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Abstract 

Controlled synthesis of metallic nanoparticles (MNPs), according to particular morphologies 

and dimensions, is an interdisciplinary field of research because of the new, varied, rich and 

complex physical properties of MNPs. These properties are mainly governed by the collective 

oscillations of conduction electrons called plasmons. 
This phenomenon is optically reflected by the sensitivity of the MNPs to the change in the 

surrounding refractive index and by the shift of their plasmon resonance band. This feature, 

according to the morphology of MNPs, is used in fairly modern applications such as cancer 

phototherapy and the development of the ultrasensitive sensors based on Surface Plasmon 

Resonance (SPR) or Surface Enhanced Raman Spectroscopy (SERS). 

The sensitivity of MNPs as sensors is not only directly related to the chemical and crystalline 

nature of the metal but also to their ability to adsorb target molecules, absorb and/or confine 

and enhance incident light. This last property is generally more remarkable as the distance 

separating the MNPs is small. Thus, the control of the size, shape and density of the MNPs is 

of major interest. Therefore, the development of new synthesis methods of MNPs is still 

relevant. 

Moreover, the fabrication of uniform metallic nanoparticles is mainly achieved by colloidal 

synthesis particularly by "seed mediated growth". On the other hand, this method always has 

certain limitations in the preparation time and the control of the size and shape. In this context, 

we have, in this thesis, developed a new fabrication method of MNPs of different shapes. The 

idea is to structure a polymer (PMMA) in the form of a nanoporous film and to use the 

nanopores as synthesis reactor for MNPs. Thus, the objective of this thesis was to investigate 

the proposed synthesis method in order to develop new detection nanosensors based on SERS 

phenomenon. 

The work in this thesis has been divided into three main parts: the first is to study the synthesis 

mechanism in order to optimize the formation process of uniform metallic structures. The 

second aims to change the shape of the MNPs by playing on the parameters of synthesis. In 

parallel with these two aspects, an important task was devoted to morphological analysis using 

structural analysis techniques, and to the determination and the modelling of the optical 

responses of these MNPs particularly by the technique of spectroscopic ellipsometry. 

 

 



 
 

Résumé en français 

La synthèse contrôlée de nanoparticules métalliques (NPM) selon des morphologies et 

dimensions particulières est un domaine de recherche interdisciplinaire en raison des nouvelles 

propriétés physiques variées, riches et complexes des NPM. Ces propriétés sont principalement 

régies par les oscillations collectives des électrons de conductions appelées « plasmons ».  

Ce phénomène se traduit optiquement par une sensibilité des NPM au moindre changement 

d’indice de réfraction par déplacement de leur bande de résonance plasmon. Ce phénomène en 

fonction de la morphologie des NPM est mis à profit dans applications assez modernes telles 

que la photothérapie contre le cancer et l’élaboration de capteurs ultrasensibles basés sur la 

Résonance Plasmon de Surface (SPR) ou sur la Spectroscopie d’Exaltation Raman de Surface 

(SERS).  

La sensibilité des NPM en tant que capteurs est directement liée à la nature chimique et 

cristalline du métal mais également à leur capacité à adsorber les molécules cibles, à absorber 

ou/et confiner et exalter la lumière incidente. Cette dernière propriété est généralement d’autant 

plus remarquable que la distance séparant les NPM est petite. Ainsi, le contrôle de la taille, 

forme et densité des NPM présente un intérêt majeur et les travaux visant à développer de 

nouvelles méthodes de fabrication ou de nano-structuration sont toujours d’actualité. 

D’ailleurs, la fabrication de nanoparticules métalliques (NPM) uniformes se fait principalement 

par synthèse colloïdale particulièrement par « seed mediated growth ». En revanche, cette 

méthode  présente toujours certaines limitations dans le temps de préparation et la contrôle de 

taille et de forme. Dans ce contexte, nous avons, dans cette thèse, développé une nouvelle 

méthode de fabrication de nanoparticules métalliques  (NPM) de différentes formes. Le principe 

consiste à structurer un polymère (PMMA) sous forme d’un film nanoporeux et d’utiliser les 

nanopores comme réacteur de synthèse de NPM. C'est ainsi que l’objectif de cette thèse était 

d’exploiter la méthode de fabrication ainsi proposée afin d’élaborer de nouveaux nano-

capteurs de détection basés sur le  SERS.  

