the single nanocones survive the 

entire fabrication procedure, i.e. only ~ 10% of the etched membranes result in 

the successful fabrication of single nanocones. This very low yield combined with 

the low reproducibility is not very promising for mass production of single 

nanocones. 

4. Summary 

A new process for the fabrication of Au nanocones was developed by inverting 

the cone growth, from base-to-tip to tip-to-base. At first, the production of 

templates with conical nanochannels was presented and evidenced the etching 

dependence on the polymer type and on the ion-track density. Arrays of 

nanochannels could be reproduced, whereas the production of single 

nanochannels was very unequal. The analysis of the electrochemical reduction of 

Au from AuSF commercial bath by CV indicated the direct reduction of gold. As 

for cyanide-based electrolytes, the strong current increase in recessed geometry 

of the working electrode was mainly attributed to non-faradaic currents. A direct 
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dependence between the electrodeposition potential and the nanocone 

morphology was shown with strong surface roughness at very negative voltages. 

The electrodeposition of Au in a two-electrode configuration was abandoned for 

the potentiostatic growth at - 0.375 V vs. Ag/AgCl in a three-electrode 

arrangement. In this way, in combination with the tip-to-base growth, higher 

reproducibility in terms of filling percentages and filling rates was achieved thus 

minimizing the apparition of parasitic structures. The synthesis of single AuNCs 

had a low efficiency as well as a little reproducibility. Nevertheless, the successful 

electrodeposition of single AuNCs confirms the interpretation of the 

electrodeposition curves with identifiable steps: growth initiation, cone growth, 

and cap growth. Modeling of the I-t curves supports two possible diffusion limited 

models for the cone growth: inlaid disk and hemispherical diffusions. The 

potentiostatic electrodeposition of gold in conical channels of a template from tip-

to-base was demonstrated to be efficient for the fabrication of freestanding 

nanocones with various base diameters, lengths, and tip diameters below 100 nm. 

The brittle fracture developed in this chapter confirms that the nanocones are 

perfect replicas of the channel. Arrays of vertically aligned nanocones can thus 

be patterned and the nanocones evidence high mechanical stability as well as good 

contact to the substrate. 
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Chapter V 

V. Field emission of 
patterned arrays of 

nanocones 
In this chapter, the field emission from selected domains of nanocones is tested. 

First, the patterned arrays were characterized by means of SEM, optical 

profilometry and voltage scans. Next, voltage sweeps were performed on 

specified emitters and exhibit enhancement factors between 200 and 1000 as well 

as maximum current ranging from ~ 1 to 100 µA for cone arrays patterned in 

patches. The consequences of the measurements such as the melting of the 

nanocones are then described. Finally, the proof of concept for the fabrication of 

Spindt-type emitters based on AuNCs is demonstrated.  

Part of the results presented in this chapter will be published in 215. 

(214)  Burr, L.; Serbun, P.; Reimuth, C.; Heider, B.; Krieg, J.; Spende, A.; Movsesyan, 

L.; Schubert, I.; Trautmann, C.; Toimil-Molares, M. E. Vertically Aligned Freestanding 

Gold Nanocone Arrays. In preparation. 2016. 
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1. Introduction to field emission  

The electron source is the most important component of vacuum devices, since it 

determines their suitability, stability, and efficiency. Currently, the most 

advanced type of electron source is based on electron field emission more 

commonly named field emission (FE). The emission process is based on 

tunneling of electrons through the narrowed potential barrier into vacuum under 

the application of an electric field.244 This quantum-mechanical effect occurs in 

high electric fields and in opposition to other techniques does not require high 

temperature or light, justifying the “cold cathode” denomination of such emitters. 

FE emitters offer several additional advantages, such as fast response time, 

confined electron energy spread (below 1 eV), low power consumption, and high 

efficiency as compared to thermionic or photo-induced electron emission.245 

Field emission was first observed by R.W. Wood at the end of the 19th century. 

