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ABSTRACT 

 

Substrate-based nanostructures are of great importance due to their applications in 

microelectronic devices, chemical sensors, catalysis and photovoltaics. This dissertation 

describes a novel fabrication technique for the formation of periodic arrays of substrate-

based nanoparticles. The prescribed route, referred to as dynamic templating, requires 

modest levels of instrumentation consisting of a sputter coater, micrometer-scale shadow 

masks and a tube furnace. The route has broad applicability, having already produced 

periodic arrays of gold, silver, copper, platinum, nickel, cobalt, germanium and Au–Ag 

alloys on substrates as diverse as silicon, sapphire, silicon–carbide, and glass. The newly 

devised method offers large-area, high-throughput capabilities for the fabrication of 

periodic arrays of sub-micrometer and nanometer-scale structures and overcomes a 

significant technological barrier to the widespread use of substrate-based templated 

assembly by eliminating the need for periodic templates having nanoscale features. 

Because this technique only requires modest levels of instrumentation, researchers are 

now able to fabricate periodic arrays of nanostructures that would otherwise require 

advanced fabrication facilities.  
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CHAPTER 1 INTRODUCTION 

 

 Problem statement 1.1

 

At the cornerstone of the electronic industry is a processing science dedicated to 

the fabrication of wafer-based materials and interfaces with well-defined properties 

situated at well-defined locations. This industry is now facing the challenges associated 

with defining features on nanometer length-scales. Meeting these challenges will enable a 

broad range of potential applications with a scope that includes biological [1], [2] 

chemical [3], [4] and light sensors [5] photovoltaics [6] plasmonics [7] nanoscale 

electronics [8] magnetic memory [9] metamaterials [10] catalysis [11] and applications 

based on seeded nanowires. [12] Photolithographic techniques have responded to these 

challenges through advancements which now provide a reliable route for the fabrication 

of structures on substrates having nanoscale features. The high cost of these lithographic 

techniques, however, limits their accessibility to only the most advanced fabrication 

facilities. There is, therefore, a need for alternative fabrication methods which overcome 

this shortcoming. The invented method called dynamic templating answers this issue and 

delivers an inexpensive, reliable procedure by combining bottom-up and top-

down approaches to produce ordered nanostructures on a substrate. The work carried out 

is organized into seven chapters as described in the next section. 

 

 

http://www.esf.edu/efb/parry/Insect%20Ecology%20Reading/HunterPrice1992.pdf
http://www.esf.edu/efb/parry/Insect%20Ecology%20Reading/HunterPrice1992.pdf
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 Thesis overview 1.2

Chapter 2 presents background information which describes existing methods for 

the fabrication of periodic arrays of wafer-based nanostructures as well as the advanced 

applications which they enable. It then goes on to describe two existing lithography-free 

fabrication routes which offer a high-throughput, inexpensive route for patterning 

substrate-based arrays of nanostructures. The concept of thermal dewetting of thin films 

is then introduced; this procedure is the most cost-effective and straightforward method 

for the fabrication substrate-based nanostructures, but which results in nanostructures of 

random size and placement.  

Chapters 3 and 4 describes the devised assembly process where emphasis is 

placed on providing a fundamental understanding of the underlying mechanisms 

governing the nanostructure assembly process. It presents the materials characterization 

used to establish the processing science, obtain best-practice protocols and confirm the 

assembly of high quality arrays.   

Chapter 5 describes advancements made to the dynamic templating technique and 

details how the periodic arrays formed using this method can be utilized to obtain 

nanostructures with more intricate geometries. Three examples are provided: (i) periodic 

arrays of gold nanoparticles are confined between a palladium foil and the supporting 

substrate which, when exposed to elevated temperature, induces the concurrent migration 

of gold atoms to the foil and palladium atoms to the substrate; this procedure results in 

the formation of a periodic array of highly faceted palladium nanoparticles situated at the 

precise locations formerly occupied by the gold, (ii) periodic arrays of silver 
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nanoparticles are exposed to a solution-based galvanic replacement reaction where an 

oxidation-reduction reaction transforms the silver nanostructures into hollow Au-Ag or 

Pt-Au nanoshells and (iii) periodic arrays of gold nanostructures are exposed to a 

germanium vapor which sees them transformed into a eutectic liquid which, upon 

cooling, phase separates into a Au-Ge heterostructure. 

Chapter 6 describes a vapor-liquid-solid (VLS) growth mode used in the synthesis 

of inorganic nanowires. Such nanowires are of interest for their applications in 

photovoltaics, catalysis and chemical sensing. This VLS technique, was used to form 

SiOx nanowires and nanotubes. Presented is the procedure used where emphasis is placed 

on detailing the influence of growth temperature and annealing regimen on the 

morphology of the fabricated structures.  

Chapter 7 summarizes the work carried out and details future studies which could 

both further the mechanistic understanding of dynamic templating and advance its 

capabilities to the point where it is a formidable nanostructure fabrication technology. 
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CHAPTER 2 BACKGROUND INFORMATION 

 

Photolithographic techniques, which have been the mainstay of the semiconductor 

industry, are responding to the need for fabrication of devises with features in nanoscale 

through the introduction of increasingly sophisticated techniques which include 193 nm 

immersion lithography [13] extreme ultraviolet lithography [14] interference lithography 

[15] and step and flash imprint lithography.[16] Associated with these advanced 

techniques are technological and economic barriers which limit their access to all but the 

most-sophisticated fabrication facilities. In response to these technically demanding cost-

prohibitive routes has been the development of a multitude of unconventional 

lithographic techniques focused on the formation of patterned photoresist materials.[17]–

[20] While far less cost-prohibitive, each of these routes faces their own distinctive 

technological hurdles. Other unconventional routes avoid the use of photoresist materials, 

instead opting for the use of nanoscale apertures (e.g. nanosphere lithography [21] stencil 

lithography [22], [23]) or the direct imprinting of metallic structures.[24], [25]. These 

techniques, while yielding impressive results, have not yet demonstrated the scalability 

and high-throughput characteristics needed for wafer-scale integration. In contrast, low-

cost self-assembly processes have proved quite effective in the formation of substrate-

supported nanostructures with arbitrarily small dimensions, but where their accurate 

placement has proved exceedingly difficult. Notable procedures giving rise to the near-

random formation of nanostructures on substrate surfaces include thermal dewetting [26] 

vapor phase epitaxy [27] the linking of solution-formed nanostructures [28] spinodal 

dewetting [29] and microwave plasma-induced dewetting.[30] Among these, the thermal 
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dewetting of ultrathin continuous films stands out as both cost-effective and, from a 

technical standpoint, straightforward.  

 Lithography-Free Patterning Techniques 2.1

Photolithography, which is integral to the semiconductor industry, involves the 

use of many sophisticated steps to form the desired pattern on the surface of a wafer. The 

steps required include the fabrication of shadow masks, applying photoresist, developing, 

etching, and lift-off. Such techniques have become increasingly sophisticated as the 

feature-size has been reduced to the nanoscale. These factors have made 

photolithography expensive and has limited the use of its leading-edge capabilities to the 

microelectronics industry, government national labs and the most well-equipped research 

institutions. There is, thus, great interest in the development of alternative approaches to 

nanofabrication, which would allow researchers at reasonably equipped research 

institutions to fabricate substrate-based nanostructures at well-defined positions and use 

them in the prototyping of devices. In the next section, two of these methods, referred to 

as nanosphere lithography and stencil lithography, are introduced and their advantages 

and limitations are discussed. 

2.1.1 Nanosphere Lithography 

The major challenge in the formation of nanostructures on the surface of a 

substrate is the fabrication of the lithographic mask exhibiting the desired nanopattern. It 

is this pattern which is subsequently transferred to the wafer. Nanosphere lithography 

(NSL) addresses this difficulty by exploiting the self-organization of nanospheres on a 

substrate surface in a closed-packed pattern. Once formed, the pattern can act as a 

shadow mask through which material is deposited.[21] Such material is either intercepted 



 

6 

 

by the nanospheres or reaches the substrate by passing through the six-fold symmetric 

pattern of gaps between close-packed nanospheres. Using this technique, it is possible to 

make periodic arrays of substrate-based nanoparticles [31], nanowires [32], and nanorods 

[33]. 

The nanospheres, which are made of polystyrene, are typically stored as a 

suspension in water. Their diameter can be varied from 20 to 1000 nm, with less than a 

2% variation in size [21]. In the first step of NSL technique, polystyrene (PS) 

nanospheres are dropped on a hydrophilic substrate using one of a variety of techniques 

such as spin coating or drop coating [34]. Once on the surface, these spheres assemble to 

form a 2D crystal structure as is shown schematically in Figure 2.1a. The material 

deposited through the spaces between the spheres forms the nanostructures on the 

substrate. Figure 2.1b shows an array of silver nanoparticle made using NSL.[21] 

 

Figure  2.1 a) Schematics of 2D crystal structure made of polystyrene spheres (PS), and 

b) an AFM image of an array of silver nanoparticles made with NSL [21] 

 

In order to enhance the ordering of the nanospheres, a sodium dodecyl sulfate 

solution can be added to the colloidal solution. Figure 2.2 compares the assembly of 



 

7 

 

nanospheres into close-packed structures with and without the use of this binding agent. 

[35] Using NSL, it is possible to make an array of substrate-based nanostructures over an 

area of approximately 100 µm
2
 which has both long range order and is near defect-free 

[21]. 

 

 

 

Figure 2.2  Images of polystyrene spheres formed in a close-packed structure on a 

substrate where (a) many defects are disrupting the pattern and (b) where long range 

order is enhanced through the use of sodium dodecyl sulfate (reproduced with permission 

from [35]).  

 

NSL can be combined with other techniques to produce more intricate 

nanostructures. For example, Lai et. al. [33] fabricated SiGe nanorod arrays by 

combining NSL with chemical etching. In the first step (Figure 2.3a), silicon-germanium 

is deposited on a p-type silicon wafer using chemical vapor deposition. Then polystyrene 

nanospheres are dropped from the colloidal solution onto the substrate (Figure 2.3b). In 

the next step, the combination is etched in an oxygen plasma to open up the spaces 

between the polystyrene spheres. This is followed by the deposition of a 30 nm thick gold 
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film onto the substrate. This gold pattern then acts as the reactive sites for the next step 

which is the chemical etching of the sample in a solution of (2:1:2:5 (v/v) 

HF/H2O2/C2H5OH/DI water mixture). The chemical etchant forms channels on the 

substrate in an ordered manner resulting in the SiGe rods shown in Figure 2.4. 

 

Figure 2.3 TEM image and schematic diagram illustrating the fabrication process used to 

obtain SiGe nanorods. a) A TEM image of the Si0.8Ge0.2 epilayer deposited on a SiGe 

buffer layer. The fabrication steps include: (b) dropping PS nanospheres on the surface, 

(c) an RIE treatment which reduces the size of the PS spheres, (d) the deposition of a 30-

nm-thick Au film. (e) carrying out Au-assisted wet chemical etching, and (f) the removal 

of the gold layer by an Au etchant. (reproduced with permission form [33]) 

 

Figure 2.4 shows the nanorods fabricated using a combination of NSL and metal 

assisted etching. The polystyrene spheres used for the patterning, stay on top of the 
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nanorod after the termination of this process. Changing the etching time influences the 

size of the mushroom shaped nanorods as can be seen in Figure 2.4. [33]  

 

Figure 2.4 SEM images of SiGe nanorods fabricated using NSL for different durations of 

the etching time (reproduced with permission form [33]). 

 

Although NSL is a simple and versatile technique for the fabrication of ordered 

nanostructures, it has its shortcomings. For example, NSL is limited to 6-fold symmetric 

patterns and it is difficult to make defect-free patterns over large areas (>1cm
2
) due to 

vacancies which form during the assembly of the nanospheres into a close packed pattern. 

Another problem is formation of multilayers of nanospheres during the assembly process. 

The nanospheres in these layers act to shadow many of the openings in the close-packed 

pattern. 

2.1.2 Stencil lithography 

Stencil lithography is another shadow mask technique which avoids the use of 

lithography. [36] In this technique, a stencil (Figure 2.5) containing nano-scale features is 

placed on a substrate and material is deposited directly through it. The process results in 
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the transfer of the pattern to the substrate surface. This technique has been used to 

successfully create arrays of plasmonic nanorods [37], nanodots [38], and nanowires [36].  

 

 

Figure 2.5 Schematic of the substrate-stencil configuration used in stencil lithography. 

The process transfers the membrane pattern to the substrate by depositing a film through 

the openings in the stencil (reproduced with permission form [36]). 

 

Mena et al. [36] used silicon nitride (Si3N4) as the stencil to fabricate periodic 

arrays of gold nanoparticles using stencil lithography. They then studied their collective 

plasmonic response. The stencil (i.e. the shadow mask) was fabricated using e-beam 

lithography. [39] In this lithographic technique, a focused electron beam is used to write 

the desired pattern on a surface coated with an electron photoresist. In their report, they 

fabricated an array pinholes on the silicon nitride membrane over an area of 40 μm
2
. The 

square holes formed, shown in Figure 2.6a-b, have a feature size of approximately 50 nm, 

where the pitch can be varied as required. The holes have rounded edges because of the 

resolution of e-beam process. For the fabrication of the nanodots, the membrane is fixed 

on the substrate with adhesive tape and 45 nm of gold is deposited through the 

membrane. Figure 2.6c-d shows the array of gold nanodots formed using the same 

stencil. For this technique, there is always a gap between the stencil and the wafer due to 

curvature differences between the wafer and membrane. This inevitably leads to a 
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blurring of the transferred pattern. The effect of blurring is apparent through the 

enlargement of the feature-size and a reduction in the resolution of transferred pattern. 

The blurring, which is a measure of the enlargement of the feature size of deposited 

nanostructure is given by B=Wsb-WSt, where WSt and Wsb are the width of the stencil 

opening and nanostructure deposited, respectively. Based on the geometry of the 

fabrication process, the blurring is estimated by B=G.SM/D, where the various parameters 

are shown schematicallu in Figure 2.7. The typical gap formed between the stencil and 

substrate is estimated to be around 5 μm. This gap also results in the formation of small 

islands between adjacent pedestals as can be seen in Figure 2.7. For this process, the 

stencil can be reused several times, but where an etching solution is required to rid the 

template of the deposited gold, otherwise the size of the openings decreases slightly for 

each successive deposition. [36]  

 Stencil nanoholes Deposited nanodots 

D=50nm 

S=50nm 

 
(a) 

 
(c) 

D=100nm 

S=100nm 

 
(b) 

 
(d) 

Figure 2.6 SEM images of the stencil with feature sizes of (a) 50 nm and (b) 100 nm and  

and (c-d) the periodic nanostructures obtained (reproduced with permission form [36]). 
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Figure 2.7 Schematic showing the source-stencil-substrate geometry used to form a 

nanostructure using stencil lithography. Note the gap between the stencil and substrate 

and the  resulting blurring effect (reproduced with permission form [36]). 

 

It is concluded that there are many challenges facing the use of stencil lithography 

technique which includes controlling the gap between the stencil and the substrate to 

reduce  blurring, clogging of the stencil opening during deposition, the bending and 

fragility of the stencil, and the need to use e-beam lithography in stencil fabrication. [40] 

 

 Thermal dewetting 2.2

 

The most straightforward technique for fabricating substrate-based nanostructures 

is the dewetting of a thin film deposited on a substrate. Dewetting is the thermal 

agglomeration of a metastable film in contact with a substrate due to the solid-state 

diffusion of the atoms. It occurs at a temperature well below the melting point of the film. 

Dewetting can be an undesirable phenomenon for solder joints and circuitry in 

electronics  [41][42], but it can also be exploited as an inexpensive way for forming large 
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area surfaces covered with nanostructures for applications such as catalysis [11], sensors 

[4], hydrophobic surfaces [43], and photonics [44], [45]. This section explains the 

dewetting mechanism from the perspective of both kinetics and thermodynamics and 

describes the factors which play a significant role in the dewetting phenomenon. 