Les travaux dans le cadre de cette thèse ont été réparties sur trois grands volets : Le premier 

consiste à étudier le mécanisme de synthèse afin d’optimiser le processus de formation des 

structures métalliques uniformes. Le 2ème vise à faire évoluer la forme des NPM en jouant sur 

les paramètres de synthèse. En parallèle à ces deux volets, une tâche importante a été consacrée 

à l’analyse morphologique en utilisant les techniques d’analyses structurales, et à la 

détermination et la modélisation des réponses optiques de ces NPMs notamment par la 

technique d’ellipsométrie spectroscopique. 
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General Introduction 

The work presented in this thesis shows in chapter 1 an overview of nanotechnology strategies 

allowing shape control of metal nanoparticles, focusing on a novel synthesis method of single 

shape of gold nanoparticles (GNPs) in chapter 2, discussing the shape control of these GNPs 

in chapter 3, and exposing their optical properties in chapter 4.  

Different synthesis and fabrication methods of nanomaterials for GNPs have been shown in 

chapter 1, including both “top-down” (physical synthesis) and “bottom-up” (chemical 

synthesis) approaches. Considerable developmental works have been performed on GNPs 

fabrication methods through these approaches, most rely on size, shape and stability control.  

The synthesis of controlled shapes of metallic nanoparticles (MNPs) has attracted 

attention particularly in sensing and catalysis, which mainly depend on MNPs 

morphology and surface characteristics. [1] In this context, the most cited studies in the 

literature rely on the development of seed-mediated growth and electrochemical 

methods. In chapter 2, we introduced a new fabrication way for the synthesis of gold 

nanocubes (GNCs) upon a fast and one-step nanofabrication method based on PMMA 

self-assembly. Through this chapter, we studied the influence of parameters that lead to 

the formation of the GNCs. We also emphasize the possibility to control the size of 

GNCs. Then, these GNCs were accomplished for SERS substrates because they are highly 

sensitive for the detection of small amounts of organic molecules such as Pyridine.  

The shape is one of the most important factors in determining the structural, physical, and 

chemical properties of a nanoparticle. [2] For this aim, Chapter 3 presents a modern way in 

shape-controlled nanomaterials through tuning the mechanism kinetic rate without the usage of 

any surfactant or reducing agent. It is known that the formation of different shapes is generally 

achieved by changing the reducing and the stabilizing agents upon colloidal synthesis. In 

parallel, many studies have investigated the role of ligands in controlling the NP morphologies. 

Despite the progress in the colloidal synthesis, it is still difficult to achieve systematic and 

predictive tuning of the NP morphologies because of the limited fundamental understanding of 

the formation of NP morphologies and the mechanistic roles of the used molecules especially 

the ligands. [3] Using our method that was described in chapter 2, we aimed to show the 

evolution of the cubic shape into another morphologies (such as gold nanohexagons (GNHs), 

gold nanoprisms and gold nanorectangles (GNRs)) by changing the major process components.  

The classical effective medium theories, used to exploit ellipsometric data consider only the 

spheroidal NPs. [4] In chapter 4, gold nanoparticles (GNPs) are optically characterized by 
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Spectroscopic Ellipsometry (SE) and compared to a theoretical modeling in order to understand 

the optical responses of their corresponding samples. We have presented a simple model which 

is based on two classical Lorentz oscillators (one for PMMA and another for GNPs) that 

generates quantitatively accurate results (optical constants). This model involves the primary 

measurement of the ellipsometric angles (Ѱ and ∆) followed by a correct fitting of these angles. 