R.H. Fowler and L.W. Nordheim developed the theory of FE based on the 

quantum-mechanical tunneling of electrons through the surface potential 

barrier.245 The Fowler-Nordheim (FN) theory relates the emitted current density 

to the local electrical field and the material work function. The FN theory 

considers the emission from a flat metal surface that follows the Sommerfeld free-

electron model. The external potential barrier is assumed to be fully induced by 

electrostatic forces. Even though the FN theory is largely simplifying the system, 

it has been evidenced to describe most systems with good accuracy. The FN 

expression of the current density j is given by: 

 𝑗 =
𝐴𝛽2𝐸2

𝜑
× exp (−

𝐵𝜑
3
2

𝛽𝐸
) (V-1) 

with 𝐴 = 1.54×10-6 A·eV·V-2 and 𝐵 = 6.83×109 eV-3/2·V·m-1, 𝜑 is the work 

function and 𝐸 is the applied electric field. The enhancement factor 𝛽 is a 

correction factor related to the geometry of the emitter and the induced 

modification of the geometry of the electrical field. Based on equation (V-1), the 

emission can be tuned by increasing the electrical field, decreasing the work 
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function of the emitter, or improving the enhancement factor. Thus, to improve 

the electrical efficiency of a cold cathode, the choices of the material and of its 

shape are of critical importance. 

According to the field emission theory,72,73,245 quasi-one dimensional 

nanostructures with high aspect ratio such as nanotubes, nanowires (NWs) or 

nanocones (NCs) are expected to yield high field enhancements, which strongly 

depend on the number density of nanostructures and their morphology. Since the 

1970’s and the development of the first Spindt-type molybdenum field emitter 

arrays,246 several types of materials have been considered for the fabrication of 

high current and/or highly effective field emission cathodes.247 Carbon-based 

field emitters, fabricated by chemical vapor deposition, have attracted extensive 

attention in the last decades due to their naturally high aspect ratio as well as 

remarkable physical and chemical properties.248 However, applications of carbon-

nanotube field emitters are still limited because their non-uniform and fast growth 

as well as mutual shielding and heating effects lead to inhomogeneous FE 

properties.249–251 In contrast, silicon tips with controlled geometries and 

orientations can be fabricated directly on a substrate, yielding rather uniform and 

almost stable emission. Nonetheless, the emission current values of silicon tips 

are at nA-level per tip, hundred times smaller than the current value from a single 

carbon nanotube.252,253 In addition, the low conductivity of semi-conducting 

materials hinders the emission performances of high aspect ratio structures.254 In 

this respect, noble metal NWs are considered as very promising field emitters, 

combining both high conductivity and high aspect ratio. Encouraging FE results 

were already reported on cobalt,255 copper,256 silver,257 bare and gold-coated 

nickel,258,259 and gold NWs.260,261 A serious drawback of these cylindrical 

nanostructures is their low mechanical stability. High-aspect ratio wires with thin 

diameters easily bend leading to wire clustering instead of individual freestanding 

emitters. Also the thermal stability has been shown to be problematic due to 

limited ring-like contact with the substrate.262 Conical nanostructures exhibiting 

µm-sized base contact and nm-sized tips are promising to overcome these 
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problems and were developed by electrodeposition in asymmetric etched ion-

track membranes to overcome the limitations of the NWs arrays.263 

 

Figure V-1: Schematic of field emission measurement setup 

2. Experimental 

The FE properties of structured AuNC array cathodes with high (3×105 cm-2) and 

low (1.5×104 cm-2) effective number density of emitters were investigated at the 

Bergische Universität Wuppertal with a field emission scanning microscope 

(FESM) in an ultra-high vacuum chamber at a base pressure of 10-9 mbar.264 

Figure V-1 shows a schematic of the experimental setup. The FESM comprises a 

fixed micro-tip, which serves as anode, and a motorized stage controlled with 

step- and piezo-motors, which also allows manual tilting for alignment. The 

anode is made of tungsten in a shape of truncated cone of diameter Øa = 152 µm 

to measure the FE from entire AuNC patches, whereas a tip-like anode of Øa = 6 

µm is used to measure the emission current of individual or few nanocones. The 

high voltage feedthrough for the anode is connected to a high voltage power 

supply (FuG, HCN 100M-10000), capable of biasing up to 10 kV and delivering 

up to 10 mA, while the cathode is connected to a picoammeter (Keithley 6485 or 

Keithley 610C). The anode-cathode distance (Δz) is controlled with a long-

distance microscope (Questar QM100), and the actual electric field E is 
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determined as ratio of the applied voltage U and Δz. However, during the local 

measurements, the real distance and, hence, macroscopic electric field is 

calibrated for each patch/emitter by the linear extrapolation of the PID-regulated 

U(z) dependence (for a fixed current of 1nA) to zero voltage.265 All measurements 

are controlled via computer using a specially designed LabVIEW program. Local 

FE measurements were performed on various emitters to determine their onset 

field Eon (for 1 nA), their field enhancement factor β, and their maximum Imax 

before breakdown. 