An ultrathin-film deposited on a substrate is in a metastable state because of a 

large number of atoms with unsatisfied bonds on the surface. As a result, heating the film 

provides enough mobility for the atoms to diffuse and find an energetically more 

favorable spot, which minimizes the surface energy of the system and transforms the 

morphology of the film into smaller islands. Figure 2.8 shows the steps involved in the 

dewetting of a thin gold film on a sapphire substrate using molecular dynamic (MD) 

simulations. The modeling was done using the LAMMPS software package. The details 

of the simulation technique are described in Appendix B.  

For the MD simulation, three monolayers of gold are shown as yellow in Figure 

2.8. They are placed on top of a sapphire substrate, which appears green in Figure 2.8, 

where the total area covered by gold is 20 nm × 20 nm. The temperature of the system is 

then increased from room temperature to 1000 °C in 10 nanoseconds and maintained at 

this temperature for another 10 nanoseconds. Snapshots shown in Figure 2.8. illustrate 

the stages of transition of the gold film into multiple structures via solid state diffusion. 

The thermal agglomeration initiates from the grain boundaries and the edges (for a finite 

film) which are the highest energy points of the film  [46] (b). If the thermal energy is 

high enough, a grove can be formed at these boundaries. [11] The groove can grow deep 

during the annealing period and as soon as the grove is deep enough to touch the 

substrate a hole is formed and the film ruptures. (Figure 2.8c). [47] In the second step, 
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atoms at the edge of the holes propagate away from the edge due to capillary instability 

which causes the retraction of the edges and growth of the holes towards the flat area of 

the film. The retraction is generated by high curvatures of the film at the edges, which 

causes mass transport of the atoms from these high energy spots (Figure 2.8 d) and makes 

high aspect ratio islands. (Figure 2.8g). [48], [49] In the last step, the islands will break 

up into smaller islands through a Rayleigh-like instability (Figure 2.8h). [46][50] 

 

 

 

Figure  2.8 Molecular dynamic simulations of the various stages of the dewetting of a 

thin film of gold on a sapphire substrate. 
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The dewetting phenomenon is a temperature dependent process and happens well 

below the melting point of the films. Dewetting can start at temperature as low as 0.2Tm 

and increases by increasing the thickness of the film. Adding impurities can increases the 

dewetting temperature of a thin film by suppressing the grain growth [51] and may be 

used as an strategy to suppress dewetting as an undesirable effect. 

The equilibrium shape of the structures after dewetting is found by minimizing 

the total energy of the structure on the substrate using Young-Laplace Equation [52]: 

γsg = γsf + γfg cosθ   (Eq.1.1) 

where γsg , γsf , γfg are surface energy of the substrate, substrate-film, and film, 

respectively. The equilibrium shape is shown in Figure 2.9. Having the surface energies, 

one can calculate the contact angle of the particle on the substrate using Eq.1.  

 

 

Figure  2.9 Equilibrium configuration of a dewetted particle resting on a substrate as 

described by the Young-Laplace Equation. 

 

In the next chapter, a technique is shown which is able to manipulate this 

conventional dewetting technique in order to gain more control over the diameter and 

placement of the formed nanostructures. Its main feature is that it deploys a sacrificial 
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layer of antimony. Such a layer broadens the applicability of dewetting mechanism to 

elements which do not normally dewet on the substrate due to their low atomic diffusion 

rate.  
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CHAPTER 3  ALTERING THE DEWETTING CHARACTERISTICS OF 

ULTRATHIN GOLD AND SILVER FILMS USING A 

SACRIFICIAL ANTIMONY LAYER 

 Introduction  3.1

As stated in the previous chapter, a new dewetting method has been devised to 

control the size and spacing of the particles obtained on the substrate by adding a 

sacrificial layer between the film and substrate. The solid state dewetting of ultrathin 

films is the most straightforward means of fabricating substrate-supported noble metal 

nanostructures. This assembly process is, however, quite inflexible, yielding either 

densely packed smaller structures or widely spaced larger structures. In this chapter, the 

utility of introducing a sacrificial antimony layer between the substrate and noble metal 

overlayer is demonstrated. Observed is an agglomeration process which is radically 

altered by the concurrent sublimation of antimony. In stark contrast with conventional 

dewetting, where the thickness of the deposited metal film determines the characteristic 

length-scales of the assembly process, it is the thickness of the sacrificial antimony layer 

which dictates both the nanoparticle size and interparticle spacing. The result is a far 

more flexible self-assembly process where the nanoparticle size and areal density can be 

varied widely. Demonstrations show nanoparticle areal densities which are varied over 

four orders of magnitude assembled from the identical gold layer thickness, where the 

accompanying changes to nanostructure size see a systematic shift in the wavelength of 

the localized surface plasmon resonance. As a pliable self-assembly process, it offers the 

opportunity to tailor the properties of an ensemble of substrate-immobilized noble metal 

nanostructures to meet the needs of specific applications. 

 Background 3.2
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Precious metal nanostructures immobilized on substrate surfaces are of 

importance to numerous potential applications in the areas of photovoltaics [6], catalysis 

[11], chemical and biological sensing [4], the formation of nanowires via the vapor-

liquid-solid growth mode [12] and as shadow masks for reactive ion etching[53]. Early 

stage investigations in these emerging fields often relied heavily on substrate-based 

nanostructures derived from the room temperature deposition of continuous ultrathin 

films onto substrates followed by their subsequent agglomeration at elevated 

temperatures[54][55][56][57]. The widespread use of this thermal solid state dewetting 

process, however, was largely reliant on the ease at which such nanostructures can be 

fabricated over large areas, typically produced in a few hours using simple 

instrumentation consisting of a room temperature sputter coater and a tube furnace. Apart 

from this simplicity aspect, the nanostructures produced were unsatisfactory from many 

standpoints as there exists a lack of control over the nanoparticle size distribution, 

spacing and placement on the substrate. As technologies mature the specifications placed 

on the nanomaterials grow increasingly stringent as efforts focus on tailoring the 

collective response derived from an ensemble of nanostructures to meet the requirements 

of a particular application. As a result, the use of the dewetting phenomenon has often 

been marginalized in favor of more sophisticated and often more costly approaches [4], 

[6], [11], [12]. 

 

The dewetting phenomenon is driven by an interplay between thermodynamics 

and kinetics. While thermodynamics always drives the system towards the most 

energetically favorable state, atom kinetics often prevent this state from being reached. 
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This is a simple consequence of the fact that atoms often encounter energy barriers for 

which they have insufficient kinetic energy to overcome, a circumstance which confines 

the system to a metastable state. A continuous ultra-thin metal film deposited on a 

substrate at room temperature exists in such a metastable state if the surface energy of the 

metal is greater than that of the substrate material. Thermodynamics drives such a system 

towards a geometry which reduces the surface area of the metal. This geometry, however, 

is unattainable because the metal atoms lack the kinetic energy required to move 

significant distances across the surface. The net result is a continuous metastable film 

“frozen in place”. Heating such a film drives it towards the equilibrium state, which sees 

it agglomerate into metal nanostructures at temperatures well below the melting point of 

the metal. This process, commonly referred to as dewetting, is typically initiated at holes 

in the film which extend through the film to the substrate surface. Such holes originate 

through grain boundary grooving or at grain boundary triple junctions [26]. 

Agglomeration then proceeds through solid state surface diffusion away from these step 

edges. The process is quite complex with Rayleigh-like instabilities [58], fingering 

instabilities[59], grain boundaries [60] and substrate surface texture [58] all playing a 

decisive role. In general, thinner films dewet at lower temperatures, forming 

nanostructures which are smaller and more densely packed [61]. The nanostructures 

formed are usually well bonded to the substrate, having a contact angle determined by 

surface energy considerations, obeying Young’s equation subjected to retention forces 

[62] for large particle sizes, but where this relationship is altered somewhat on the 

nanoscale [63] The structures formed are also influenced by the crystallographic 

orientation of the substrate [64]and film [65], the lattice mismatch between the substrate 
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and metal [64]. substrate surface reconstructions[27] , nanostructure faceting [66] and 

interface chemistry [67]. 

 

Numerous approaches have been devised to manipulate the dewetting 

phenomenon in an effort to control the placement of the dewetted metal structures as they 

agglomerate on the surface of a substrate. These so-called templated assembly 

techniques, which impose a periodicity onto the dewetting process through the use of 

lithographically-defined film edges [47], [61], [65], [68], [69] periodic templates [61] 

[70], [71]or substrate surface texture [63], [72]–[74] have proved highly successful in 

generating arrayed structures. They are, however, often limited in terms of the minimum 

size and/or areal density of structures achievable. In many cases they are also technically 

challenging and cost-prohibitive. When non-arrayed structures are formed on polished 

substrates there are no such limitations, but there exists limited flexibility in terms of 

tuning the nanoparticle size distribution and interparticle spacing. The size distribution 

can be altered by maintaining the nanostructures at elevated temperatures. This induces 

Ostwald ripening, which is a disproportionate exchange of atoms between the 

nanostructures via substrate surface diffusion which favors larger structures at the 

expense of smaller ones.[75][76]  The step-terrace structures associated with vicinal 

surfaces has also been shown to alter both the nanostructure placement and size 

distribution. [77] Also demonstrated has been the ability to narrow the nanoparticle size 

distribution through the placement of a metal foil with the free surface of the film as it 

dewets [78]. In this case, the larger nanoparticles contact the metal foil and sink atoms to 

it, reducing their size while leaving the smaller nanostructures intact.   
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 Sample preparation and characterization 3.3

Figure 3.1 shows a schematic of the procedure used to obtain substrate-supported 

gold nanoparticles. It begins with the deposition of a sacrificial antimony layer over 

which an ultrathin gold layer is deposited. Heating the layered structure results in the 

agglomeration of gold, but where its dewetting characteristics are strongly influenced by 

the concurrent sublimation of antimony. At the end of the process all the antimony has 

sublimed, leaving immobilized gold nanoparticles on the surface of the substrate. The 

experiments were carried out on (0001)-oriented Al2O3 substrates (i.e. c-plane sapphire). 

This surface is ideal for such studies due to its low surface energy, high chemical and 

thermal stability, crystallographic perfection and high resistance to gold and silver 

interdiffusion. The fact that this substrate is optically transparent in the visible region of 

the electromagnetic spectrum also allows for the straightforward characterization of the 

plasmonic response. The dewetting characteristics of gold on sapphire in the absence of a 

sacrificial antimony layer were mapped out for film thicknesses ranging from 0.7 to 24 

nm. Twenty-four samples were then used to characterize the influence of the antimony 

layer on the gold dewetting process. For this series of samples, four gold film thicknesses 

of 0.7, 2, 4 and 8 nm were each deposited on antimony layers having thicknesses of 2.5, 

5, 7.5, 10, 20 and 40 nm. For the silver dewetting experiments a film thickness of 2 nm 

was deposited on a bare substrate and compared to silver deposited on antimony layers 

having thicknesses of 1.5, 3, 4.5 and 6 nm. All depositions were carried out in a Gatan 

High Resolution Ion Beam Coater using targets with 5 nines purity. The quoted film 

thicknesses are obtained using deposition rates derived from atomic force microscopy 

(AFM) measurements on the step-edges formed though the deposition of films for a set 
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period of time through shadow masks. Films in groups of four, where each had the same 

antimony content, were placed in an alumina crucible and inserted into a tube furnace 

(Lindberg Blue M). Four quartz tubes dedicated to the dewetting of (i) gold, (ii) gold with 

antimony, (iii) silver and (iii) silver with antimony were used in order to prevent cross-

contamination. All experiments were carried under a 100 sccm flow of ultra-high purity 

argon where the tube was thoroughly flushed with argon prior to heating. All gold 

samples used a heating regimen which sees the sample ramped to 900 °C in 45 min 

where it is held for 15 min, after which it is allowed to cool to room temperature over the 

course of a few hours. Samples were then cycled to high temperatures a second time, a 

procedure which proved effective in ridding the sample of trace amounts of antimony. It 

is noted that the four samples having no antimony were also temperature cycled in order 

to obtain fair comparisons. Silver dewetting experiments were also carried out in a 

similar manner, but where the samples were heated to 750
 o

C in 30 min. The lower 

temperature prevented significant silver evaporation. The plasmonic properties of all 

samples were characterized using a JASCO V530 UV-VIS spectrometer. Scanning 

electron microscopy (SEM) images, obtained using either an FEI Quanta 400 SEM or a 

600 ESEM and processed using the ImageJ software [79], were used to obtain 

distributions of the nanoparticle size and spacing.   
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Figure 3.1 Schematic of the procedure used to fabricate substrate-supported gold 

nanoparticles. The process proceeds by (i) depositing a sacrificial antimony layer 

followed by (ii) the deposition of an ultrathin gold film. (iii) The sample is then heated to 

high temperatures to simultaneously induce the dewetting of gold and the sublimation of 

antimony. At the end of the assembly process all the antimony has sublimed leaving 

behind (iv) substrate-supported gold nanoparticles. 

 

Figure 3.2a shows SEM images of nanostructures derived from gold films of 

various thicknesses which have dewet on sapphire substrates. Such images were used to 

extract the dependency of the nanoparticle areal density (Figure 3.2b), the nanoparticle 

diameter (Figure 3.2c) and the interparticle spacing (Figure 3.2d) on the initial gold film 

thickness. Nanoparticle diameters and interparticle spacing were extracted from 

distributions where the plotted value is the histogram maximum. The interparticle spacing 

measurements correspond to the center-to-center nearest-neighbor distances. The overall 

dewetting behavior observed is consistent with previous studies [60][61]and provides 

baseline parameters characteristic of the conventional dewetting process. As the gold film 

thickness is increased from 0.7 to 24 nm there is a nearly four order of magnitude 

decrease in the density of nanoparticles which is accompanied by a continuous rise in 
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both the nanoparticle diameter and interparticle distance. The overall process is, thus, 

characterized by agglomeration which occurs on increasingly larger length-scales as the 

gold layer thickness is increased. The assembly process, thus, yields either densely 

packed smaller structures or widely spaced larger structures. Noteworthy is that for a 

given film-substrate combination little can be done in terms of processing conditions to 

significantly alter this behavior.  

 

Figure 3.2 Summary of the solid state dewetting behavior for gold films deposited on 

(0001)-oriented sapphire substrates. (a) SEM images of gold nanoparticles obtained 

through the dewetting of continuous films for thicknesses ranging from 0.7 to 24 nm 

(scale bar = 2 μm). Extracted from images are the dependencies of the nanoparticle (b) 

areal density, (c) diameter and (d) interparticle spacing on the gold film thickness. The 

lines drawn through the data points are a guide for the eye. 
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Figure 3.3a shows a matrix of SEM images which map out the influence that a 

sacrificial antimony layer has on the dewetting characteristics of ultrathin gold films. 