Chapter 5 highlights the main conclusions derived from the previous four chapters and focuses 

on future perspectives of this work. 
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1 Bibliographic study  

 

1.1 Introduction  

Over the last few decades, the field of nanotechnology has exponentially expanded and has 

been incorporated into many areas of science, including biology, environmental science, and 

energy research. [1-5] With the rising of the development of the applications in nanotechnology, 

synthesis strategies for nanomaterials have also evolved to meet the technological demands. 

Among these nanomaterials, metal nanoparticles with well-defined surfaces have attracted 

significant attention in many research areas, owing to their extraordinary catalytic properties. 

[6] By means of versatile, colloidal synthetic approaches, a variety of shapes have been 

achieved so far, including not only simple shapes (sphere, cube, tetrahedron, octahedron, 

decahedron, and icosahedrons), but also 1- or 2-dimensional shapes (rod, wire, plate, disc, 

triangular- and hexagonal-plate, and more complicated bi-pyramid, tetrapods, and hyper-

branched structures). Nanoparticles with high surface areas can provide more active sites to 

lower the activation energy of the catalytic reactions, and unique surface structures such as 

steps, kinks, and terraces to influence the reaction pathways leading to product selectivity. [7-

11] 

In the case of gold, the most attractive feature of shape is the appearance of a plasmon band in 

the near infrared (NIR). Such property is necessary in biomedical applications that require 

nanomaterials of low frequencies absorption to preserve the cells. Thus, the “water window” 

between 800 nm and 1300 nm could be beneficial for medicinal diagnostics and photothermal 

therapy “theranostics”. [12],[13] This NIR absorption is shape and medium dependent. [14] In 

particular with Au nanoshells, nanorods, hollow nanospheres, and nanocubes. This property has 

led to significant progress in disease diagnostics and therapy. [13] Thus, synthesis and shape 

control of GNPs has attracted interest because of the new properties that appeared for non-

spherical GNPs. As an example, triangular or hexagonal plates have a potential interest due to 

their sharp edges. These edges may lead to high local electric field gradients under illumination 

making them attractive candidates for various applications including optical biosensing and 

surface-enhanced Raman spectroscopy (SERS). [6] Moreover, catalytic properties of small 

GNPs (<5 nm) on textured surfaces have been widely explored. [7] 

Colloidal synthesis approaches allowed the fabrication of a wide variety of morphologies like 

rods, rectangles, hexagons, cubes, triangles, and star-like outlines to branched Au particles in 

high yields at room temperature. This is achieved using only single surfactant (CTAB) within 
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an aqueous solution through the most common seed-mediated growth method that will be 

discussed later. Even though the colloidal approaches are the most common ways to fabricate 

nanoparticles with controlled morphologies, broad processes were explored until now. On this 

basis, the present chapter gives an overview of the most used bottom-up and top-down 

approaches that produce metallic nanoparticles with different shapes. Herein, we summarize 

the recent advances in nanotechnologies allowed shape control of the metallic nanoparticles 

including gold ones. 

 

1.2 General shape-controlled synthesis strategies of metallic 

nanoparticles 

1.2.1 Top-down synthesis 

Top-down approach corresponds to the usage of nanofabrication tools that can be controlled by 

external experimental parameters to create nanostructures or functional devices with the 

specific shapes and characteristics, by reducing larger dimensions into the required values. [15], 

[16] Top-down strategies begin with a bulk gold substrate (mainly film or pellet), followed by 

a nanoscale patterning procedure through which the major part of the gold film is removed, thus 

producing GNPs with fixed scale and shape. [17] Electron-beam lithographic (EBL) method is 

the most commonly utilized top-down technique that leads to the formation of various shaped 

nanostructures with nanometer length scale. [18] In addition, the laser-based ablation [19] is 

one of the popular top down techniques. While the bottom-up approach constructs 

nanomaterials from basic building blocks like atoms or molecules, the top-down approach 

yields in nanostructures by breaking larger materials with the use of lithographic tools (i.e. 

physical top-down) or through chemical-based processes (i.e. chemical top-down).  