3. Results and discussion 

The field emission characteristics of patch-structured AuNC cathodes with 

different number densities in the patches of 4.2 (± 1.5)×104 NC/cm2 (low density) 

and 3.0 (± 0.8) ×105 NC/cm2 (high density) have been measured. The studied 

nanocones were chosen with a length of ~ 30 µm, base diameter of ~ 2.5 µm and 

tip diameter typically below 100 nm. The high-density sample was employed to 

probe the field emission characteristics of entire cone patches as emitters. For this, 

a truncated tungsten cone with a diameter of 152 µm served as anode. In contrast, 

a small tip-like tungsten anode of 6 µm in diameter was used to probe the low 

density array, to distinguish the few emitters present in each patch and to estimate 

the influence of mutual shielding.  

3.1. Field emission mapping by voltage scans 

The morphology of the samples fixed on the FE sample holder was first analyzed 

by optical profilometry. For both samples, the patches and individual emitters 

were located by performing a voltage scan at constant current of 1 nA prior further 

FE measurements.  

Figure V-2 presents the surface morphology of the two samples glued on their FE 

holder obtained by optical profilometry. It is thus clearly evidenced that the 

samples are not perfectly flat and reveal surface roughness. To perform voltage 
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scans over defined areas, the sample was inclined manually until it was 

perpendicular to the tungsten anode.  

Figure V-3 exhibits two voltage scans performed on the samples by applying a 

fixed current (1 nA) between the sample and the anode at constant distance. The 

presence of an emitter results in a voltage drop whereas a high voltage is required 

to tunnel electrons from flat areas. The SEM images of the corresponding areas 

are superimposed to the voltage scans (Figure V-3) and expose the direct relation 

between cones and emission. The inset SEM images evidence the different cone 

density of the two samples (Figure V-3). For the high cone density sample (Figure 

V-3A) scanned with a large anode (Øa = 152 µm), the cone patches correspond to 

the areas emitting at low voltage. In the case of low cone density (Figure V-3B), 

emission from individual cones is resolved using a 6 µm anode. The red arrows 

show the presence of a cone (white dot surrounded by a light disk corresponding 

to the cap), which also fit to the measurement of a voltage drop. The same cone 

is also marked in the SEM image (inset). 

The SEM inset image of Figure V-3A also shows that the continuation of the 

electrodeposition with high cone density results in caps overlapping and forming 

a large single cap per patch. Due to their thickness, the large caps are heavy and 

have high mechanical stability compared to the thin interconnecting substrate 

layer. Hence, the surface roughness of the high-density sample observed in Figure 

V-2A is attributed to the bending of the interconnecting substrate layer and the 

independent orienting of each patch during fixation on the FE holder.  
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Figure V-2: Surface morphology measured by optical profilometry of (A) high effective cone 
density sample and (B) low effective cone density sample 

 

Figure V-3: Voltage scans superimposed with corresponding SEM image of (A) high 
effective cone density array and (B) low effective cone density array. Insets show a higher 
magnification of one patch of cones and evidence the cone density difference, inset in (B) 
is rotated, the red and yellow arrow mark respectively the same cone and dirt in the 
voltage-scan and in the SEM image 
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If less cones grow, caps are too far apart to overlap (Figure V-3B). Thus, the caps 

follow the orientation directed by the bending of the interconnecting layer. 

Therefore, Figure V-2B exhibits low surface roughness and the surface 

morphology of the sample is dominated by the waviness of the interconnecting 

layer. 