Each row in the matrix corresponds to the same antimony layer thickness while each 

column corresponds to the same gold thickness. For any individual antimony thickness 

(i.e. the rows of the matrix) the trend is for the nanoparticle size to increase as the 

thickness of the gold layer increases, a trend identical to that observed when gold films 

are deposited directly on a bare substrate. The trend observed as the antimony thickness 

is varied while holding the gold thickness constant (i.e. the columns of the matrix) is, 

however, quite dramatic, showing a remarkable increase in both the nanoparticle size and 

interparticle spacing as can be seen in Figure 3.4 and Figure 3.5 respectively. These 

changes are accompanied by a nearly four order of magnitude change in the nanoparticle 

density (Figure 3.2b). It is also noted that the observed trends continue well outside the 

extent of the matrix shown, ultimately giving rise to micrometer-scale diameter particles 

with interparticle spacing near ten micrometers. This ability to radically alter the 

nanoparticle size, spacing and density while maintaining a constant gold film thickness 

has not previously been demonstrated. To further illustrate this point Figure 3.7 shows 

the SEM images, histograms of the nanoparticle diameter and interparticle spacing, and 

spectra of the extinction efficiency for 2 nm thick gold films dewetted on antimony layers 

of various thicknesses. Evident is a systematic shift in the distributions from smaller to 

larger nanoparticle diameters and from closely to sparsely spaced nanoparticles as the 

thickness of the sacrificial antimony layer is increased. Quite expectedly, the extinction 

efficiency shows a corresponding red-shift in the wavelength of the localized surface 

plasmon resonance (LSPR) resulting from the larger nanoparticles assembled.  
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Figure 3.3 Summary of the dewetting behavior for gold films deposited on a sacrificial 

antimony layer. (a) A matrix of SEM images of gold nanoparticles obtained through the 

dewetting of continuous films of gold deposited on sacrificial antimony layers. For each 

image the gold film thickness used is at the top of the column and the antimony thickness 

is to the left of each row (scale bar = 2 μm). (b) Corresponding plots of the nanoparticle 

density versus the average nanoparticle diameter for each gold film thickness. For each 

plot the seven data points shown correspond to antimony thicknesses of 0, 2.5, 5, 7.5, 10, 

20 and 40 nm (left to right). Excluded from these density calculations are the smallest 

nanoparticles (3% by volume) as they tend to distort the overall trend 
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Figure 3.4 Histograms showing the size distributions of gold nanoparticles obtained 

through the dewetting of continuous films of gold deposited on sacrificial antimony 

layers. Overlaid over each of the nanoparticle size histograms is a normalized plot of the 

cumulative nanoparticle volume. For each image the gold film thickness used is at the top 

of the column and the antimony thickness is to the left of each row. Note that each 

column shows distributions which systematically shift to right as the antimony content is 

increased. 
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Figure 3.5 Histograms showing the distribution of interparticle spacings of gold 

nanoparticles obtained through the dewetting of continuous films of gold deposited on 

sacrificial antimony layers. For each image the gold film thickness used is at the top of 

the column and the antimony thickness is to the left of each row. Note that each column 

shows distributions which systematically shift to right as the antimony content is 

increased. 
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Figure 3.6 Spectra showing the extinction efficiency of the gold nanoparticle 

distributions obtained through the dewetting of continuous films of gold deposited on 

sacrificial antimony layers. For each spectra the gold film thickness used is at the top of 

the column and the antimony thickness is to the left of each row. Note that each column 

shows a LSPR peak position which systematically red-shifts as the antimony content is 

increased. 
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Figure 3.7 Summary of the dewetting behavior for 2 nm thick gold films deposited on 

sacrificial antimony layers with thicknesses of 0, 2.5, 5, 7.5 and 10 nm. Note that 

systematic variations corresponding to the antimony layer thickness used are observed in 

(a) the SEM images of the gold nanoparticles (scale bar = 2 μm), (b) the histograms of 

the nanoparticle size distribution, (c) the histograms of the interparticle spacing and (d) 

the LSPR peak position. Frequency refers to the number of times a particular diameter (b) 

or distance (c) has been observed in the SEM images analyzed. Overlaid over each of the 

nanoparticle diameter histograms (b) is a normalized plot of the cumulative nanoparticle 
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volume for all the histogram bins to the left of the curve. The vast majority of gold atoms 

can thus be found in nanoparticles having dimensions which correspond to the rapid rise 

in the curve. 

Table 3.1 shows the (a) average diameter, (b) its standard deviation and (c) the 

relative standard deviation for the gold nanoparticles shown in Figure 3.4. It is 

noteworthy that there is a systematic increase in the average diameter of the nanoparticles 

with increasing thickness of gold or antimony, but where the trend is not linear. As can be 

seen in the top row of the Table 3.1, increasing the thickness of gold layer from 0.7 nm to 

2 nm results in an increase in the average particle size from 11.8 nm to 15.5 nm, a less 

than 2-fold increase in the diameter. The same row of data shows that increasing the 

thickness of gold from 4 nm to 8 nm results in an increase in the average size of the 

particle from 24.2 nm to 62.8 nm, a more than two-fold increase in the diameter. This 

trend is repeated in the second row where there exists a 2.5 nm thick sacrificial layer of 

antimony. The overall trend in relative standard deviation of the particles shows an 

increase in the size deviation from the mean value as the thickness of gold or antimony is 

increased. The histograms in Figure 3.4 reveal the same effect through the appearance of 

a broad peak in the size distributions of the gold nanoparticles. 

Table 3.2 shows (a) the average interparticle spacing, (b) its standard deviation 

and (c) the relative standard deviation for the gold nanoparticles shown in Figure 3.5. 

Observed in the top rows is a non-linear trend in the particle spacing as the thickness of 

gold is increased from 4 nm to 8 nm.  
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Table 3.1 Statistical analysis of the size distribution of nanoparticles shown in Figure  3.4. 

The tables show the (a) average nanoparticle diameter, (b) standard deviation and (c) 

relative standard deviation. 

D
ia

m
et

er
 

 
Average 

 
Au=0.7 nm Au=2 nm Au=4 nm Au=8 nm 

Sb=0 nm 11.8 15.5 24.2 62.8 

Sb=2.5 nm 19.5 23.8 34.4 84.3 

Sb=5 nm 33.7 50.9 76.2 107.4 

Sb=7.5 nm 84.3 78.4 96.5 118.7 

Sb=10 nm 90.0 111.2 106.3 134.9 

 
    

 
Standard Deviation 

 
Au=0.7 nm Au=2 nm Au=4 nm Au=8 nm 

Sb=0 nm 3.3 5.4 9.5 27.3 

Sb=2.5 nm 5.6 8.7 14.0 37.7 

Sb=5 nm 17.2 17.9 28.8 54.5 

Sb=7.5 nm 32.3 20.5 29.7 48.4 

Sb=10 nm 48.4 39.0 48.9 62.6 

 
    

 
Relative Standard Deviation 

 
Au=0.7 nm Au=2 nm Au=4 nm Au=8 nm 

Sb=0 nm 27.8 34.7 39.3 43.5 

Sb=2.5 nm 28.9 36.6 40.7 44.7 

Sb=5 nm 51.2 35.2 37.7 50.7 

Sb=7.5 nm 38.2 26.2 30.8 40.8 

Sb=10 nm 53.7 35.0 46.0 46.4 
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Table 3.2 Statistical analysis for the distributions of the interparticle spacings 

shown in Figure 3.5. The tables show the (a) average spacing, (b) standard deviation. (c) 

relative standard deviation. 

in
te

rp
ar

ti
cl

e 
sp

ac
in

g
 

 
Average 

  Au=0.7 nm Au=2 nm Au=4 nm Au=8 nm 

Sb=0 nm 24.6 24.3 36.2 97.8 

Sb=2.5 nm 37.4 42.9 50.5 141.5 

Sb=5 nm 110.4 127.0 152.6 183.5 

Sb=7.5 nm 277.5 186.9 210.8 235.1 

Sb=10 nm 317.2 255.5 216.7 250.1 

      

 Standard Deviation 

  Au=0.7 nm Au=2 nm Au=4 nm Au=8 nm 

Sb=0 nm 6.2 5.5 8.9 24.0 

Sb=2.5 nm 9.5 10.7 12.5 33.1 

Sb=5 nm 45.6 30.1 31.2 40.9 

Sb=7.5 nm 93.9 43.3 45.5 46.3 

Sb=10 nm 121.2 77.4 58.5 64.3 

      

 Relative Standard Deviation 

  Au=0.7 nm Au=2 nm Au=4 nm Au=8 nm 

Sb=0 nm 25.0 22.8 24.6 24.5 

Sb=2.5 nm 25.5 24.9 24.8 23.4 

Sb=5 nm 41.3 23.7 20.5 22.3 

Sb=7.5 nm 33.8 23.1 21.6 19.7 

Sb=10 nm 38.2 30.3 27.0 25.7 

 

 



 

34 

 

 

 

Silver nanoparticles were also assembled on sapphire substrates using a sacrificial 

antimony layer. Figure 3.8 shows the SEM images, histograms of the nanoparticle 

diameter and interparticle spacing, and spectra of the extinction efficiency for 2 nm thick 

silver films dewetted on antimony layers of various thicknesses. In a manner quite similar 

to gold nanoparticle assembly, there exists a systematic increase in the nanoparticle 

diameter and interparticle spacing as well as a red-shift in the LSPR peak position as the 

antimony layer thickness is increased. There are, however, a number of key differences. 

Foremost is the larger characteristic length-scale over which silver agglomerates 

compared to gold. There also exists a discontinuity in the trends for nanoparticle size and 

interparticle spacing as the thickness of the antimony layer transitions from 3 to 4.5 nm. 

The silver nanoparticles also show a stronger tendency to facet. 
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Figure 3.8 Summary of the dewetting behavior for 2 nm thick silver films deposited on 

sacrificial antimony layers with thicknesses of 0, 1.5, 3, 4.5 and 6 nm. Note that the (a) 

SEM images of the silver nanoparticles (scale bar = 2 μm), (b) histograms of the 

nanoparticle size distribution, (c) histograms of the interparticle spacing and (d) 

extinction efficiency spectra all show trends similar to that observed for gold. 
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 Discussion 3.4

The results presented demonstrate that the introduction of a sacrificial antimony 

layer results in an assembly process which is far more flexible. In contrast with 

conventional dewetting, where the characteristic length-scales of the assembly process 

are driven by the thickness of the gold film, the nanoparticle size and interparticle 

spacing are largely determined by the thickness of the sacrificial antimony layer. The end 

result is a self-assembly process where the gold layer thickness determines the quantity of 

gold to be agglomerated, while the antimony layer thickness dictates the characteristic 

length-scale over which the agglomeration occurs. This distinction allows for a pliable 

assembly process where the nanoparticle size and areal density can be varied 

independently, the result of which is a process yielding substrate surfaces supporting gold 

nanostructures with characteristic length-scales unattainable via the conventional route. 

The incorporation of a sacrificial antimony layer into the assembly process also has its 

shortcomings. Most notable is the trend toward increasing widths in the nanoparticle size 

distributions as both the gold and antimony layer thickness is increased. For such samples 

the assembly process gives rise to large nanoparticles containing most of the gold initially 

deposited, but which are surrounded by numerous smaller nanoparticles. This deficiency 

is most acute for the gold nanoparticles assembled from the 8 nm gold film deposited on 

a 10 nm sacrificial antimony layer, where 50% of the nanoparticles account for only 10% 

of the nanoparticle volume as can be seen in Figure 3.4. With so many low volume 

nanoparticles, Ostwald ripening and/or evaporation [80] provides an obvious avenue for 

significantly narrowing the size distribution; this was not pursued in this comparative 

study so as to maintain consistency in the processing conditions. 
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The overall role the sacrificial layer plays is to enhance the areal extent over 

which the dewetting occurs, where control is attained through adjustments to the layer 

thickness. The effectiveness of antimony as the sacrificial layer stems from a set of rather 

unique properties associated with both it and the combined gold–antimony binary system. 

Antimony readily sublimates at temperatures where the gold assembly occurs. It has a 

surface energy well below that of most common metals [81], a property which makes it 

more prone to the wetting of surfaces. In the solid state it is nearly immiscible with gold 

(miscibility 0.75 wt% Sb). This immiscibility results in the inhibition of antimony 

sublimation when coated with a gold layer [71] as the incompatibility of these two 

elements imposes a barrier to a process which would otherwise see the interdiffusion of 

antimony through the gold overlayer followed by its subsequent release from the surface. 

At sufficiently elevated temperatures, however, immiscibility gives way to miscibility as 

antimony and gold intermix, forming a low temperature eutectic (TE = 360 °C). The 

silver–antimony binary system shares many of these same features, but where both the 

eutectic temperature (TE = 485 °C) and antimony miscibility in silver (miscibility 8 wt% 

Sb) are significantly higher. 

The mechanisms guiding the enhancements to the areal extent over which the 

gold agglomeration are discussed in more detail in the next chapter within the context of 

the templated assembly of ultrathin gold layers deposited atop antimony pedestals [71].  

For the current scenario, it was observed that the gold layer inhibits antimony sublimation 

from the pedestal top. Antimony sublimation from its sides, however, is uninhibited. It is 

the resulting advancement of the sublimation fronts from all sides toward the center of 

the pedestal which rapidly drives the agglomeration of gold to a single location as the 
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antimony supply is steadily reduced to the point of exhaustion. Also crucial to the 

assembly process is the simultaneous dissolution of antimony into the gold overlayer, a 

process which induces a reactive  wetting [71] process and leads to the formation of a 

gold–antimony eutectic at the interface. In the initial stages of the assembly process, the 

gold film must rupture in order to generate the antimony sublimation fronts required to 

initiate the assembly process. The initiation of the dewetting process by rupturing the film 

is not unique to the assembly process studied here. In fact, conventional solid state 

dewetting is reliant on the formation of voids at grain boundary defects which extend 

from the surface of the film to the underlying substrate from which atoms retreat. In 

situ monitoring of this conventional dewetting process [60] reveals that the entire film 

dewets from these voids through a repetitive process which sees the edge thicken, 

become unstable due to Rayleigh-like instabilities, shed material to form isolated islands 

and then thicken again. While similar monitoring will be required to delineate the exact 

processes by which films agglomerate in the presence of a sacrificial antimony layer, a 

number of factors relevant to the assembly process can, at this point, be articulated.  

The interface between the noble metal and sacrificial antimony layer, over the 

course of the assembly process, evolves from one formed between two nearly immiscible 

solid state components to one which is a liquid eutectic [71] .While the propagation of the 

sublimation front drives the agglomeration process, the mere presence of the interface in 

the absence of this front favors kinetic processes which tend to maintain a continuous 

film on its surface. Studies of the antimony–silver interface, for example, demonstrate the 

effectiveness of antimony as a kinetically active surface agent (i.e. surfactant mediated 

epitaxy [82], [83]) able to transform the silver thin film growth mode from one which 
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sees islands form and merge (i.e. the Volmer–Weber mode) to one where a single 

continuous layer forms before the growth of the next layer is initiated (i.e. the Frank–

van der Merwe mode) [84], [85]. It is noteworthy that both experiment and calculations 

based on density-functional theory [86] show that the presence of antimony promotes the 

formation of smooth silver films while maintaining an interface which remains 

segregated. Such behavior is likely to be in opposition to the agglomeration of silver 

while on the surface of antimony. It would not be unexpected if the gold–antimony 

interface behaved similarly. Also in opposition to agglomeration processes is the kinetics 

associated with the formation of the eutectic. As antimony dissolves into the noble metal 

overlayer, the resulting dissolution is likely to promote non-equilibrium reactive 

wetting [87]–[89] which will also tend toward maintaining a continuous layer. Such 

tendencies toward maintaining film continuity are likely to play a pivotal role in 

increasing the characteristic length-scale over which the film ultimately agglomerates by 

limiting the number of locations where the film ruptures. In terms of maintaining the film 

continuity, thicker noble metal layers are expected to be more robust and, as a result, 

rupture in fewer locations. Once the sublimation front arrives it will override all of these 

wetting tendencies, activating the agglomeration process and cutting off the supply of 

antimony upon which these tendencies are reliant. 