 

1.2.1.1 Physical top-down synthesis 

1.2.1.1.1 Optical lithography or photolithography  

This technique which was known as the workhorse of the semiconductor industry for high 

volume manufacturing [20], has been also used to fabricate discrete monodisperse colloidal 

particles [21],[22]. The optical lithography, which was first discovered in the 1960’s, is one of 

the most applicable physical top-down methods that can be used in fine scale patterning of 

integrated circuits [15],[16]. It requires an ultra violet light (UV) which can be collimated 

through a quartz plate in order to create patterns on a surface. [15],[21] Thus, the light can 

transfer the desired pattern from the quartz plate that serves as a mask into an organic light-



14 
 

sensitive material called photoresist which can be coated on semiconductor substrates or wafers. 

[23],[24] Then, the pattern can be transferred into the underlying substrate just by etching. 

Resolution is enhanced through the usage of projection lens systems between the mask and 

substrate in order to image the mask onto the surface of the photoresist. [15] When the 

photoresist is exposed to light, it may form two possible transformations. First, the exposed 

regions will show a higher solubility in the formed solutions if a positive photoresist material 

is illuminated followed by the removal of the exposed photoresist from the solution. In addition, 

negative photoresist material will be cross-linked when exposed to light so they present a high 

solubility in the developing solution. However, after the interaction with the developing 

solution, areas that were deprived from the exposition to light will be etched away. The 

remaining photoresist patterns serve as a protector for the substrate from being removed. When 

the desired process is completed and the pattern is designed on the substrate, photoresist can be 

removed. [15] Both Mason [21] and Stroock [25] have reported using this type of approach; the 

possibility to generate highly monodisperse, shape-specific colloidal particles. This type of 

processing is characterized by the excellent formation of submicrometer level and by high 

throughput. [26] 

 

1.2.1.1.2 Electron beam lithography  

Electrons can be used instead of photons in a very known process called electron beam 

lithography (EBL) [27],[28] in order to create nanometer ranged features (smaller than 10 nm) 

and to overcome the diffraction limit of light, knowing that photolithography is limited by the 

diffraction limit in the size resolution of features (around 60 nm) and it is based on the 

wavelength of available lasers [3]. E-beam lithography was developed for manufacturing 

integrated circuits and leads to the formation of low-dimensional structures in the resist that 

will be transferred into the substrate material just by etching. Moreover, it is a mask-less form 

of lithography and very known in photomask-making for photolithography [27] where the 

pattern can be generated directly using a focused beam of accelerated electrons through 2D 

scanning over the substrate (surface of the material) that has been coated with any type of 

electron-reactive resist. Therefore, this is a relatively low throughput process. In comparison to 

photolithography, it has rather low productivity because it is a serial process and often a manual 

one. Even though, both techniques are only able to create a 2-dimensional structure in a single 

step. [3] It is the most common lithography technique to generate metallic nanostructures 

(GNPs) [29],[30] and allows the precise control of the size, shape and the spatial distribution 

of the formed nanoparticles [31]. The synthesis of GNPs could be achieved by EBL through 
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coating a substrate (eg. glass slide) with an electron-sensitive resist such as polymethyl 

methacrylate (PMMA). The electron beam dissociates such coated substrate into fragments, 

which can be selectively removed with a chemical developing agent. The remained nanoscale 

structure is suitable for the deposition of gold in the formed pattern by thermal evaporation. 

The unexposed PMMA film with the gold film deposited over it will be removed by acetone, 

thus keeping the desired gold nanoparticle arrays on the glass slide [30] as shown in Fig. 1. In 

fact, top-down electron beam lithography (EBL) is the most accurate experimental approach 

for achieving high level of control, but it suffers from some disadvantages. The required 

physical vapor deposition of metals can form non-crystalline structures, which is known to 

introduce imperfections that can increase the plasmon resonance linewidth by means of non-

elastic scattering. However, EBL is not a realistic technique for the production of nanoparticle 

assemblies of controlled geometry, due to its high cost, relatively low speed and the limited 

transfer rate to design data. [32]  

 
Fig. 1 Schematic illustration for the fabrication method of GNPs using EBL. Adapted from ref. [33] 
 
1.2.1.2 Chemical top-down synthesis 

Physical top-down approach has achieved great success in nanoscale fabrication. However, 

great efforts were made in developing new methods for chemical top-down nanofabrication. 