3.2. Field enhancement factor and maximum 

emission current 

To characterize the FE of nanocones, I-E curves were recorded by sweeping the 

electrical field between the AuNCs and the tungsten anode. For each emitter, the 

local electrical field E was calibrated by means of U(z) plots.263,265  

 

Figure V-4: Representative I-E plots (A and B) and corresponding FN plots (C and D) for 
the patch samples with (A and C) nominal cone density of 3×105 cm-2 measured with a 
large tungsten anode (Øa = 152 µm) and (B and D) for an individual AuNC of a patch with 
a cone density of 4×104 cm-2 measured with a tip-like anode (Øa = 6 µm) 

Figure V-4 displays representative I-E curves as well as the corresponding 

Fowler-Nordheim (FN) plots for the two types of samples. The onset field Eon (1 
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nA) was found to be between 5 and 11 V/µm for patch emitters (11 V/µm in 

Figure V-4A) measured with the truncated tungsten cone. On the other hand, 

values between 10 and 35 V/µm for individual cones emitters (11 V/µm in Figure 

V-4B) measured with the small tungsten tip anode. 

The FN plot is commonly used to analyze and understand the field emission 

behavior.244 Using the FN expression of the current density 𝑗 given in equation 

(V-1) and applying the definition of the current density:𝑗 = 𝐼/𝑆, with S being the 

emitting surface, as well as switching to FN coordinate, we obtain: 

 ln (
𝐼

𝐸2
) = −

𝐵𝜑
3
2

𝛽𝐸
+ ln (

𝐴𝑆𝛽2

𝜑
) (V-2) 

where A = 1.54×10-6 A·eV·V-2 and B = 6.83×109 eV-3/2·V·m-1, φ is the work 

function and E is the applied electric field. Straight lines are expected in FN 

coordinates for electron emission following the quantum mechanical tunneling 

laws. The FN plots insets in Figure V-4 derived from corresponding I-E curves 

thus confirm the tunneling behavior of the NC emitters. The effective field 

enhancement factor β of the emitters is extracted from the slope of the straight 

line. Assuming the work function of AuNCs to be φ = 5.1 eV (for Au),266 the β 

of the AuNC patch (Figure V-4C) and of the single AuNC (Figure V-4D) amount 

800 and 235, respectively.  

The enhancement factors β calculated from the FN plots and breakdown current 

(Imax) were measured for several patches of both samples. We found that for both 

samples, β and Imax highly fluctuate among emitters, with β varying between 200 

and 1000 and Imax between 0.7 and 106 µA (~ 3.5 µA at 21 V/µm in Figure V-4A). 

No direct relation between the number of emitters and the onset field or the 

maximum current could be evidenced. 
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3.3. Effect of field emission on nanocones  

 

Figure V-5: SEM images of a high effective nanocone density patch emitter before (A) and 
after (B) field emission measurements 

To evaluate the stability of the nanocones, and to analyze the factors that cause 

failure of the emitters at high currents, all patches were investigated by SEM 

before and after FE measurements. Figure V-5 displays an example of a nanocone 

patch imaged under 60° (cone density: 3×105 cm-2, anode Øa = 152 µm). Before 

the measurements (Figure V-5A), all the freestanding nanocones exhibit sharp 

tips. Figure V-5B shows the same array after field emission measurements. After 

the FE measurements, part of the nanocones remain freestanding and maintain 

their original morphology, whereas the rest appear damaged. The aspect of the 

cones within the given area differs significantly. Some NCs are completely melted 

or evaporated (blue arrow). For some cones, bending is observed (green arrow). 

For others the sharp tip is only partly melted and transformed into a “mushroom 

like” cap (yellow arrow). These observations strongly indicate that not every 

cone contribute in the same manner to the field emission of the patch, probably 

due to screening effects and disparities in tip sizes.  
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Figure V-6: SEM images of a low effective cone density patch before (A) and after field 
emission measurements (B-F). Emitters before and after emission are indicated by (C) 
red, (D) yellow, (E) green, and (F) blue arrows. Pink arrows point parasitic structures 
damaged after field emission measurements 

Similar results are observed for the cathode with lower cone densities. Figure V-6 

shows SEM images of nanocones (A) before (tilt = 60°) and (B) after field 

emission measurements (tilt = 20°). The four cones are damaged by the high 

current densities flowing during the field emission measurements. Figure V-6C 

shows a half-molten cone with a mushroom shape (red arrow). Figure V-6D 

exhibits an evaporated cone(yellow arrow). Figure V-6E and F show cones 

molten down to their base (blue and green arrows). In addition to the damaged 

cones, damaged tubes are also observed (pink arrows).  
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Figure V-7: Optical microscopy images of emitters before (A) and after (B) voltage 
sweeping up to the breakdown current. The arrows mark the cones disappearing during 
the measurement. The tungsten anode is colorized in purple 