Attempts to use antimony pedestals to promote the templated assembly of a wide 

variety of elements (discussed in Chapter 4) revealed that the formation of a eutectic at 

the interface was crucial in promoting agglomeration over large length-scales [71] 

Antimony was relatively ineffective in promoting the agglomeration of elements for 

which it does not share a low temperature eutectic. This limitation, however, was 
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overcome through the introduction of a thin bismuth layer at the interface which becomes 

liquid during the assembly process. With the need to maintain a liquid interface, it is not 

unexpected that the antimony–gold ratio is critically important for the assembly process 

described in the present paper. Results indicate that as long as there remains an ample 

supply of antimony the gold assembly seems relatively unencumbered over large length-

scales. It, therefore, follows that the assembly mechanism is inhibited when utilizing a 

low antimony–gold ratio due to a lack of antimony. In this regime, the sublimation fronts 

will locally decrease the relative antimony-to-gold ratio as it drives gold forward and 

exhausts the antimony supply through sublimation. Both of these factors will eventually 

drive the system from the liquid to the solid phase field of the binary phase diagram. 

Should this occur, the motion of the advancing front will be impeded, taking on a 

character more akin to conventional solid state dewetting which will shed material in the 

form of isolated islands due to Rayleigh-like instabilities. After the material is shed, 

however, a new sublimation front will emerge and the process will be repeated. The fact 

that the SEM images consistently show parallel lines and concentric arcs of 

nanostructures, provide evidence for the existence of these propagating fronts and also 

indicate that they are large compared to the interparticle spacing. When thicker antimony 

layers are used, but where the gold thickness is held constant, the sublimation front will 

propagate further before shedding material, yielding larger nanostructures in the process. 

If the break between the island structures and the new sublimation front is disorderly, it 

could spawn the formation of many small antimony islands containing small quantities of 

gold. The subsequent assembly of these structures would account for the high number of 
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smaller nanostructures observed when both the noble metal and antimony layer 

thicknesses are large. 

 Summary 3.5

In summary, a new pathway has been devised for the assembly of noble metal 

nanostructures utilizing the dewetting phenomenon which allows for control over the 

nanostructure size and interparticle spacing. By merely varying the thickness of a 

sacrificial antimony layer placed between the substrate surface and the overlying metal 

film, it is now possible to dictate the characteristic length-scales over which the 

agglomeration occurs. For a given metal thickness a thicker sacrificial layer will give rise 

to larger structures of low density, while a thinner layer gives rise to a high density of 

smaller structures. The assembly route allows one to tailor the nanoparticle size and 

spacing to meet the needs of specific applications. As solar cell enhancement agents [6] 

seeds for the catalytic growth of nanowires [12] and as nanoscale masks for reactive ion 

etching [53] the resulting ensembles of noble metal nanostructures could prove 

particularly attractive. 
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CHAPTER 4 DYNAMIC TEMPLATING, FABRICATION PROCEDURE AND 

RESULTS 

 

 Introduction 4.1

In the preceding chapter, the utilization of introducing antimony to alter the 

dewetting dynamics of thin films of gold deposited on a substrate was discussed. This 

effect can be exploited to fabricate ordered nanostructures on a substrate. In this chapter, 

a substrate-based templated assembly route is introduced which offers large-area, high-

throughput capabilities for the fabrication of periodic arrays of sub-micrometer and 

nanometer-scale structures. The approach overcomes an important technological barrier 

to the use of substrate-based templated assembly by eliminating the need for periodic 

templates having nanoscale features. Instead, it relies upon the use of a dynamic template 

with dimensions that evolve in time from easily fabricated micrometer dimensions to 

those on the nanoscale as the assembly process proceeds. The dynamic template consists 

of a pedestal of a sacrificial material, typically antimony, upon which an ultrathin layer of 

a second material is deposited. When heated, antimony sublimation results in a 

continuous reduction in template size where the motion of the sublimation fronts direct 

the diffusion of atoms of the second material to a predetermined location. The route has 

broad applicability, having already produced periodic arrays of gold, silver, copper, 

platinum, nickel, cobalt, germanium and Au-Ag alloys on substrates as diverse as silicon, 

sapphire, silicon-carbide, graphene and glass. Requiring only modest levels of 

instrumentation, the process provides an enabling route for any reasonably equipped 

researcher to fabricate periodic arrays that would otherwise require advanced fabrication 

facilities. It is noted that, for the purpose of clarity, many of the experimental details 
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regarding the dynamic templating process are included in this thesis as Appendix B. 

Appendix B provides a step-by-step procedure for fabricating periodic arrays of gold, a 

procedure whose aim is to provide guidance to future graduate students carrying out the 

dynamic templating process. 

 

 

 Background 4.2

The deposition of a high surface energy thin film on a low surface energy 

substrate, followed by its subsequent dewetting and agglomeration into droplets at 

elevated temperatures, is the most straightforward method for obtaining substrate-based 

nanostructures. The mechanisms governing this dewetting phenomenon, however, are 

quite complex and are influenced by the film thickness [61] the crystallographic 

orientation of the substrate [64] and film [65] substrate surface reconstructions 
 
[27] the 

substrate-film lattice mismatch [64] faceting [66] and interface chemistry.[67] This 

multitude of factors leads to limited control over and a randomness in the nanoparticle 

size distribution, spacing and placement.  

The imposition of a periodicity onto the dewetting using lithographically-defined 

film edges [61], [65], [68], [90]–[92] periodic templates [61], [70] or substrate surface 

texture [72]–[74] has been demonstrated. To carry out these so-called templated 

dewetting procedures on the nanoscale, however, requires that order be imposed by 

patterns having nanoscale features. For example, when a film is deposited on a substrate 

and subsequently patterned to form a square with width 'w' and thickness 'h', there exists 
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a pattern-width-to-film-thickness ratio (i.e. w/h) below which it is able to agglomerate 

into a single structure when heated and above which it breaks up into multiple structures. 

This ratio is, under ideal circumstances, often below 100. [93] Calculations based on this 

value reveal that pattern widths of less than 200 nm are typically required for the 

agglomeration of 50 nm nanostructures. Producing periodic templated structures on these 

length-scales over large areas in a manner which preserves long range order becomes 

technically challenging and cost-prohibitive, negating the main advantage of using the 

templated dewetting route. An alternative approach uses easily fabricated micrometer-

scale templates to produce an array of larger structures which are subsequently reduced in 

size through the use of surface energy gradients [78] or high temperature anneals. [61] 

Maintaining control over the process, however, becomes increasingly challenging as the 

nanoparticle length-scale is reduced. Here, we report on an assembly route, referred to as 

dynamic templating, which yields w/h ratios two orders of magnitude higher than that 

observed for conventional dewetting techniques. The discovery enables the templated 

assembly of nanostructured arrays using templates having easily manufactured 

micrometer-scale features.  

 

 Results 4.3

The processing route used to fabricate periodic arrays of sub-micrometer and 

nanometer-scale gold structures is shown schematically in Figure 4.1a A shadow mask 

consisting of a periodic array of openings is placed over the substrate. Deposited through 

this mask onto the substrate is a thicker sacrificial layer followed by a second ultrathin 

gold layer which ultimately assembles to form the gold structures. Antimony was chosen 
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as the sacrificial layer because it readily sublimates in the temperature regime where gold 

films typically dewet and it has a much lower surface energy than gold [81] an attribute 

which promotes gold agglomeration. The shadow mask is then removed and the 

remaining layered structure is heated to temperatures amenable to solid state dewetting. 

In contrast to conventional templated dewetting, where the gold structure is formed on a 

substrate material, the gold must now agglomerate upon a sacrificial antimony pedestal 

which is simultaneously being annihilated as antimony atoms leave the structure through 

sublimation. This reduction in pedestal area results in a forced migration of the 

agglomerating gold atoms to the center of the structure. Once all the antimony is driven 

from the substrate surface through sublimation, a single gold structure is left in the center. 

The terminology “dynamic template” has been adopted to describe the shrinking 

antimony pedestal. It is used to contrast its dynamic nature with the passive templates 

used in conventional templated assembly. The nomenclature of passive and dynamic 

templating will, hence, refer to the conventional and newly devised fabrication route, 

respectively, but where it should be recognized that the devised route combines both 

passive (i.e. the shadow mask) and dynamic templating. Dynamic templating has been 

used to fabricate large-area arrays such as the one shown in Figure 4.1b.  
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Figure 4.1 (a) A schematic of the dynamic templating process used to assemble periodic 

arrays of sub-micrometer and nanometer-scale gold structures. The process proceeds by 

(i) applying a shadow mask to the substrate, (ii) depositing antimony through the mask to 

form the dynamic template, (iii) depositing the gold onto the dynamic template, (iv) 

removal of the shadow mask, and then (v) heating the sample to induce both gold 

agglomeration and antimony sublimation until (vi) only a periodic array of gold 

structures remain. (b) An SEM image of a large-area array of sub-micrometer gold 

structures produced using dynamic templating. The inset is a high magnification image of 

an individual gold structure presented from a 65° tilt side-view (scale bar = 1 μm). 

 

Figure 4.2a shows SEM images obtained from a series of samples where the 

dynamic templating process was interrupted at various stages by heating and then 

quenching gold-topped antimony pedestals from progressively higher temperatures. This 

series is contrasted with standalone antimony pedestals quenched from the identical 

temperatures (Figure 4.2b). Immediately evident is that the standalone pedestals retain 

their original areal dimensions as they sublimate, break-up and ultimately disappear from 

the substrate surface. This behavior is consistent with antimony having a surface energy 

that is lower than the underlying substrate and where sublimation is primarily through the 

loss of atoms from the top surface of the pedestal due to its much higher surface area. In 

contrast, the dynamic templating process is characterized by well-defined edges which 

retract in an organized manner as they diminish in size from the original pedestal 
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structure to a single near-hemispherical gold nanostructure. For this case, gold inhibits 

the loss of antimony from the top of the pedestal, the result of which is a sublimation 

process dominated by the loss of atoms from the pedestal sides. 
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Figure 4.2 SEM images showing the evolution of (a) 5μm  5μm  200 nm antimony 

pedestals topped with 0.25 nm of gold (i.e. dynamic templating) and (b) identical 

standalone antimony pedestals as they are heated to various temperatures and then 

quenched. Note that as the antimony sublimates the gold-topped pedestals retract from 

the edges defined by the shadow mask while the standalone pedestals break-up prior to 

complete annihilation through sublimation. It is noted that the arrayed structures imaged 

at 615 °C are still antimony-rich (55 wt.% Sb), but where further heating drives away the 

remaining antimony. The scale bar is 10 µm. 

 

Figure 4.3 shows a comparison of the results obtained when using passive and 

dynamic templating for gold films of two different thicknesses (5 and 0.5 nm) where each 

was exposed to the same heating regimen. For the 5 nm case, passive templating yields as 

many as 40 nanoparticles/cell, while dynamic templating yields a single near-

hemispherical gold structure (radius = 385 nm) in the center of each cell having a volume 

equal to the combined volume of the smaller nanoparticles. For the 0.5 nm thick sample 

the difference is even more striking, showing nearly negligible agglomeration for passive 
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templating while, once again, showing a single hemispherical nanoparticle per cell 

(radius = 175 nm) for the dynamic template. The result demonstrates that the dynamic 

template can support dewetting into a single structure for w/h ratios as large as 10,000 

(i.e. a 5 μm pattern width divided by a 0.5 nm gold film thickness). Passive templating, 

on the other hand, is limited to ratio values of approximately 50 for the gold patterns 

deposited on sapphire. Herein lies the most important advantage of dynamic templating: 

it enhances the dewetting to the extent that easily manufactured shadow masks, having 

micrometer-scale features, can yield periodic arrays of nanoscale structures. This is in 

stark contrast to conventional templating techniques where nanoscale structures are only 

formed when the template has nano-scale features. [94] 

 

Figure 4.3 A comparison showing the advantage of dynamic templating over 

conventional passive templated dewetting. The SEM images show the degree of 

agglomeration obtained using (i) conventional passive templating and (ii) dynamic 

templating for gold film thicknesses of (a) 5 nm and (b) 0.5 nm. Note that dynamic 

templating yields an array of gold particles while passive templating has only limited 

influence on the agglomeration process since film dewetting occurs on much smaller 

length-scales than those defined by the template. The scale bar is 10 µm. 
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While conventional dewetting is highly dependent on the substrate material, 

dynamic templating is not. This is not surprising since the substrate only comes into play 

in the latter stages of the assembly process when the antimony is nearly depleted. Arrays 

of gold structures have been fabricated on a wide variety of substrate materials including 

sapphire, SrTiO3, MgO, YSZ, MgAl2O4, SiC, fused silica, glass (Eagle XG) and silicon 

with either a native oxide or 100 nm SiO2 layer (Figure 4.4). It has been demonstrated on 

amorphous surfaces, the (0001)-surface of hexagonal crystals and the (001)-, (110)- and 

(111)-surfaces of cubic crystals. Even substrate-supported monolayer graphene resulted 

in the formation of gold arrays, but where the SEM images showed some darkening at the 

locations occupied by the antimony pedestal prior to its sublimation (Figure 4.5). Raman 

measurements on these areas reveal the characteristic G- and 2D-bands of single layer 

graphene as well as the D-band associated with defects[95] (Figure 4.5b). When gold is 

dewetted directly on graphene the 2D-band is absent due to the severe degradation in the 

lattice structure. [5] 

 

Figure 4.4 A compilation of SEM images showing periodic gold arrays formed on a wide 

variety of substrates using dynamic templating (scale bar = 10 µm). 
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Figure 4.5 (a) SEM image of a periodic array of gold structures assembled on graphene. 

(b) The Raman spectrum recorded for an area occupied by a gold structure. The spectrum 

is characteristic of single layer graphene with defects. The D-, G- and 2D-bands are at 

1361 cm
-1

, 1606 cm
-1

 and 2707 cm
-1

, respectively. 

 

While shadow masks with 5 μm  5 μm square openings and 12 μm center-to-

center distances between openings were used to demonstrate the enhanced dewetting 

characteristics available through dynamic templating, the low density of the resulting 

structures is unsatisfactory for most applications. The collective optical response from the 

ensemble of such nanostructures is also quite weak. From both these standpoints, 

dynamic templating is a far more effective processing route when shadow masks with 

smaller openings and closer center-to center distances are used. This also allows for the 

use of antimony pedestals with significantly reduced heights. Figure 4.6a shows an array 

of gold nanostructures with a 40-fold increase in particle density (1.610
7
/cm

2
) 

fabricated using shadow masks with 1.2 μm diameter round openings and a center-to-

center distance of 2.6 μm. The array exhibits a narrow size distribution (Figure 4b) with 

93% of the structures falling within the range of 104 ± 10 nm. The structures show a 

plasmon resonance centered at a wavelength of 590 nm (Figure 4.6c), a value in 
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agreement with simulations based on the discrete dipole approximation (DDA) [96], [97] 

(Figure 4.6d and Figure 4.7). Arrays similar to that shown in Figure 4a were also 

fabricated directly on silicon nitride TEM membranes. The individual nanostructures 

observed show some faceting (Figure 4.6e) with no evidence of antimony contamination 

(Figure 4.6f). It is noted that the array quality is somewhat diminished when fabricated 

directly on these grids because it is difficult to create conformal contact between the grid 

and shadow mask.   

 



 

53 

 

Figure 4.6 (a) SEM image of a dense array of gold nanostructures fabricated using 

shadow masks with 1.2 μm diameter openings and a center-to-center distance of 2.6 μm 

and (b) the resulting size distribution. (c) The extinction spectrum of the arrayed 

structures and (d) the calculated response based on DDA simulations of a 110 nm gold 

nanoparticle sharing a contact angle of 130° with a sapphire substrate (inset). (e) Image 

of a gold array which was similarly fabricated directly on a silicon nitride TEM 

membrane and (f) the corresponding energy dispersive spectroscopy (EDS) spectrum of 

an individual nanostructure which shows peaks corresponding only to gold and the 

underlying Si3N4 membrane. Note that there is no signature in the EDS measurement 

corresponding to antimony.    