While physical top-down nanofabrication has shown the capability to produce nanoscale 

patterns on substrates in vacuum, chemical top-down approach has offered advantages in 

crafting nanostructures in solids as well as in solutions. Chemical routes to top-down 

nanofabrication have been attracting scientific interests in recent years due to their low cost and 

facile use that allow them to be used in various applications, such as sensing, biomedicine and 

catalysis. Unlike physical top-down techniques, the chemical based routes do not require tightly 



16 
 

controlled environments (cleanroom) and they are characterized by their synthetic versatility, 

ability to generate nanoporous material and variety of three-dimensional (3D) nanostructures 

features, wide applicability, suitable for manipulation, and great potential for large-scale 

production [28]. All these properties offer the chemical route a great success in nanostructure 

fabrication. Templated etching, anisotropic dissolution, and thermal decomposition are the 

major chemical routes [34-40]. While templated etching utilizes a template that serves as an 

etching mask to guide the formation of nanoscale features on a substrate, thermal decomposition 

involves heat treatment to transform the maternal inorganic solid into 3D nanoporous structures 

of controlled porosity with a simple one-step fabrication way. Selective dealloying forms a 

nanoporous metal from a metallic alloy [41] using chemicals to remove the most reactive metal 

constituent found within the alloy. Finally, anisotropic dissolution generates nanostructures 

with well-defined morphologies through selective dissolution of certain crystallographic facets. 

Such chemical top-down nanofabrication routes are less expensive than the physical ones, so 

they could be applied in large-scale device fabrication. Basically we will focus on template 

etching. 

 

1.2.1.2.1 Template etching route  

This method results in a nanoscale pattern which has been crafted on the surface of the substrate 

after subsequent removal of the template. Using a template such as block copolymer micelles, 

it is possible to fabricate well-defined 3 D etch pit array on silicon substrate (see Fig. 2) [28], 

[34]. The template can be obtained through spin-coating, by which amphiphilic polymer 

micelles are assembled on the substrate surface. The nanoscale pattern of the polymer template 

is then transferred to the underlying substrate via a selective etching agent (such as an aqueous 

solution of hydrofluoric acid that results in selective localization of fluoride ions within the 

micellar cores). The silicon etch pit array can be obtained after the removal of the polymer 

template through ultra-sonication in a solvent (toluene). The formed etched features on the 

silicon surface can be later functionalized into gold nanoparticles, leading to the generation of 

more complex architectures. [42] It was reported in literature that the templated etching could 

successfully produce long-range ordered arrays of nanoscale features on silicon substrates, 

which can allow the nanofabrication approach to form non-lithographic nanopattering over 

silicon surfaces. Thus, templated etching technique could provide low-cost ways to fabricate 

large-area nanoscale patterns similarly to lithographic techniques. On the other hand, selective 

deploying, anisotropic dissolution and thermal decomposition have made it possible to 

construct different nanostructures having higher structural complexity. Such complex 



17 
 

nanoscale architectures can be useful for many disciplines beyond the microelectronics 

applications, such as catalysis [43], energy-related technologies [44],[45] and environmental 

monitoring [46]. 