Figure V-7 depicts optical microscopy images of nanocone emitters from the low-

density sample before (A) and after (B) local FE measurements. The various 

patches in the optical focus are underlined in blue whereas the anode is colored 

in purple. The 6 µm anode is placed over a patch with 3 individual cones (green 

arrows). By careful comparison, we observe that after the FE breakdown, the 

three cones are melted as shown in Figure V-6B. It also worth mentioning that 

two cones from a neighbor patch in the optical focus range (yellow arrows) 

disappear after FE breakdown, indicating melting or evaporation. In the case of 

the low effective cone density samples, the field emission of 5 patches were 

measured. For most of the measurements, partial or complete melting of several 

cones in the neighbor patches, up to a distance of ~ 500 µm from the measured 

patch, is observed by optical microscopy and confirmed by SEM.  
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Figure V-8: SEM images of patch 2 from Figure V-7 that was not tested for FE (A) before 
and (B) after the field emission measurements of neighbor patches. The yellow star marks 
the same cone on both images 

Figure V-8 shows SEM images of the cone patch 2, neighbor of the patch 3 

measured for field emission and exposed in Figure V-6. SEM images before (A) 

and after (B) field emission evidence the melting of the nanocone from this 

neighbor patch that was never measured directly. Since patch 3 was the first 

measured and several other patches around patch 2 where measured afterwards, 

the cones visible in patch 2 after the FE measurements in Figure V-7 were 

probably damaged during the measurement of another patch. 

Optical study of the electrical breakdown evidences the disappearance of 

nanocones that is attributed to their melting or evaporation. The optical images 

taken after the voltage scan but before the local FE measurement (Figure V-7A) 

prove that cones still exist after the voltage scan. However, early partial melting 

of the emitters due to transient currents during the voltage scans cannot be 

discarded. In addition, the contribution of nanocones over long distance effect 

should be investigated in more details because it may induce higher current values 

and overestimation of the anode-cathode distance using the U(z) plots. These long 

distance effects can be avoided by measuring the FE characteristics of single 

nanocones. 
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3.4. Spindt-type field emitters fabrication: 

proof of concept 

The tip-to-base electrodeposition of Au in conical nanochannels of etched ion-

track templates is very efficient for the fabrication of freestanding nanocone 

arrays with cones of identical dimensions. A similar method proposed by Duan et 

al. also showed that the tip-to-base process is adequate for Cu.267 In near future, 

the tip-to-base method might be used for the electrodeposition of nanocones of 

other metals, metal oxides, or conductive polymer of interest depending on the 

application. The fabrication of hydrophobic polymer nanocones according to the 

presented process can be an elegant alternative for the fabrication of super-

hydrophobic coatings. Concerning the field emission applications, another 

emitter geometry might be considered. Independently on the material, another 

challenge for field emission applications of nanocones is their integration into 

operational systems. The major disadvantage of the tip-to-base deposition is the 

weak wire-substrate stability and the resulting lack of planarity that is preventing 

homogeneous emission. However, the tip-to-base growth of nanocones is 

perfectly appropriated and very promising for the fabrication of Spindt-type field 

emitters.  

Figure V-9 schematically represents the major steps required. The initial step 

consists of the fabrication of AuNCs in a PC template (Figure V-9A). To fabricate 

the FE counter electrode (also called gate), consisting in a conducting layer with 

separate apertures for each conical emitter, we propose to electrodeposit a 

sacrificial Cu half-sphere on top of each cone that will serve as sputtering masks 

(Figure V-9B). After the deposition of the FE counter electrode (e.g. by 

sputtering), the dissolution of the Cu half-sphere lead to circular apertures in the 

electrode layer centered on the cone tip as represented in Figure V-9C. Finally, 

the selective etching of the unprotected polymer around the cones should provide 

interesting nano-Spindt arrays (Figure V-9D).  
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Figure V-9: Scheme of the four major steps proposed to fabricate nanocones in a Spindt-
type emitter configuration. (A) Fabrication of nanocones, (B) electrodeposition of sacrificial 
Cu mask on the top of each cone tip and sputtering conductive Au anode on top, (C) 
removal of the Cu mask and (D) etching of polymer around the cone 