 

Figure 4.7 Simulations of the extinction efficiency using the discrete dipole 

approximation (DDA) for a 110 nm diameter gold nanoparticle placed on a sapphire disc 

(diameter = 300 nm, thickness = 20 nm) for three different contact angles: (a) θ = 180°, 

(b) θ = 130° and (c) θ = 90°. The extinction spectra corresponding to θ = 130° most 

closely resembles the experimentally determined value. 

Regardless of the shadow mask size, dynamic templating rapidly loses its 

effectiveness when the gold film thickness is reduced to values below a monolayer. For 

this case multiple structures per pedestal are formed. This effectiveness, however, is 

restored by creating a two-layer template consisting of an antimony pedestal topped with 
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4 nm of silver, an element which is also prone to sublimation at elevated temperatures. 

For this case, the assembly occurs in two stages, a first stage where the gold and silver 

agglomerate together as the antimony pedestal sublimates and a second stage where the 

gold agglomerates as the silver sublimates. The resulting enhancement to the 

agglomeration process is so extraordinary that it is now possible to accumulate in a 

predetermined location a mere 700,000 atoms scattered over a 25 μm
2
 area into a 

nanoparticle with a height of 19 nm (Figure 4.8). Assuming that such a structure has a 

hemispherical geometry, then the overall assembly process is characterized by a 600,000-

fold volume reduction between the initial pedestal and the final nanostructure. For 

passive templating to achieve the same degree of success, a gold film thickness of 1/500
th

 

of a monolayer deposited over the same area would have to agglomerate into a single 

nanostructure, a scenario which is of infinitesimal probability. The assembly process is 

remarkable in that gold atoms which, from the standpoint of Coulombic interactions, are 

initially isolated from one another (average area occupied per gold atom = 36 nm
2
) are 

brought together to form a single nanostructure. The only significant drawback to using 

this Ag-Sb multilayer pedestal is that higher processing temperatures (900 °C) are 

required to rid the nanostructure of silver.  
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Figure 4.8  (a) Atomic force microscopy (AFM) image of an array of gold nanostructures 

fabricated using a two-layer dynamic template and (b) the associated histogram of the 

nanostructure heights derived from cross-sections performed on each structure.  

 

The dynamic templating approach has been applied to a wide variety of material 

systems and has proved successful in the formation of periodic arrays of gold, silver, 

copper, platinum, nickel, cobalt, germanium and Au-Ag alloys (Figure 4.9). These 

investigations not only demonstrate the broad applicability of the approach, but also 

reveal fundamental insights into the mechanisms guiding the assembly process. For all of 

the aforementioned elements, the use of an antimony pedestal resulted in an enhancement 

to the dewetting when compared to the bare substrate. The enhancement, however, was 

much stronger for those elements which form a low temperature eutectic with antimony 

(Au, Ag, and Ge). Array formation for the other elements using 5 μm  5 μm shadow 

mask openings required the use of bismuth instead of antimony as a pedestal material. In 

this case, the pedestal is liquid at temperatures where the assembly occurs and where its 

annihilation is through the process of evaporation rather than sublimation. Bismuth 

pedestals, while superior in many respects, have the disadvantages that they: (i) show a 

greater tendency for leaving much smaller nanostructures adjacent to those forming the 

array, (ii) left the surfaces of some substrates scarred at the pedestal locations and (iii) 

required faster processing times to achieve optimal results. These disadvantages were, to 

a large extent, negated through the use of a pedestal consisting of antimony pedestal 

topped with a thin layer of bismuth. The use of antimony, however, was impossible when 

forming nickel arrays due to high levels of antimony remaining in the assembled 
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structures (10 at.%). Palladium displayed similar tendencies, showing arrayed structures 

with high levels of antimony contamination (30 at.%).  

 

 

Figure 4.9 A compilation of SEM images demonstrating the ability of dynamic 

templating to fabricate arrays of numerous elements and alloys. The scale bar is 10 µm. 

 

 Discussion 4.4

As a substrate-based directed assembly route, dynamic templating is unique in its 

ability to assemble nanometer-thick layers spread out over square-micrometer areas into a 

single structure. It is lithography-free, straightforward, inexpensive, requires only modest 

levels of instrumentation and can be carried out in several hours. Numerous material 

systems are accessible and the assembly is supported by a wide variety of substrates. The 

process also promotes a high degree of crystallinity, where opportunities exist in terms of 

fabricating arrays of highly-faceted three-dimensional structures forming a 

heteroepitaxial relationship with the underlying substrate. Another important advantage 

of the technique is that a single shadow mask can be used to assemble structures with 
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widely varying sizes by merely altering the amount of material deposited atop the 

pedestal. The assembly process does, however, have its shortcomings. A histogram 

plotting the distribution of the four nearest-neighbor nanoparticle distances for 440 

arrayed structures reveals that deviations of hundreds of nanometers from the expected 

periodicity of 2.6 μm are common. If process optimization is unable to significantly 

reduce the number of these registration errors then it will limit the potential applications 

of dynamic templating. While the ability to assemble material from large areas greatly 

simplifies the array fabrication process, it also places limitations on array pitch. Arrays 

utilizing micrometer-scale shadow mask openings are restricted to pitch values having 

the same micrometer length-scale. A final limitation is that the assembly process is more 

prone to the incorporation of impurities into the final structure. This limitation originates 

from the high temperatures used in the processing route and the fact that final assembled 

structure evolved from a sublimating pedestal with a much larger volume. This volume 

inevitably contains impurities which can become incorporated into the assembly process.  

The mechanisms driving dynamic templating are highly complex, involving a 

layered structure which emits material, intermixes, evolves from micrometer to nanoscale 

dimensions and where constituents undergo multiple non-equilibrium phase transitions 

between the solid, liquid and vapor phases. Nevertheless, key requirements for the 

process have emerged: (i) the rapid loss of material from the pedestal through 

sublimation (or evaporation), (ii) the preferential loss of this material from the pedestal 

sides due to the inhibition of the sublimation process (or evaporation) by material atop 

the pedestal and (iii) the formation of a liquid at the interface between the pedestal and 

the agglomerating material. In this regard, gold-topped antimony pedestals represent a 
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model system which will be used for further supposition on the mechanisms governing 

the evolution of the dynamic template, referring to other material systems only when 

comparisons are instructive. It is important to note that, while the initial choice of 

antimony as the pedestal material was based on its low surface energy and propensity for 

sublimating at temperatures where gold atoms typically agglomerate, there exist several 

other relevant factors regarding the use of antimony: it is nearly immiscible in gold in the 

solid state (0.75 wt.% Sb), but is completely miscible in the liquid state and it forms a 

eutectic with gold which lowers the melting point to nearly one-third its bulk value. Both 

of these factors play a key role in the assembly of nanostructured gold arrays. 

The early stages of the assembly process sees a temperature rise which leads to 

the onset of antimony sublimation. From the progressions shown in Figure 4.2 it is 

evident that this sublimation process is influenced greatly by the presence of a gold 

capping layer. Standalone antimony pedestals sublimate without any significant 

agglomeration and where material loss is primarily through the top surface of the 

pedestal. The situation, however, is radically altered by the placement of gold on the 

pedestal (Figure 4.2a) as it severely inhibits the antimony sublimation from the top 

surface, the result of which is a sublimation process dominated by the loss of atoms from 

the pedestal sides. The net effect is a highly anisotropic sublimation process which 

continuously reduces the top surface area of the pedestal. It is this antimony sublimation 

front which drives gold towards the center of the pedestal.  

 While the forced agglomeration of gold due to the advancement of the 

sublimation front represents a key mechanism in the assembly process, it is completely 

reliant on maintaining a quasi-continuous capping layer which inhibits the sublimation 
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through the pedestal top. The importance of maintaining this capping layer is apparent 

from the observed deterioration in the dynamic templating process (i) when sub-

monolayer gold thicknesses are used and (ii) when the gold is intermixed with 

the antimony rather than placing it atop the pedestal. Even though some dissolution of 

antimony through the gold layer is inevitable, its lifetime on the gold surface will be short 

in duration due to the high antimony vapor pressure at the assembly temperature 

(≈10
−1

 Torr). It would also be quite detrimental to the assembly process if the capping 

layer dewet on the top surface of the pedestal before the sublimation front arrived. 

Opposed to this tendency, however, is the wetting behavior derived from the formation of 

the Au–Sb eutectic arising from the dissolution of antimony into the gold layer. Such 

behavior, referred to as dissolutive wetting [87] has been observed both experimentally 

[88], [89], [98] and in simulation [54] in such systems as copper-on-silicon and tin-on-

bismuth. It is, thus, postulated that the dissolution of the pedestal material into gold is a 

key mechanistic requirement necessary to maintain the integrity of the capping layer and, 

hence, enable the enhanced dewetting observed. In this respect, the formation of silver 

and germanium arrays is analogous to that of gold formation in that dissolution occurs 

through the formation of a eutectic. For other material systems (Pt, Cu, Ni, Co), where a 

low-temperature eutectic is not present, the dissolution is facilitated through the use of a 

thin liquid bismuth layer. This result suggests that other low melting point elements with 

high vapor pressures (e.g. Zn, Cd, Se, Te) could also act as effective pedestal materials. 

In the late stages of the assembly process, antimony loss is so severe that the 

pedestal collapses, yielding a liquid phase antimony-gold structure which makes contact 

with the underlying substrate material. Continued heating leads to further antimony loss 
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which is followed by the onset of solidification, a transformation which occurs when 

the antimony content drops below values needed to be in the liquid phase field of the 

binary phase diagram. This will result in the precipitation of gold from the liquid as 

antimony continues to leave the structure. The near-immiscibility of gold and antimony 

renders this transformation relatively straightforward. Eventually the antimony will be 

exhausted and the gold nanostructure will lie on the surface of the substrate with its 

contact angle in the equilibrium configuration. 

At the end of the assembly process dynamic templating yields arrayed structures 

which appear identical to those obtained through the conventional approach utilizing 

passive templates. The key advantage of the dynamic templating approach, however, is 

that much smaller structures can be assembled from a template of a set width. For the 

assembly of gold arrays on sapphire substrates, easily fabricated dynamic template widths 

of 1 μm can be used to fabricate nanostructured arrays as small as 100 nm.  

 In comparison, passive templating can only achieve feature sizes as small 

as 500 nm using the same template width. Such structures would have 125 times the 

volume of those accessible through dynamic templating. To further illustrate this 

point, Figure 4.10 compares the expected minimum feature size of the assembled gold 

structures accessible for passive and dynamic templating as a function of the template 

width. For passive templating, calculations are based on a template-width-to-gold-film-

thickness ratio of 50, the value needed to assemble a single structure. This ratio value is 

derived from the theoretical calculations of Dornel et al. [93] utilizing the experimental 

gold-on-sapphire contact angle of 130° [99] but is also consistent with our experimental 

findings. For the case of dynamic templating, the limitation of the assembly process is not 
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the template-width-to-gold-film-thickness ratio, but the ability to maintain a quasi-

continuous capping layer on the surface of the pedestal. With experiments indicating that 

capping layer integrity is maintained for a monolayer of gold for four different pedestal 

widths (0.6, 1.2, 2 and 5 μm), this monolayer value provides an appropriate choice for 

determining the expected minimum feature size. The calculation illustrates that dynamic 

templating is likely to have a significant advantage over passive templating on all length-

scales. While shadow masks have been exclusively used in this study to form the 

dynamic template they are, by no means, a requirement of the assembly process as any 

conventional or unconventional lithographic process can be applied. Thus, the minimum 

feature size accessible through any of these individual lithographic techniques can be 

significantly improved upon through the formation and subsequent assembly of dynamic 

templates into much smaller structures. A further advantage is that nanostructures of 

varying sizes can be derived from the same lithographic pattern by simply varying the 

amount of gold placed on the antimony pedestals. 

 

Figure 4.10 Plot of the expected minimum gold nanoparticle diameter achievable on a 

sapphire substrate as a function of the template width for passive (solid) and dynamic 

templating (dashed). Also shown are the experimentally achieved values (squares) for the 

dynamic templating case. Note that dynamic templating has a significant advantage over 

passive templating regardless of the template width used. 
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 Conclusions 4.5

 A simple, inexpensive and versatile route for the templated dewetting of 

periodic arrays of sub-micrometer and nanoscale structures. Through the incorporation of 

a dynamic template into the conventional templated dewetting route, the assembly is no 

longer limited by the ratio of pattern-width-to-film-thickness. As a result, easily 

manufactured templates with micrometer-scale feature sizes are able to direct the 

assembly of nanometer-scale structures. Thus, with modest levels of instrumentation any 

reasonably equipped researcher is able to fabricate nanostructured arrays that would 

otherwise require advanced fabrication facilities. Nanostructures produced in this manner 

are well-spaced, providing an excellent platform for discovery in areas where arrayed 

nanostructures can be monitored as they (i) evolve into nanowires via the vapor-liquid-

solid mechanism, [12]
 

(ii) are used to initiate substrate-based templated assembly 

processes [78], [93] [100]
 
 or (iii) where they are sculpted into more intricate structures 

[101] or (iv) provide lab-on-a-chip functionalities.[102], [103] In combination with more 

sophisticated lithographic techniques, able to define the dynamic template on smaller 

length-scales, there is also the strong likelihood that dynamic templates will be capable of 

producing dense arrays with nanostructure dimensions at or below those accessible to any 

individual lithographic process. Should this potential be realized, dynamic templating 

could emerge as a pervasive materials processing route. 

 Methods 4.6

4.6.1 Pedestal Formation 

 Depositions were carried out at room temperature using a Neocera Pioneer 120 

pulsed laser deposition system (Lambda Physik Compex 102 excimer laser, λ = 248 nm, 
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laser energy density = 1.5 J/cm
2
, laser spot size = 4 mm  1.4 mm, laser repetition rate 

10 Hz) where the thickness deposited per laser pulse was determined by calibrations 

based on AFM measurements. Most targets were derived from high purity metal foils 

(Alfa Aesar) which were cut to the 1” diameter required. Exceptions were the germanium 

and antimony targets which were derived from a single crystal wafer (MTI) and a 

commercial supplier of targets (Kurt J. Lesker), respectively. Substrate materials were 

obtained from standard sources (MTI, Virginia Semiconductor, Valley Design) and 

ultrasonically cleaned in common solvents (methanol, acetone, isopropanol) prior to use. 

Monolayer graphene, obtained from the Graphene Supermarket, was grown on a copper 

foil and transferred to a silicon wafer with a 285 nm SiO2 layer. Most experiments were 

carried out using shadow masks consisting of electroformed nickel mesh (Precision 

Eforming) with 5 μm  5 μm square openings and a repeat spacing of 12 μm. During 

deposition the mask was mechanically clamped to a substrate (typical dimensions 8 mm 

 8 mm, diameter of exposed area = 5 mm) resting on a rare earth magnet. The role of 

the magnet was to ensure conformal contact between the shadow mask and substrate by 

attracting the nickel to the substrate surface. Denser arrayed structures, such as those 

shown in Figure 4.6, utilized TEM grids (EMS) as shadow masks as discussed in the 

Appendix B. For the formation of the gold nanostructures, antimony pedestals with a 

height of 300 nm were deposited, immediately followed by a gold layer of the desired 

thickness. All depositions were carried out with a substrate-target distance of 8 cm and a 

base pressure of 10
-7

 torr. When sub-monolayer gold thicknesses were used, a 4 nm thick 

film of silver was deposited between it and the pedestal. For the formation of sub-

monolayer gold on silver-antimony pedestals, as was required for the fabrication of the 
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array shown in Figure 4.8, empirically determined gold deposition parameters were used 

to obtain the desired nanoparticle radius. It is noted that such sub-monolayer thicknesses 

are readily achieved due to the small quantities of material derived per laser pulse 

(approximately 1 monolayer/200 pulses) when the laser energy density is near the 

ablation threshold, a value which can be further reduced through the introduction of an 

inert gas ambient into the deposition chamber. The pedestal architectures yielding the 

highest quality arrays for other elements (Figure 4.9) consisted of (i) 300 nm antimony 

for Ag, Ge and Au-Ag, (ii) 250 nm antimony and 50 nm bismuth for Cu, and Co and (iii) 

300 nm bismuth Pt and Ni. 