 

 
Fig. 2 Schematic representation for the fabrication of 3D etch pit array on silicon substrate through the usage of a 
block copolymer as template and an aqueous solution of Hydrofluoric acid (HF) as etchant. Adapted from ref. [34] 
 
1.2.1.3 Deposition methods 

1.2.1.3.1 Chemical and physical vapor deposition 

Physical vapor deposition (PVD) and Chemical vapor deposition (CVD) techniques combine 

the research of nanomaterial synthesis. Such deposition methods provide an opportunity of the 

nanofabrication of highly complex nanostructures that are impossible to be obtained using other 

nanofabrication techniques. CVD is one of the most common processes that deposit thin films 

of many different materials [47]. It is widely used in microelectronics production because it 

generates uniform, conformal, and continuous films upon metal deposition. Nevertheless, it is 

possible to synthesize specific shapes of gold metal nanocrystals by CVD. In this approach, the 

deposition substrate plays an important role in determining the initial structure of deposited 

features. However, precursor ligand systems or highly Lewis basic coordinating ligands which 

can stabilize metal centers by increasing the thermal stability of the compounds, can be also 

used in vapor deposition techniques. Coordinative ligands such as N-heterocyclic carbenes 

(NHCs) [48],[49] are similar to the chemical surfactants and capping agents that are used in wet 

synthesis of metal nanocrystals. These precursors have a significant role in directing the growth 

during CVD by slowing growth on certain gold facets after dissociation. New advances in CVD 
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such as initiated chemical vapor deposition (CVD) give a possibility for the deposition of 

polymers without reducing the molecular weights during the CVD process. [27] Unlike CVD, 

in PVD method, materials are evaporated through an electron beam, plasma, or laser. [27] The 

evaporation material is vaporized with a supplied energy followed by the solidification of the 

surface of the substrate. Moreover, PVD processes are usually carried out in high vacuum 

environment which exclude the vapor towards the substrate without interacting with any other 

gaseous atoms in the reaction chamber. However, Biswas et al presented an advancement in 

PVD using a versatile e-beam-assisted co-deposition technique which has been developed to 

fabricate multicomponent nanomaterials. [50] Both deposition methods possess versatile 

nanofabrication tools for fabrication of nanomaterials (nanocomposites). Moreover, they are 

characterized by controlled deposition of several materials including metal, semiconductors, 

insulators and polymers. Furthermore, it is possible to deposit porous nanofilms using these 

methods. In contrast, these methods are highly expensive because of the expensive vacuum 

component in PVD and high temperature process in the case of CVD. Actually, shape control 

in chemical vapor deposition (CVD) has not been well explored, and metallic gold films are 

typically limited to nanoparticles or thin film morphologies. [51] 

 

1.2.1.3.2 Atomic layer deposition 

Atomic layer deposition (ALD) technique was first developed by Suntola and Antson. [52] It 

is currently used for surface engineering of high complex nanomaterials. This method is 

characterized by various advantages including; ability to control the thickness of the deposited 

layer which helps new approaches to modify the physico-chemical surface properties of the 

nanosized materials and it provides many opportunities for the new synthesis of new 

nanostructures and devices [53],[54]. It is based on self-terminating surface reactions of gaseous 

precursors that produces extremely thin, high-quality, and conformal films with controlled 

thickness at atomic level by depositing one atomic layer. ALD can generate Materials with 1D 

characteristics by complete filling of the porous holes of such materials with different aspect 

ratios. Furthermore, this approach can be used for a variety of materials, such as metals, 

semiconductors, or oxides, in order to produce 1D structures that exhibits excellent conformity 

and gap-filling abilities. [55] This method produces pin-hole free nanostructured films over 

large areas and it is a reproducible method with good adhesion due to the formation of chemical 

bonds at the first atomic layer. However, it is a slow process, an expensive one due to the usage 

of vacuum components as in PVD methods , and it is not suitable for certain metals. [27] 



19 
 

 
 

1.2.2 Bottom-up pathways 

Bottom-up approaches construct multifunctional nanostructural materials and devices by 

directed self-assembly of molecular or atomic components [56] without generating waste or the 

need to eliminate the parts of the final system. Bottom-up nanofabrication often uses deposition 

techniques (atomic layer deposition & vapor phase deposition) and assembly processes 

(Chemical self-assembly, molecular or colloidal self-assembly, etc...), bottom-up nanosphere 

lithography, chemical, photochemical, electrochemical, templating, sonochemical and thermal 

reduction techniques [27],[57-60]. Bottom-up approaches have received great attention in 

biomedical applications (such as imaging, gene or drug delivery) through fabricating organic 

particles [26]. In addition, bottom up synthesis techniques involve an agent to stop the growth 

of the particle at the nanoscale [61], where capping materials, such as a surfactant or polymer 

can be used in this technique to prevent aggregation and precipitation of the metal nanoparticles 

out of solution. Some of the more commonly used bottom up techniques and those chemical 

methods that involve “bottom up” method for making GNPs are discussed below. Bottom-up 

approaches are readily scalable, but can lack fine control of the particle size and dispersity, and 

can be limited in the variety of shapes which produced. 