Such Spindt-type arrays have several advantages: (1) the distance between 

cathode and anode is maintained constant by the polymer film. (2) The planarity 

of the sample is expected to be less critical for such emitters, and (3) the 

mechanical stability is provided by the membrane itself. In principle, flexible 

emitters can be obtained. Moreover, the fabrication process presented above is 

highly tunable: the composition and dimensions of the cones as well as other 

properties of arrays can easily be modified as seen in section IV.3. In addition, 
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the dimension of the apertures in the FE counter electrode can also be controlled 

by tailoring the electrodeposition of the sacrificial copper half-sphere.  

Preliminary tests were performed on nanowire arrays and are presented in Figure 

V-10. For this test, Au nanowires were grown in cylindrical nanochannels. The 

electrodeposition was stopped after the increase in deposition current indicating 

the complete filling of the channels. In the next step, Cu caps were then 

potentiostatically electrodeposited at - 0.08 V on top of the wire ends, i.e. on 

the other side of the template. The Cu deposition was performed in a CuSO4 (238 

g/L) + H2SO4 (21 g/L) mixture at room temperature and a Cu wire immersed in 

the electrolyte served as anode. In a third step, a thin Au layer is sputtered on top 

of the polymer membrane and of the Cu half-spheres. The Cu half-spheres 

covered by Au were observed by SEM (Figure V-10A). The sacrificial Cu half-

spheres were then dissolved in concentrated nitric acid. Figure V-10B displays 

the ring-like apertures resulting from the dissolution of the copper. The 

remaining half-spheres observed at the center of each aperture correspond to the 

gold caps originating from the nanowire growth. Such issue is not expected for 

Cu deposition at the tips of nanocones grown from the tip to the base. It is noted 

that nanowires were used for this preliminary tests instead of nanocone arrays, 

because they are deposited from tip-to-base using a gold layer connecting all the 

tips (sacrificial backelectrode, see Chapter IV.2.2) that is removed only when the 

membrane is dissolved. A requirement for the successful fabrication of Cu half-

spheres is the use of an entirely soluble sacrificial backelectrode for the cone 

electrodeposition. Cr thin film is a potential candidate. 
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Figure V-10: SEM images and schematic representation of (A) a Cu half-sphere deposited 
on the top end of a nanowire and (B) ring-like apertures in the sputtered Au layer after the 
dissolution of the Cu half-spheres revealing gold caps in their center 

One of the biggest challenges of this process will probably be the homogeneous 

growth of Cu half-spheres on top of all nanocones. If a nanocone does not have 

sacrificial Cu on its tip, it will remain connected to the FE counter electrode and 

will act as a shortcut. In addition, if the half-spheres do not have identical 

diameters, the emission of the array will not be homogeneous. 

4. Summary 

Field emission measurements on vertically aligned freestanding AuNC patterned 

arrays fabricated by electrodeposition in etched ion-track templates from tip-to-

base are presented. Voltage scans enabled to locate the emitters and to identify 

them in correlation with SEM observations. For high cone densities, cone patches 

could be distinguished whereas individual cones could be isolated on the emission 

map of the sample with low effective cone density. The study of the emission by 

voltage sweeps indicated that all emitters follow the Fowler-Nordheim emission 

theory but no correlation between the number of cones and the emission was 
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revealed. The high aspect ratio of the structures and the sharp tips with diameters 

below 100 nm lead to low onset fields (down to 5 V/µm) and high maximum 

emission currents (up to 10-100 µA) for structured AuNC arrays. After voltage 

scans and/or voltage sweeps, several AuNCs emitters were molten or evaporated 

but not all cones are affected. SEM studies of the samples after FE measurements 

also suggested that parasitic structures with low aspect ratio as well as cones very 

far from the point of measurement (≥ 10 times the cone length) might also 

contribute to the emission current. Further studies should focus on measuring the 

field emission of individual cones. This will allow studying the influence of the 

material, the geometry, the tip diameter, and of the morphology independently 

and in detail. Finally, the procedure to fabricate Spindt-type field emitters based 

on the template growth of cones and electrodeposition of sacrificial copper mask 

on each cone tip was introduced, and the proof of concept experimentally 

demonstrated. 
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Conclusion and Outlook 
This thesis presents the synthesis and characterization of three different types of 

gold-based nanostructures, namely solid AuAg alloy nanowires, nanoporous gold 

nanowires, and gold nanocones. The synthesis of these structures is based on ion-

track technology and electrodeposition methods that were investigated and 

optimized.  