4.6.2 The Assembly Process 

The assembly process was carried out in a tube furnace under a 100 sccm flow of 

ultra-high purity argon. During the assembly the substrate was placed in an alumina 

crucible. The heating regimen when utilizing antimony pedestals involved elevating the 

temperature to 600 °C (i.e. a temperature where antimony readily sublimates) in 9 min, 

where it was held for 30 min. When using bismuth pedestals the 30 min pause was 

avoided in order to limit the dissolution of the metal overlayer into the liquid.
57

 The 

temperature was then elevated to higher temperatures to promote further agglomeration 

and to drive off the remaining antimony (or bismuth) through sublimation (or 

evaporation). The temperature ramp-and-soak profile used for this purpose was highly 

dependent on the pedestal-nanostructure-substrate combination used. Nanostructure 

substrate combinations able to withstand high temperatures (e.g. Au, Ni, Co on sapphire) 

were ramped to temperatures in the range of 950-1100 °C and then allowed to cool to 

room temperature. Those unable to withstand this environment due to excessive 
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sublimation (e.g. Ag or sub-50nm gold nanostructures) or where antimony pedestals form 

a eutectic with the substrate (e.g. silicon) were heated to lower temperatures (750-900 °C) 

for longer periods of time (typically 30-60 min) to achieve the same end-result. For all 

arrays reported, the antimony and bismuth concentrations in the nanostructure were 

below detectable levels as determined by EDS. The processing conditions used for each 

of the elements shown in Figure 4.9 can found in the Supporting Information (Table S1). 

4.6.3 Instrumentation 

SEM images were obtained using a FEI Quanta 400 Environmental Scanning 

Electron Microscope operating in secondary electron mode. AFM images were obtained 

using a Veeco Multimode Atomic Force Microscope in tapping mode. EDS 

measurements were obtained using a JEOL JEM-1400 Transmission Electron 

Microscope. The extinction spectra were obtained using a Cary 5000 UV-Vis-NIR 

Spectrophotometer operating in transmission mode (aperture diameter = 1 mm, scan rate 

= 15 nm/min, increment = 0.5 nm). The Raman spectra of graphene was measured using 

Renishaw inVia Raman Microscope with an argon ion laser excitation source (λ = 514 

nm, spot size = 1 µm).  

 

4.6.4 Simulations and Data Analysis 

Nanoparticle size distributions were obtained from SEM images processed using 

the ImageJ software. DDA simulations of the extinction efficiency were obtained using 

DDSCAT (Version 7.2)
 
[96], [97] where the simulated structure was first created using 

LAMMPS. [104] The structure simulated consisted of a truncated gold sphere (diameter 
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= 110 nm) sharing a contact angle of 130° with a cylindrical sapphire substrate having a 

diameter of 300 nm and a thickness of 20 nm. The gold nanoparticle and sapphire 

substrate were represented by 74,376 and 194,315 dipoles, respectively, where the 

spacing between dipoles is 2 nm. The dielectric functions for gold and sapphire were 

taken from Johnson et al.[105] and Palik, [106] respectively.  
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CHAPTER 5 ADVANCEMENTS TO THE DYNAMIC TEMPLATING 

TECHNIQUE   

This chapter describes adaptations to the dynamic templating technique which 

allow for the fabrication of arrayed nanostructures with a lower pitch size using a TEM 

grid as a shadow mask instead of an electroformed nickel grid. This is followed by 

sections which describe collaborative projects where intricate nanostructures were 

formed using dynamic templating as a means to generate template materials for use in: (i) 

galvanic replacement reactions yielding hollow metal nanoshells and (ii) closed space 

sublimation processes yielding highly faceted palladium nanostructures and Au-Ge 

heterodimers.   

 

 Increasing the density of nanoparticles using a lower pitch shadow mask 5.1

The shadow masks used in dynamic templating determine the density of 

nanoparticles fabricated on the substrate. Using a nickel mesh with a pitch size of 7 to 12 

µm, as demonstrated  in Chapter 4, leads to arrays of nanoparticle with the same spacing.  

This spacing is far too large for many technological applications. In order to circumvent 

this shortcoming, the nickel mesh shadow mask was substituted for a TEM (transmission 

electron microscope) grid with both smaller openings and a reduced pitch. Figure 5.1 

shows an SEM image of the Quantifoil-Holey carbon TEM grid used. The outer ring of 

the grid has a diameter of 3 mm with the inside patterned area consisting of 30 µm wide 

nickel bars that support a 15 nm thick perforated carbon film. The holes in the carbon 

film have a diameter of 1.2 µm and form an ordered array where the center-to-center 

spacing between holes is 1.5 µm. This small pitch size allows for the fabrication of 
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nanostructures which are both smaller and of higher density using the Dynamic 

Templating technique. Figure 5.2 shows a comparison of the sparsely spaced arrays 

obtained using the electroformed nickel mesh and the much denser arrays now available 

when using the TEM grid. The resulting improvement makes the technique far more 

relevant in terms of applications. 

 

Figure 5.1 SEM image of the TEM grid which is used as shadow mask for dynamic 

templating. 

 

Using this TEM grid as a shadow mask for the fabrication of arrays introduced 

new challenges into the assembly process which were mainly associated with the fragility 

of the 15 nm carbon film. New techniques were developed to overcome this difficulty 

and to securely place the TEM grid on the substrate and then, after deposition, remove it 

from form the substrate surface. Appendix B describes in detail the techniques developed 

and provides a step-by-step procedure for fabrication of arrays using these fragile TEM 

grids as shadow masks.  
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Figure 5.2 SEM images showing a comparison of periodic arrays of gold nanoparticles 

fabricated using the dynamic templating technique  with (a) an electroformed nickel mesh 

as a shadow mask with a pitch size of 12 µm and (b) a TEM grid as shadow mask with 

pitch size of 1.6 µm. 

 

 Combining Dynamic Templating with Galvanic Replacement Reactions 5.2

With the ability to fabricate high density arrays using Dynamic Templating 

established, a collaborative project was undertaken which exploits these arrayed 

structures as templates for galvanic replacement reactions. This collaboration (with Kyle 

D. Gilroy) has resulted in three publications [107], [108] which were the first 

demonstrations of: (i) the synthesis of hollow metal Au-Ag nanoshells formed as periodic 

arrays on the surface of a substrate, (ii) the formation of smooth nanocages and (iii) the 

formation of platinum nanoshells.  

Galvanic replacement reactions are a water-based oxidation-reduction synthetic 

reaction which has been widely used to fabricate hollowed metallic nanoparticles. Such 

reactions are typically carried out on solution dispersed templates. [109], [110], [111]. 

Prior to the work presented in this thesis such reactions were not adapted to the substrate-
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based platform. The hollowed nanostructures derived from galvanic replacement 

reactions are of interest because they exhibit distinct plasmonic and catalytic properties. 

The most common template material for galvanic replacement reactions is silver. 

Dynamic Templating provides a straightforward means to produce periodic arrays of 

silver templates. These arrays, thus, had the potential to be used in the oxidation-

reduction reactions needed to form periodic arrays of hollow metal nanostructures.  

Initial studies explored the use of galvanic replacement reactions on substrate-

supported silver nanostructures as a means to form hollow Au–Ag nanoshells.[107]
 

Galvanic replacement reactions are reliant on solution-based reactions which occur when 

atoms of a solid metal (i.e. the silver template) spontaneously react with ions of a second 

metal having a higher electrochemical potential. The reaction results in the simultaneous 

dissolution of the Ag templates into solution as Au is heteroepitaxially deposited onto the 

template surface. Galvanic replacement reactions can produce various morphological 

shapes due to differences in the reaction and deposition rates of atoms on different 

template crystallographic orientations and faceting. Complex nanostructures can, thus, be 

engineered, by appropriately choosing the template, the reaction solution and the duration 

of reaction. Such reactions typically lead to the formation of hollow nanoshells which 

exhibit a strong sensitivity to the position of the localized surface plasmon resonance 

(LSPR) and the index of refraction of the adjacent medium. [112], [113]. 

Galvanic replacement reactions on silver templates were carried out in a three 

neck flask. The three neck flask was filled with a 10 mL aqueous HAuCl4  solution and 

refluxed for 10 min. Figure 5.3a-b show tilted- and top-view SEM images for unreacted 

templates and those exposed to 10 and 100 μM aqueous HAuCl4 for both the non-arrayed 
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and arrayed configurations. Prior to reaction the silver templates exhibit a morphology 

characteristic of a droplet in contact with a surface, but where significant faceting is 

observed. The shape is typical for high surface energy metals that have agglomerated on 

a low surface energy substrate [114] [26]. Also noteworthy, is that, unlike solution-based 

synthesis routes, the templates are free of capping agents. As the templates are reacted 

they undergo a morphological transformation to a ‘nanohut’ geometry which results in (i) 

a roughening of the surface, (ii) a hollowing of the interior and (iii) the appearance of an 

opening at the base of the structure. The non-arrayed samples (Figure 5.3a) exhibit 

structures in various stages of the reaction since smaller structures react more rapidly 

than the larger ones. For the 10 μM sample the opening takes on a rectangular geometry. 

For the 100 μM sample the opening appears partially closed and a ring of porous gold 

encircles the structure at its base. In contrast, the arrayed templates, when reacted 

(Figure 5.3b), show a high degree of uniformity and evolve at a slower rate. The top-view 

SEM image for the unreacted arrayed templates show faceted structures with uniform 

contrast as is expected for solid particles. Conversely, arrayed templates reacted using the 

10 μM and 100 μM concentrations show significant contrast, exhibiting a dark inner 

circle surrounded by a bright outer ring. Such a pattern is characteristic of hollow 

structures. Also apparent from the SEM image for the 100 μM sample is that each 

arrayed structure has a large single opening on its side. Fully reacted nanohut structures 

in both the arrayed and non-arrayed configurations were easily removed from the 

substrate using Scotch tape. SEM images of the tape (Figure 5.3c), show intact structures 

which, because they are now inverted, appear as nanobowls with a notch in the rim. The 

images also confirm that the nanohuts are in fact, hollow. Also revealed is that the 
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interior of the nanohut is significantly smoother than its exterior, with a shape that shows 

features consistent with it being derived from a template exhibiting facets. 

 

 

 

Figure 5.3 SEM images showing the morphology of unreacted templates and nanohuts 

formed through galvanic replacement reactions using 10 and 100 μM solutions in the (a) 

non-arrayed and (b) arrayed configurations. (c) Images of non-arrayed and arrayed 

nanohut structures which have been removed from the sapphire substrate using scotch 

tape. Note that the inverted structures appear as nanobowls where the rim shape has been 

influenced by the six-fold faceting associated with the initial template structure. The scale 

bar for all insets is 200 nm and the tilt angle is 65°. (d) AFM image and the associated 

cross-section for an individual template and the same structure after it has been 75% 

reacted to form a nanohut. Note that the height of the structure has increased from 135 to 

158 nm. The arrows on both the SEM and AFM images point toward the single side 

opening found on each nanohut. 
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The nanohuts shown in Figure 5.3, exhibit a rough surface morphology consisting 

of many loosely connected lobes. In Section 5.3 we show the results of an investigation 

where the reaction was altered by coating the substrate-based silver templates with a 3 

nm thick layer of Au prior to their insertion into the reaction vessel. It is shown that such 

a layer dramatically alters the product of reaction, yielding nanoshells which: (i) exhibit a 

much smoother surface morphology, (ii) preserve the general shape of the starting 

template and (iii) are far more robust. The discovery is used to advance the understanding 

of substrate-based galvanic replacement reactions. 

 

 Mechanistic Study of Galvanic Replacement Reactions 5.3

Smooth Au-Ag shell can be made by merely coating silver templates with an 

ultrathin layer of gold prior to their galvanic replacement reaction. The so-formed 

nanoshells exhibit much smoother surfaces, a higher degree of crystallinity and are far 

more robust. Demonstrated is the ability to engineer the cage geometry through 

adjustments to the orientational relationship between the crystal structure of the starting 

template and that of underlying substrate. Together these synthetic discoveries provide 

the framework to advance the understanding of the mechanisms governing substrate-

based galvanic replacement reactions. 

Figure 5.4 compares the nanoshells derived from silver templates with those 

obtained from Au coated silver templates. In both cases, scanning electron microscopy 

(SEM) images reveal that the galvanic replacement reactions transformed the template 

structures into periodic arrays of hollow nanoshells. Striking differences, however, are 

observed when comparing the morphology of the nanoshells obtained. Nanoshells 
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derived from the silver templates (Figure 5.4 (a)) exhibit an irregular surface morphology 

consisting of numerous loosely connected lobes. In contrast, the Au coated silver 

templates (Figure 5.4 (b)) yield nanoshells which exhibit a much smoother outer surface 

with an opening adjacent to the substrate. This opening can have a hexagonal geometry 

(inset to Figure 5.4 (b)), although openings with jagged irregular edges are more typical. 

For both cases, energy dispersive X-ray spectroscopy (EDS) measurements reveal a 

nanoshell composition of near Au0.70Ag0.30. 

The transfer of the nanoshells from the substrate surface to transmission electron 

microscopy (TEM) grids allowed for the inner surfaces of the nanoshells to be imaged. 

Figures Figure 5.4 (c) and Figure 5.4 (d) show top- and side-view TEM images of 

inverted nanoshells (i.e. nanobowls [115], [116]) derived from the uncoated and Au 

coated silver templates, respectively. The images obtained confirm that the structures are 

hollow with a shell thickness below 40 nm. Also noteworthy is the fact that the 

nanoshells are quite robust, maintaining their structural integrity during the removal 

process. Unique to the nanoshells derived from the Au-coated silver template is a series 

of parallel planar defects extending from one side of the shell to the other (Fig. Figure 5.4 

(d)). 
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Figure 5.4 65º tilted-view SEM images of a nanoshell array produced using galvanic 

replacement reactions on (a) silver templates and (b) silver templates coated with 3 nm of 

Au. The insets show a high magnification view of an individual nanoshell (inset scale bar 

= 100 nm). Top- and tilted-view TEM images of inverted nanoshells obtained from silver 

templates having the (c) uncoated and (d) Au coated configurations. 

 

The temporal evolution of the sacrificial templates into hollow nanoshells was 

assessed for the uncoated and Au coated template configurations. Figure 5.5 (a-d) show 

SEM images of uncoated templates exposed to aqueous HAuCl4 for time intervals 

ranging from 4 to 30 minutes. The early stages of the reaction result in the preferential 

deposition of Au onto the high curvature surfaces where facets intersect. This in 

combination with a slower rate of deposition onto the {100} and {111} facets 

exaggerates the underlying crystallography of the substrate-truncated cuboctahedron 

(Figure 5.5(a)). Noteworthy is the fact that the resulting framework is disconnected at 

numerous locations. As the reaction proceeds the framework becomes increasingly rough, 

developing lobes while the facets of the structure remain smooth (Figure 5.5 (b)). As the 
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lobes continue to become more pronounced, prominent openings emerge in the structure 

(Figure 5.5 (c)). While somewhat obscured by the lobes, an examination of a large 

number of structures makes it apparent that the openings consistently form at the facet 

positions of the initial Ag template, a behavior consistent with the dealloying process. 

Reactions allowed to proceed further result in structures where the pattern of openings is 

further obscured by an increase in the overall porosity and the continued development of 

lobes (Figure 5.5 (d)). 
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Figure 5.5 Top- and 65° tilted-view SEM images showing the evolution of (i) silver 

templates and (ii) silver templates coated with 3 nm of Au as they undergo galvanic 

replacement reactions for time intervals ranging from 4 to 30 min. It should be noted that 

the darker contrast in the top-view SEM image shown in Fig. 2(e) reveals the existence of 

a hollow channel within the structure (denoted by yellow arrows). The scale bar for all 

images is 100 nm. 