 

1.2.2.1 Colloidal synthetic strategies 

1.2.2.1.1 Seed mediated method 

Metal nanoparticles are well known for their promising future applications in the fields of 

electronics, photonics, biochemical sensing and imaging, etc. due to their unusual properties, 

especially the optical ones such as: strong plasmon band absorption, enhanced Rayleigh 

scattering, and surface enhanced Raman Scattering. As mentioned before, nanoparticles can be 

synthesized by different ways which are divided into two main categories: top-down and 

bottom-up methods. In general, the growth of metal nanoparticles passes through two 

successive steps: nucleation, followed by controllable growth of the existing nuclei. The 

fundamental factor that enables the growth of metal nanoparticles is the presence of the 

corresponding metal salt in addition to a reducing agent. In the normal conditions, spherical 

nanoparticles will be formed due to their lowest surface energy. [62] On the other hand, 

anisotropic nanoparticles are obtained by promoting the growth step in a particular direction 

using special additives referred to as: "capping agents". Accordingly, a special and popular 

technique based bottom up method: "seed-mediated growth method" is used for the synthesis 
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of metal nanoparticles. [63-68] In this technique, the added capping agents reduce the growth 

rate, guiding the growth of the nanoparticle into non-spherical geometries including nanorods, 

nanocubes, nanoprisms, nanostars, and nanohexagons. [69],[70] The size and the shape of the 

obtained particles are controlled by the reaction conditions as well as the variation of the type 

and the concentration of the reagents utilized. The most common methods for size control 

require capping agents [71-74] such as: surfactants, ligands, and polymers whose role is to 

reserve the growth in the nanometer pattern.  

According to the prolonged research studies, the synthesis of GNPs by seed-mediated method 

has developed stage-wise by the different research groups. The seed mediated growth method 

should provide the possibility to exclude the nucleation step and to boost the growth step. In 

such situations, small nanoparticles are assembled and later used as seeds to prepare larger 

particles in the presence of metal salt and weak reducing agents [75-77]. The idea of a two-step 

seeding-growth method to prepare monodispersed gold nanoparticles, was progressed by 

Zsigmondy et al. [78] who reported the two-phase method which has been later named: "the 

seed-growth method" and used afterwards by Turkevich et al. [79]. To control the particle size 

in particle synthesis, a well-known tool can be applied which is the usage of a capping agent. 

[80],[81] The stabilizer can strongly cap the particle, inhibiting its growth and producing capped 

metal particles that act, in their turn, as electron transfer catalysts. [82] Natan et al. reused citrate 

and borohydride-reduced gold particles as seeds for preparing larger nanoparticles having 

diameters between 30 and 100 nm employing citrate as a growth reducing agent. [76] Later, 

they have improved the monodispersity of particles relative to those prepared in one-step 

reduction of Au3+ with citrate. [83] Moreover, Jana et al. [84] have found that the presence of a 

seed can lead to the formation of nanoparticle products even smaller than the seed itself, 

indicating that seeds promote nucleation; and this problem have been also observed by other 

workers [85],[86]. Thus, controlling the rate of reagent addition directly over the seed can 

influence the particle size and distribution. For instance, the slow addition of a diluted reducing 

agent solution hides additional nucleation, and leads to the formation of large particles of 

improved monodispersity with size ranged between 20 and 100 nm. To illustrate more, ascorbic 

acid reduced gold nanoparticles, being prepared by fast addition, showed a broad size 