The synthesis of AuAg nanowires with tailored composition and diameter was 

achieved by electrodeposition of AuAg alloy in cylindrical nanochannels of 

etched ion-track templates. The analysis of the electrochemical reduction of Au 

and Ag yields high current efficiencies. The potentiostatic electrodeposition at - 

1.1 V vs. Ag/AgCl occurs close to the diffusion-limited regime. The composition 

of AuAg nanowires is thus only determined by the electrolyte composition. The 

deposition was shown to be independent of the channel size. All nanowires 

fabricated at such a potential consist of long single-crystalline sections. Au40Ag60 

and Au60Ag40 nanowires were synthesized and subsequently analyzed by means 

of high-resolution transmission electron microscopy coupled with energy 

dispersive X-ray spectroscopy with high spatial resolution showed clear evidence 

of surface segregation. Au60Ag40 nanowires were found to have a Au-rich surface 

layer whereas Au40Ag60 nanowires rather form a Ag-rich surface layer. This 

explains why Au-rich nanowires cannot be dealloyed and thus remain solid. 

Contrarily, dealloying of Ag-rich wires yields highly porous nanostructures made 

of a network of interconnected ligaments with small domains of residual silver. 

Crystalline defects seem neither to influence nor to be affected by dealloying. Our 

approach allows the fabrication of continuous porous gold nanowires with 

diameters as small as 85 nm. This size limit appears because nanowires with 

smaller initial diameter dealloy into single ligaments and tend to fragment. 

The fabrication of sensors based on the synthesis of such porous gold nanowires 

requires electric contacts and device integration. As a first step towards contacting 
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template-released nanowires with diameters as small as 45 nm, laser lithography 

based contacts were developed. In parallel, nanowires were placed on pre-

fabricated chips and trenches. Successful dealloying was demonstrated for as-

contacted nanowires. Preliminary characterization of electrical and thermal 

transport properties of solid and porous cylindrical nanowires are currently under 

test at the Hochschule RheinMain.  

The synthesis of gold nanocones was achieved by electrodeposition from tip-to-

base in conical-shaped nanochannels of etched ion-track membranes. 

Asymmetrical etching of ion tracks yields nanochannels with slightly tunable 

cone angles. The electrodeposition processes using a commercial Au electrolyte 

is shown to occur close to the diffusion limit. The reduction process of Au inside 

single conical nanochannels from the tip to the base provides clear identification 

of the three main electrodeposition steps: initiation, cone growth, and cap 

formation. This information permits controlled deposition of the cones and 

enables high efficiency of the electrodeposition as well as minimization of 

parasitic structures such as tubes or incomplete cone bases. By growing the cones 

from tip to base, high reproducibility of the synthesis process is achieved. 

Vertically aligned freestanding gold nanocones of homogeneous lengths and with 

sharp tips as small as 50 nm are successfully produced. Their mechanical stability 

is excellent, the risk of breaking cones is low, and the contact to the substrate is 

outstanding. Compared to nanocone arrays, the fabrication of a single nanocone 

is more challenging due to rather large scattering of the breakthrough time when 

etching membranes with an individual ion track. In addition, the unpredictable 

closing of single channels with very small opening is problematic. After the 

dissolution of the membrane, single nanocones are also more vulnerable to 

external harm and thus often suffer from bending of distortion.  