 

 Periodic Arrays of Faceted Palladium Structures Seeded by Gold Templates 5.4

Forming an array of palladium nanoparticles has proven difficult using dynamic 

templating because of contamination of palladium particles with the sacrificial template 

materials used in the dewetting process (i.e. Sb and Bi). Arrayed palladium 
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nanostructures are, however, of intense interest due to their hydrogen storage capabilities, 

catalytic behavior and plasmonic properties. In an effort to remedy this situation a 

collaborative project was undertaken (with Aarthi Sundar) where periodic arrays of gold 

fabricated using dynamic templating are confined between the supporting substrate on 

which they are formed and a palladium foil. Elevated temperatures induce the concurrent 

migration of gold atoms to the adjacent foil and the sublimation of palladium atoms to the 

substrate. This process eventually results in the formation of a periodic array of palladium 

nanostructures situated at the precise locations formerly occupied by gold.[117] 

Figure 5.6 shows the steps involved in the assembly of palladium nanoparticles. Dynamic 

templating techniques were used to fabricate period arrays of gold nanoparticles with a 

diameter of 230 nm on the [0001] oriented Al2O3. In the next step (Figure 5.6 (b)) a 0.025 

mm thick layer of palladium foil was placed over the arrayed structures. The combination 

is then placed into a tube furnace and heated from room temperature to 1085 °C in 60 

min (Figure 5.6(c)). At this high temperature, palladium atoms sublimate from the foil as 

gold simultaneously evaporates from the nanoparticle. After annealing the sample for 

time intervals ranging from 45 min to 10 h, the sample is removed from the furnace and 

the foil is removed to reveal the complete replacement of gold particles by highly faceted 

palladium nanostructures. (Figure 5.6(d)).  

 

 



 

79 

 

 

Figure 5.6 Schematic of the assembly process used to transform a periodic array of 

sacrificial gold seeds into an array of palladium nanostructures. The process involves (a) 

the fabrication of a gold array using dynamic templating technique followed by, (b) the 

placement of a palladium foil over the array and (c) heating the combination to 1085 °C. 

The foil is removed at the end of assembly to reveal (d) a periodic array of highly faceted 

palladium nanostructures situated at the positions formerly occupied by the sacrificial 

gold templates. 

 

Figure 5.7 shows scanning electron microscopy (SEM) images and energy-

dispersive X-ray spectroscopy (EDS) peaks for both the sacrificial gold templates and the 

assembled palladium nanostructures. EDS peaks clearly show the transformation of gold 

particles to palladium. Short duration annealing at 1085 °C, however, shows residual 

levels of gold in palladium. Palladium structures are strongly faceted with a Wulff shape 

(i.e. a truncated octahedron enclosed by eight {111} facets and six {100} facets) 

structure. It is interesting that there is no nucleation of nanostructures in the areas 

between the arrayed structures which indicates that assembly process fully maintains the 

original gold order on the substrate and palladium atoms only migrate and replace the 

gold structures. This indicates that the sacrificial gold templates act as heterogeneous 

nucleation sites palladium atoms arriving to the substrate. 
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Figure 5.7 SEM images and the associated EDS spectra of (a) sacrificial gold templates 

and (b) the highly faceted palladium structures obtained after the assembly process. Note 

that peaks corresponding to gold are absent in the EDS spectrum of the assembled 

palladium structures. The insets to the SEM images show 65° tilted- and top-view high 

resolution images of individual structures. The scale bar for the insets is 100 nm. 

 

 Au-Ge Heterodimers and Hollowed Au Nanocrescents 5.5

In a continuation of this collaborative project, periodic arrays of gold, fabricated 

using Dynamic Templating, were used as heterogeneous nucleation sites for Ge atoms 

arriving to the substrate surface. The combination is interesting because the two elements 

form a low temperature eutectic while being immiscible in the solid state. These 

properties were exploited to synthesize periodic arrays of Au-Ge heterodimers and 

hollowed gold nanocrescents. Figure 5.8 shows the steps involved in the fabrication 

technique. In the first step, arrays of Au or Ag nanostructures are assembled on sapphire 

substrates using dynamic templating or in the form of random structures. In the second 



 

81 

 

stage (Figure 5.8b), a germanium wafer is placed over the sapphire substrate. A spacer is 

used between the germanium wafer and the substrate so that the germanium wafer does 

not touch the gold particles directly. The combination is then heated to 800 ˚C, causing 

sublimation of germanium atoms from the wafer (Figure 5.8c). The uptake of germanium 

atoms by gold nanostructures transforms the particle into Au-Ge liquid alloy 

(Figure 5.8d). The immiscibility of gold and germanium causes phase separation when 

the sandwich structure is cooled below the eutectic temperature, resulting in the 

formation of the heterodimer structure shown in Figure 5.8e. The acorn shape of the 

heterodimer is dictated by the surface energies of gold and germanium and demonstrates 

the tendency of gold atoms to wet the surface of germanium. Germanium can be etched 

in the last step leaving behind a gold nanocrescents as shown in Figure 5.8f. 

 

Figure 5.8 Schematic of the assembly route used to form Au-Ge heterodimers and 

hollowed Au nanocrescents. The process involves (a) the assembly of Au nanostructures, 

(b) the placement of solid crystalline Ge overtop the Au nanostructures, (c) heating the 

combination to 800 ˚C, (d) the uptake of Ge by the Au nanostructure to form a liquid 

droplet of AuGe, (e) cooling which induces Au-Ge heterodimer formation through the 

solidification and phase separation of the two-component liquid, and (f) the etching of the 

Ge component to form a hollowed Au nanocrescent. 
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Figure 5.9 shows scanning electron microscopy (SEM) images of the initial Au 

nucleation sites and the resulting Au-Ge heterodimers for both the arrayed and random 

configurations. The inset to Figure 5.9a clearly shows the hexagonal top-facet expected 

for a [111]-oriented gold structure. Such faceting is caused by heteroepitaxial formation 

of hexagonal (111)-plane of Au on hexagonal (0001)-plane of sapphire. Figure 5.9b-c 

shows the array of gold after it is exposed to germanium for 6 hours at 800 °C, and after 

etching the germanium domain from the Au-Ge heterodimer. The random configuration 

(Figure 5.9e) derived from the high temperature agglomeration of an 18 nm thick Au 

film, shows nanostructures with variable sizes  ranging from 45 to 140 nm in diameter. 

The bright and dark contrast shows Au- and Ge-rich regions, respectively. Figure 5.9e 

shows the randomly positioned Au templates exposed to Ge at 800 ˚C for 2 hours and 

cooled. Most of the structures appear as Au-Ge heterodimers and there are also a small 

percentage of Ge-Au-Ge and Au-Ge-Au trimmers, labelled in Figure 5.9f using yellow 

and red arrows, respectively.  
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Figure 5.9 SEM images of (a) the arrayed Au structures which through the devised 

assembly process give rise to (b) Au-Ge heterodimers imaged from a top-view and (c) Au 

crescents, (d) Au-Ge heterodimers images from 65° tilted-view. (e) Au nucleation sites 

with randomized size and placement and (f) the heterodimers assembled from them. The 

scale bars for all insets is 100 nm. 

 

Figure 5.10 shows the extinction spectra for a sample as it progresses through an 

assembly process, which sees it transformed from Au nanostructures to Au-Ge 

heterodimers and then to hollowed Au nanocrescents. Extinction spectra were measured 
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using a Jasco UV/VIS v530 Spectrophotometer where the E-field and propagation 

direction (k) are parallel and perpendicular to the substrate surface, respectively. 

The initial Au nanostructures has a localized surface plasmon resonance peak 

(LSPR) centered at 539 nm (Figure 5.10). The immersion of plasmonic materials into 

dielectric mediums consistently gives rise to a red-shift [118] [119],
 
but it is surprising 

that the response of the Au-Ge heterodimers seem to have an LSPR peak at 542 nm 

which is at the same approximate wavelength. The hollowed Au nanocrescents derived 

from these same heterodimers do, however, show a substantial red-shift (539 to 631 nm). 

This observation indicated that Ge incorporation into the nanocrescents causes an 

impressive blue-shift which offsets the red-shift arising from the shape change of the 

plasmonic Au component. In order to explain this unexpected behavior a series of 

simulations of the extinction efficiencies based on the discrete dipole approximation 

(DDA)[96] (using DDSCAT Version 7.2) [97] were carried out. The first series of 

simulations calculated the expected extinction efficiency for: (i) the initial Au nanosphere 

with a diameter of 70 nm and a 130° contact angle with substrate, (ii) a Au-Ge 

heterodimer and (iii) a hollowed Au nanocrescent, all of which were situated on a 

sapphire substrate. In order for a fair comparison to be carried out all three of the 

simulated structures had the same volume of Au. Figure 5.11 shows that the extinction 

efficiency of the simulated structures. It indicates that the Ge domain is, indeed, the cause 

of the blue-shift to the LSPR peak when unpolarized E-fields are incident on the 

nanocrescent structure. Further simulations were carried out to explain this behavior, 

which is in contrast to findings of other studies.[119] To investigate the effect of 

germanium on the LSPR of the gold, DDA simulations were performed on a gold 
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nanoparticles (dia.=73 nm) immersed in a material with high dielectric constant (dia.=150 

nm). Figure 5.12 shows the extinction spectra of the structure as the refractive index 

increases from 1.0 in vacuum to 4.0 which is close to refractive index of germanium in 

the visible region. As can be seen in Figure 5.12, increasing the refractive index from 1.0 

in vacuum to n=1.5, 2.5 causes a red-shift in LSPR as was predicted by other groups.  

[119] Increasing the dielectric to higher values (n=3.5, 4), however, will cause a shift in 

the peak position which is hidden in UV region to appear in the visible region. It is now 

understood that the germanium, with an index of refraction near 4, causes the observed 

blue-shift in the extinction spectra of the heterodimer (Figure 5.10). Liang et al. [120] 

also observed a blue-sift when a Ag tipped Au nanorod was overgrown with CdSe. While 

the authors attributed this shift to a shape-change in the plasmonic structure, influences 

associated with the high refractive index of CdSe, similar to those observed here for Ge, 

could be a contributing factor. 
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Figure 5.10 Spectra showing the evolution of the extinction efficiency as Au 

heterogeneous nucleation sites (yellow) are transformed first to Au-Ge heterodimers 

(green) and then into hollowed Au nanocrescents (red). 

 

 

Figure 5.11 Results from DDA simulations showing the extinction efficiency for Au 

heterogeneous nucleation sites (yellow), Au-Ge heterodimers (green) and, Au 

nanocrescents (red). 
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Figure 5.12 DDA simulation of the extinction spectra of a gold sphere (dia. =73 nm) 

encapsulated in different dielectric mediums. Note the emergence of a peak from the UV 

region to visible region when n>3.5. 
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CHAPTER 6 SYNTHESIS OF SILICON NANOWIRES, FABRICATION 

TECHNIQUES AND APPLICATIONS 

 

 Introduction 6.1

There has been great interest in the fabrication of semiconductor nanowires due to 

their potential in numerous applications such as (i) silicon nanowires for bio-sensing 

[121], (ii) ZnO nanowires as multifunctional sensor [122], (iii) GaSb nanowires for laser 

application [123], and (iv) silicon [124] [125] [126], and InP [127] nanowires for 

photovoltaic devices. Similarly, metallic nanowires have shown similar promise in such 

applications as (i) plasmonics, (ii) catalysis and (iii) metamaterials. Many of these 

application require that the nanostructures be substrate-immobilized. Therefore, the 

ability to fabricate ordered nanowires on the surface of a substrate greatly enhances the 

potential to bring the aforementioned technologies to market. 

Reducing the amount of the absorber material used in the fabrication of solar cells 

has the potential to significantly reduce the price of photovoltaics (PV) and extend the 

supply of rare elements which are often used in the manufacturing of PV systems. Such 

breakthroughs have the potential to pave the way to the widespread use of PV 

technologies. Researchers are actively exploring new geometric platforms, such as 

vertical and horizontal nanowires, able to reduce the amount of material used and, thus, 

serve as a cost-effective strategy. Silicon nanowire-based solar cells have been achieved 

efficiencies of up to 11%[125]. Jasper et al. [127] demonstrated that arrays of vertically 

aligned InP nanowires incorporated into a solar cell architecture could achieve an 

efficiency of 13.8%, a value which is quite comparable with their more conventional 
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planar solar cell architecture counterparts. In their architecture, the InP nanowires 

covered only 12% area of the area of the cell. Nevertheless, the solar cell produced a 

photocurrent comparable to the bulk material, a result attributed to resonant light trapping 

on the subwavelength-scale of the nanowire. The smaller length-scales in nanowires 

allows for more efficient charge separation compared to the bulk material, but where the 

higher recombination rate for electron and holes, due to a significantly higher surface 

area, reduce the photocurrent generation from the nanowires. [126] Other advantages that 

semiconductor nanowires have over conventional bulk materials are as follows: (i) 

nanowires accommodate larger lattice mismatch during heteroepitaxial growth [128], (ii) 

the growth temperature is typically lower [129], (iii) strong coupling between the 

nanowire and incident light due to the subwavelength size of the nanowires and (iv) the 

surface of the solar has antireflection properties due to the gradual change in the 

refractive index of the material [127] [130]. 

 Synthesis of Silicon Nanowires 6.2

The vapor-liquid-sold (VLS) growth mode is a well-established synthesis route 

for the fabrication of inorganic nanowires [131], [132], [133]. The VLS method was 

developed in the 1960s by Wagner and Ellis [131] to produce micrometer-sized whiskers 

of silicon and GaAs semiconductors. In a typical VLS silicon nanowire growth, gold 

nanoparticles are first formed on a [111]-oriented silicon wafer which is then heated to 

950 °C. At these temperatures the gold particle becomes a AuSi liquid alloy due to the 

uptake of silicon from the substrate to the extent that they form a eutectic combination. In 

the next step, SiCl4 and H2 is introduced into the growth chamber whereby the reduced 

silicon atoms get absorbed near the droplet and enter the AuSi alloy. The droplet then 
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becomes supersaturated with silicon and begins to precipitate/extrude solid silicon 

containing a very small concentration of gold. The overall process can, hence, be 

characterized as a eutectic liquid droplet acting as a collection site for incident silicon 

atoms which are subsequently extruded as a one-dimensional single crystal solid 

nanowire. The extrusion continues until the gold is totally consumed, the supply of 

silicon is cut off, or the temperature is reduced. In their original work, Wagner and Ellis 

produced 0.2 mm long silicon whiskers.  

In the current study a similar approach was advanced in an effort to fabricate 

silicon oxide nanowires. Key differences in the devised assembly route were that 

palladium nanoparticles were used as a collection site instead of gold and the SiCl4/H2 

gas combination is replaced with a source of silicon derived from a sublimating single 

crystal of silicon. Sapphire, silicon and germanium wafers were used as substrates. 

Figure 6.1 shows the nanostructures formed on a silicon substrate. These one-

dimensional structures, which have a grass-like appearance, are all topped with a round 

seed, a feature characteristic of a VLS growth mode. Interestingly, all of the nanowires 

lean in the direction of the silicon sublimation source. EDS was carried out on these 

structures to determine the composition. The results indicate that these structure are, in 

fact, SiOx nanotubes topped with palladium seeds. Figure 6.2 shows an SEM image taken 

in backscattering mode which, because palladium is much heavier, exaggerates the signal 

obtained from palladium structures. When presented as a color map (Figure 6.3) the 

palladium  appears bright yellow.  
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Figure 6.1 SEM image of SiOx nanowires seeded with palladium nanoparticles which 

were grown on a silicon substrate. 