The field emission properties of our nanocone arrays are promising. Voltage scans 

allow mapping of patterned nanocones arrays. For low cone densities, even single 

nanocone emitters could be identified. Field emission measurements from 

nanocone arrays follow the Fowler-Nordheim model, but large discrepancies of 
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enhancement factors and breakdown currents are observed. Optical and scanning 

electron micrographs reveal inhomogeneous contributions of the cones to the 

emission current as well as contributions of nanocones positioned far away 

(distances higher than 10 times the cone length). This effect is partly attributed to 

the non-planarity of the samples. Although the new growth technique developed 

here provides highly improved substrate contact, some of the nanocones are 

molten or even completely evaporated after field emission. For better integration 

in operating systems, the synthesis of arrays of Spindt-type cold emitter based on 

the electrodeposition of gold nanocones is proposed. Preliminary tests 

demonstrate proof of concept. 

 

The application of solid and porous nanowires as well as nanocones requires a 

detailed physical and chemical characterization in particular, their electrical 

transport properties. The results achieved in this thesis will serve as a starting base 

for further studies. 

The synthesis conditions developed in this work can be adapted to the fabrication 

of porous gold nanowire networks. It has already been demonstrated that 

interconnected nanowires provide sufficient mechanical stability to manipulate 

the 3D systems.78,79,240,242 Adding nanoporosity to such 3D-networks would 

enable the fabrication of highly porous systems with bimodal porosity. Such 

structures are of interest for catalysis where the macroscopic porosity (tuned by 

the spacing of the nanowires) yields efficient fluidic flow through the device 

whereas the nanoporosity (obtained by dealloying) catalyzes chemical reactions. 

The influence of surface segregation of AuAg nanowires evidenced in this work 

can be further explored regarding mechanical properties and chemical activity of 

porous nanostructures. Deeper insight is necessary to better understand 

environmental factors on surface segregation and how the surface layer affects 

chemical, optical, or mechanical properties of nanowires. Also the time 

dependence of the segregation process is of great interest concerning the 

applicability of ultrathin nanowires in devices. Surface segregation of AuAg 
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nanowires also creates new opportunities. Considering the possibility of complete 

segregation of alloy nanowires by aging might enable the production of core-shell 

nanowires. Likewise, ultrathin nanowires or nanotubes could be produced by 

selective removal of one of the components of core-shell nanowires.  

Our field emission studies of nanocone arrays shows that fundamental 

understanding of the process can only be achieved by analyzing the emission of 

single nanocones. The fabrication of single nanocones is challenging and needs 

to be optimized, in particular, regarding the etching process of single ion tracks 

and the manipulation of single nanochannels and nanocones samples. 

The tip-to-base cone synthesis process demonstrated in this work with gold may 

also be applied to a large variety of materials like metals, semiconductors, and 

conductive polymers. Thus, arrays of vertically aligned freestanding nanocones 

with tunable geometry and densities open interesting new perspectives for many 

other applications. 
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Symbols 
AuCN Au(1)-cyanide electrolyte 

AuNC Gold nanocone 

AuSF Au(1)-sulfite electrolyte 

BF Bright field 

𝐶𝑂
∗   Electrolyte bulk concentration 

CuC Lacey-carbon/copper TEM grids 

CV Cyclic voltammogram/voltammetry 

EDX Energy dispersive X-ray 

Eon Onset field 

FE Field emission 

FN Fowler-Nordheim 

HAADF High-angle annular dark-field 

Imax Breakdown current 

𝑗, 𝑗0, 𝑗𝐿  Current density, exchange current density, limiting 

current density 

M Atomic mass / molar mass 

MeOH Methanol 

𝑛  Number of charge of the ion/number of electron 

involved in a chemical reaction 

NaOH Sodium hydroxide 

NC Nanocone 

NW Nanowire 

Ø, Øa, Øc, Øtip, 

Øbase 

Diameter, Tip diameter of the field emission anode, 

Nanochannel diameter, Cone tip diameter, Cone base 

diameter 

PAuNW Porous gold nanowire 

PC, PCM, PCP Polycarbonate, Makrofol PC, Pokalon PC 

SEM Scanning electron microscopy 

SiN Silicon nitride TEM grids 

STEM Scanning transmission electron microscopy 

TEM Transmission electron microscope 

UV Ultra-violet 

𝒗𝒃  Bulk etching rate 
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𝒗𝒓  Radial etching rate 

𝒗𝒕  Track etching rate 

XRD X-Ray diffraction 

Z Atomic number 

𝛽  Field enhancement factor 
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