 

 

 

Figure 6.2 SEM image of SiOx nanowires imaged in secondary electron mode where 

palladium seeds appear brightly colored. 
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Figure  6.3 (a) SEM image of SiOx nanowires and (b) a table which lists the compositions 

derived from EDX spectra for the positions labelled 1 through 5 in the SEM image. 

 

Figure 6.4 shows elemental mapping for a single nanowire. Close to the seed, 

there is a rapid drop in the signal from silicon and a rise in the signal from palladium, a 

result consistent with palladium being the seed material. Noteworthy is that the signal 

from oxygen also drops near the seed, a result consistent with the nanowire being 

comprised of silicon oxide. The formation of silicon oxide, instead of silicon, is probably 

a result of significant levels of oxygen leaked into the furnace when o-ring seal are used. 

It is well-known that silicon readily oxidizes at low partial pressure of oxygen and this is 

why ultra-high-vacuum (UHV) seal are typically employed in silicon processing. 

 

position Atomic % Si Atomic % Pd 

   

1 87.20 12.80 

2 90.27 9.73 

3 89.86 10.14 

4 88.31 11.69 

5 88.71 11.29 
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Figure 6.4 Elemental mapping of a single nanowire which indicates that the seed is made 

of palladium 

 

Figure 6.5 shows the effect of growth at lower temperature. Lowering the growth 

temperature from 1100 °C to 930 °C will result in the deterioration of one-dimensional 

growth. This effect may be due to fact that high temperatures result in silicon atoms 

having enough energy for diffusion in the crystal structure and enhance the growth in a 

perfect crystallographic orientation while at low temperature silicon atoms would land on 

any crystallographic plane on a silicon structure and randomly position themselves on 

different sites and change the growth mechanism away from one-dimensional growth. 

Figure 6.6 shows the silicon oxide nanowire grown very close to the silicon 

source. These nanowire, which appear near in the upper half of the image, grow up to 0.1 

mm. The morphology of the nanowires changes by increasing the distance between the 

palladium seed and silicon source. Figure 6.7 shows nanostructures formed relatively far 

from the silicon source. Such structures result in a flower-like morphology. Palladium 
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seeds appear in the middle of structures as a bright color when image is taken in 

secondary mode. A similar growth mode has been observed in a low temperature regime 

(<600 °C) when tin oxide is used as the seed. [134]  

 

 

 

Figure 6.5 SEM image of SiOx nanostructures seeded with palladium that were grown at 

930 °C. 
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Figure 6.6 SEM image of SiOx nanowires seeded with palladium which grow to lengths 

of up to 0.1 mm on a silicon substrate. 

 

Figure 6.7 SEM image of SiOx nanostructures imaged in secondary electron mode 

showing palladium seeds as a bright yellow color 

 

Another interesting phenomenon is that synthesis technique can yield SiOx 

nanotubes as well. Figure  6.8 (a and b) shows silicon oxide nanostructures with palladium 
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seeds along the length of the structure. The most convincing argument for this 

phenomenon is that the palladium seed moves inside the silicon oxide during its growth 

resulting in a core-shell structure. The palladium core then breaks into smaller structures 

(Figure  6.8 (c and d)) because of a Rayleigh-like instability [46][50]. 

 

 

Figure  6.8 SEM image showing the silicon oxide nanostructures with palladium inside 

the tube (a and b), and palladium particles which have broken off the main seed and 

which are now inside the SiOx (c, d) nanotube. 

 

 Conclusion 6.3

While still in its early stages, this discovery of a nanowire growth mode that is 

simple, has a high growth rate and can result in very long nanowires is certainly one 

which is intriguing. Such a method could also prove technologically relevant from the 

standpoint that it does not require the use of silane (SiH4), a chemical typically used in 
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silicon nanowire growth modes, but which is highly flammable. Further study should 

prove whether such a route is of significance. 

 

 Sample preparation  6.4

The substrates were cleaned ultrasonically in methanol, acetone, and isopropanol 

solvents, each for 5 min. In the first step of the devised assembly process, 15 nm of 

bismuth was deposited onto the substrate, followed by the deposition of 10 nm of 

palladium. Both layers were deposited using a Gatan ion beam coater. In the second step, 

the coated substrate was placed in a tube furnace which, when heated, results in the 

formation of palladium nanostructures on the substrate. For this procedure, the sample is 

placed in an alumina crucible boat which is positioned in the center of the tube. The tube 

furnace is purged with ultra-high purity argon flowing at rate of 100 sccm for 15 min 

prior to heating. The heating regimen used for the fabrication of these nanostructures 

involves elevating the temperature to 1100 °C in 27 min, after which it is allowed to cool 

to room temperature. In the third step, the substrate is removed from the furnace and a 

silicon crystal in placed on top of the substrate. This crystal acts as the sublimation source 

of silicon atoms during the growth. The sample is then reinserted back into the furnace 

and the tube is purged with ultra-high purity argon flowing at rate of 100 sccm for 15 

min. The furnace temperature is then raised to 1100 °C in 27 min where this temperature 

is maintained for 12 hours. The sample is then allowed to cool to room temperature over 

the course of a few hours. 
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CHAPTER 7 Outlook and Future Work  

In this work it was demonstrated that alterations to the conventional dewetting 

technique are possible by introducing a sacrificial antimony layer between the substrate 

surface and an overlying metal film. The antimony layer increases the length-scales over 

which the agglomeration of the top layer occurs and provides a new control parameter 

that dictates the size and density of nanoparticles on the substrate. Based on the effect of 

this sacrificial antimony layer, dynamic templating technique was developed and has 

proved to be a reliable method for the fabrication of ordered nanostructures on the 

substrate. The capability of the process for manufacturing ordered nanostructures of 

noble metals, magnetic and semiconducting materials on a diverse set of substrates was 

demonstrated. This technique would be especially beneficial in the applications where 

nanopatterning of a substrate over large areas is required, but where photolithographic 

techniques are impractical because of their cost.  

Future work related to dynamic templating presents a number of intriguing 

possibilities. It should prove possible to use dynamic templating to fabricate patterned 

arrays on substrates featuring nanoscale dimensions which are below those of any other 

individual lithographic process. This would be accomplished by first using these 

sophisticated lithographic techniques to produce pedestal structures which would then be 

reduced to smaller length-scales using dynamic templating. Using dynamic templating, 

one can also attempt the fabrication of interpenetrating arrays of dissimilar materials by 

repeating the assembly process over and over again on the same substrate. This could be 

done with either similar or dissimilar materials. It would also be informative to study the 

effectiveness of elements other than antimony and bismuth as pedestal materials since 
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these elements were incapable of fabricating nanostructures of high temperature metals 

like vanadium and molybdenum.  

A simple method based on VLS was developed for fabrication of silicon oxide 

nanostructures using palladium as a seed and a silicon wafer as the source of silicon. 

These nanostructures are potentially of great importance from the standpoint of light-

matter interactions. Silicon oxide has florescent properties and this effect can be studied 

for different size nanotubes made with the aforementioned method. On the other hand, 

solid silicon can be generated via electrochemical reduction of the silica. It would be 

interesting to study if the silica nanowires retain their original morphology through this 

reaction. Silicon nanowires have an optical antenna effect, meaning they absorb specific 

wavelengths of light beyond their physical cross-section due to their optical cavity effect. 

Having palladium as a plasmonic element inside the silicon tube could result in further 

light manipulation which could potentially enhance this effect. This effect is of particular 

importance in applications where silicon nanowires are used for photovoltaic devices.  
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APPENDIX B 

FABRICATION OF NANOPARTICLE ARRAYS USING A TEM GRID 

TECHNIQUE 

This appendix explains the steps involved for fabrication of an array of gold 

nanoparticles on sapphire substrates. Other elements and substrates follow the same steps 

except the amount of sacrificial antimony and bismuth deposited could vary depending 

on the target element for nanostructures chosen. For more information on thickness of 

sacrificial layers for each element refer to chapter 5. 

Sapphire substrates is obtained from MTI, Virginia Semiconductor, Valley 

Design and ultrasonically cleaned in methanol, acetone, and isopropanol solvent 

respectively prior to deposition. The TEM grid (Quantifoil-Holey carbon foil) is obtained 

from Electron Microscopy Science and is shown in Figure B.1. The outer ring has 

diameter of 0.3 mm and inside is patterned with Nickel bars with pitch size of 100 µ, and 

openings (bar size) of 90 µ. (Figure B.1 (b)) The thickness of Nickel bars is around 30 µ 

and between them is perforated 15 nm thick carbon film. (Figure B.1 (c)). In the first 

step, TEM grid is taken from its box with the help of tweezers and placed on a glass 

cover slip see Figure B.2. The second step is to look at TEM grid under microscope to 

make sure the top side of the grid is facing up as can be seen in Figure B.3. The top side 

of the grid (Figure B.4) shoes Nickel bars tapered which is the checkpoint to see which 

side of the grid we is facing up.  
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Figure B.1 TEM grid used as shadow mask. (a) schematic of 0.3 mm diameter Nickel 

grid. (b) schematic of Nickel bars supporting the carbon foil. (c) perforated carbon foil 

with 1.2 µ circular holes. 

 

 

 

 

 

Figure B.2 (a) grabbing the grid from the container box with tweezers and (b) placing it 

on a cover slip. 
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Figure B.3 checking the TEM grid under optical microscope. 

 

 

 

Figure B.4 Optical microscope image shows top side of the TEM grid. 

The next step is depositing 60 nm of antimony on each sides of the grid. Coating 

the grid with antimony increases the robustness of carbon film which may tore apart in 

the process of dynamic templating otherwise. Gatan ion beam coater (Figure B.5) is used 

for deposition of antimony and depositing other materials in the next steps. Ion beam 

coater produces smooth layer of target material on the sample with variable thicknesses 
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which is controllable in nanometer precision by adjusting deposition time and ion beam 

energy.  

 

Figure B.5  Gatan 681 ion beam coater used for deposition. 

 

Figure B.6 shows TEM grid on the cover slip glass which is placed on the sample 

holder of ion beam coater. Under the cover slip exist a rare earth magnet employed on the 

sample holder to hold the TEM grid down on its position. TEM grid is very light and it 

may fly away and stick to magnetic parts of the ion beam coater otherwise. 
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Figure B.6 TEM grid on the sample holder of ion beam coater showing. Two cylindrical 

magnets under the grid are used to hold the TEM grid down during deposition 

 

The deposition of antimony increases the strength of carbon film. 15 nm carbon 

film will tore apart during the grid lift off from the substrate after deposition and leave 

residues which contaminate the process. To avoid this problem a 60 nm thick antimony 

coating is deposited on each sides of the grid. Adjusting the ion beam energy to 6 Kv and 

the current to 200 mA will deposit antimony with the rate of 15 nm per minute based on 

coating time calibration for antimony target in ion beam coater. 4 minutes of antimony is 

sputtered coated fist on top side of the grid and then the TEM grid is taken out, flipped 

and put back to be deposited 4 minutes on the backside. 

Following the coating, TEM grid is ready to be placed on the substrate. 

Minimizing the gap between the grid and the substrate is essential to reduce blurring and 

increase the resolution in transferring the pattern from the grid to the substrate. Using 

capillary force of acetone is proven as an effective way to temporary bond the substrate 

and the grid surfaces together which ensures a minimum gap between these two surfaces. 
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In the first step, acetone is poured in a cleaned beaker as shown in Figure B.7a and then 

transferred to a clean pipette. Following the dropping few drops of acetone on the 

substrate as shown in Figure B.7b, the TEM grid is placed floating on the acetone drop on 

the substrate. It is essential to make sure the carbon side of the TEM grid is placed on the 

substrate not the Nickel bars. It takes around one for acetone to dry and the grid strongly 

attaches to the substrate afterward.   

 

Figure B.7 Using acetone to make conformal contact between the TEM grid and the 

substrate 

 

The gap between the substrate and the grid can be inspected under microscope. If 

there exist a conformal contact between the grid and substrate, they appear in the same 

focus plan of the microscope. The next step is deposition of antimony, bismuth and gold 

respectively. Figure B.8 shows the substrate topped with TEM grid on the sample holder 

for deposition of sacrificial and gold layer. There is no need to use magnets to hold the 

TEM grid down in this step because the capillary force of acetone does not allow the grid 

to slide or fly off the substrate. For the fabrication gold array, antimony with the 

thickness of 60 nm followed by 8 nm of bismuth is sputter deposited over the substrate. 
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The amount of deposited gold depends on the desired final size of the gold nanoparticle 

and can vary between 10 to 90 seconds. 

Figure B.9 shows the substrate after the last deposition step completed. Lifting off 

the TEM grid will leave the desired pedestals on the substrate. The grid is removed by 

holding the substrate in beaker filled with acetone and placing the beaker inside a 

sonicator. As shown in Figure B.10, the substrate is hold with a pair of tweezers 

drowning inside the beaker and the sonicator is turned on for around 10 seconds. 

Vibration in the acetone loosens the grid off of the substrate and set it free in acetone but 

does not damage the pedestals formed on the substrate. Then the substrate is taken out of 

the beaker and dried using an air pipe as can be seen in Figure B.11. Removing the 

acetone with air pressure is necessary because if the acetone drops dry slowly, they leave 

stains on the substrate and contaminate the process.   

  

Figure B.8 Placing the substrate topped with TEM grid on the sample holder for the 

deposition in ion beam coater 
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Figure B.9 Substrate after deposition of antimony, bismuth and gold 

 

 

 

 

Figure B.10 Removing the TEM grid from the substrate using a sonicator 

 



 

121 

 

Figure B.12 shows the image of the pedestals made under microscope. The big 

square shown in the image has width of 100 µ and contains 625 pedestals that will 

transform into single gold nanostructures following dewetting in a furnace. 

The annealing process to assemble nanoparticles is carried out in a tube furnace 

with ultra-high purity argon flowing with the rate of 100 sccm. Figure B.13 shows the 

tube furnace used in the fabrication assembly with its lid open. The sample is placed in 

crucible boat and the boat is positioned in the center of the tube. Argon gas purges the 

tube for 15 minutes to remove any excess air inside the tube. The heating regime involves 

elevating the temperature to 1100 in 27 min and then allowed to cool down to room 

temperature. The heating regime is repeated one more time to rid of any traces of 

antimony and bismuth, which may remain in the gold nanostructures during the first 

annealing cycle. 

 

 

 

Figure B.11 drying the substrate off acetone after lifting off the TEM grid 
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Figure B.12 Image of pedestals made using TEM grid as the shadow mask  
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Figure B.13 Tube furnace for annealing the samples 
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APPENDIX C 

MOLECULAR DYNAMIC SIMULATIONS  

Moelcular dynamic (MD) simulations, which were used to model the dewetting of 

a thin film, was performed using the LAMMPS code.[104] LAMMPS is a classical MD 

code capable of modeling on the atomic, meso, and continuum length scales. It can run 

on single processor or in parallel and is available through the Sandia National 

Laboratories website (http://lammps.sandia.gov/). Visualization of the results was 

achieved using VMD [135] accessible through the University of Illinois at Urbana 

Champaign website: http://www.ks.uiuc.edu/Research/vmd/   

The embedded atom method (EAM) was used as the potential function to describe 

the interaction forces between gold atoms. [136][137] The EAM potential was first 

developed by Murray S. Daw and M. I. Baskes in 1983 as a semiemprical model for 

atomic simulation of transition metals with impurities and has been successfully 

employed in the modeling of face centered cubic metals and their alloys. [138] The 

Lennard-Jones (LJ) interatomic potential was used to describe the interaction between 

gold and the substrate atoms.[139] 

A canonical, NVE, ensemble, with a Langevin thermostat and time step of 2 fs 

was used to ramp up the film and substrate from room temperature to 1000 °C in 10 

nanoseconds where it was  maintained for another 10 nanoseconds.  
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