distribution (22±10 nm) in the absence of seeds. However, the presence of seeds can recover 

such monodispersity when growth defeats nucleation (20± 6 nm). El-Sayed et al. have 

suggested two explanations for the formation of faceted and rod-shaped particles. In the first, 

the growth rate varies at different planes of the particles. Secondly, particle growth competes 

with capping action of stabilizers (the ionic reagents in Jana’s work). [87] 5 nm particles 
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produced from seeds of the same size were more spherical for faster addition of reducing agent, 

but faceted in case of slow addition of the reducing agent. Even though, the faster addition in 

the absence of seeds, or in the presence of relatively small amount of seeds, leads to the 

formation of rods and facets. This observation was coherent to that obtained in earlier works. 

[88] The nucleation step that was proposed by Jana's group increases as the reaction progress 

slows down, and terminates when dominated by the growth. From the kinetic evidence, Finke 

et al. [89] proposed continuous slow nucleation with fast autocatalytic growth for transition-

metal nanocluster formation. The size distribution obtained by Natan group [83] was similar to 

this exploration. In reduction without seeds, these faceted particles are sometimes obtained for 

weak reducing agent where growth occurs over a long period [88]. Jana et al. ( or Murphy et 

al.,2001) [84] reported two mechanistic steps in seed mediated method, where the presence of 

seed can lead to nanoparticle products smaller than the seed as mentioned above, suggesting 

that seeds promote nucleation. This approach was defined by an initial slow nucleation, 

followed by burst of nucleation mediated by seeds and growth. The two-step mechanism 

presented in Fig. 3 for solution-phase gold nanoparticle synthesis shows narrower size 

distribution in response to separation time between nucleation and growth.  

 

 

Fig. 3 Generalized two-step mechanism for solution-phase Au nanoparticle synthesis. [84] 
 
Three-step seed-mediated growth method was used to make gold nanoparticles using different 

stabilizers like alkyltrimethylammonium bromides (CnTAB). It was reported from this 

approach that the increase in the length of the surfactant chain results in increasing the gold 

nanoparticles aspect ratio [90]. Also, the maximal plasmon absorption for gold nanoparticles 

has varied with respect to change in shape. It was 520 nm for spheres, and reached 2000 nm for 
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high aspect ratio nanorods. Hence, the length of the surfactant tail is crucial for producing gold 

nanorods, where the increase in the length of the alkyl chain results in the production of higher-

aspect ratio nanorods. The aspect ratio was 1 (for C10TAB), 5 ± 2 (C12TAB), 17 ± 3 (C14TAB), 

and 23 ± 4 (C16TAB) [90]. A relationship between the nanorod aspect ratio and the size of the 

seed was observed in literature [91] in a seed mediated synthesis of gold nanorods. In this study, 

it was shown that the aspect ratio of the nanorods increases with the decrease in the seed size 

under the usage of constant concentration of reagents. Then, the initial stage of the seeding step 

helps to determine the final nanorod size and shape formation. Not only the size, but also the 

charge on the seed plays an essential role in determining the nanorod aspect ratio. For instance, 

the variation in the aspect ratio of the positively charged seeds is not as pronounced as that of 

the negatively charged seeds. To clarify more, it was reported that the variation in parameters 

such as length, width, and aspect ratio of the gold nanorods (AuNRs) synthesized using different 

seeds follow a pattern as a function of seed size for negatively charged seeds. As the size of the 

seed increases, a reduction in the length as well as in the width of the final nanorods was 

observed, unlike the case of the positively charged seeds.  Murphy's team [8] has developed the 

theory of the preferential binding of CTAB molecules assuming that (100) crystal face is the 

most preferable face in the nanorod synthesis and growth mechanism. That's why the 

introduction of a seed leads to rapid reduction of gold salt on the seed surface with competitive 

and preferential binding of CTAB molecules on the (100) surface. This stands to be the driving 

force of the generation of faceted spheres which then develop to form rods (see Fig. 4). 

 

 
Fig. 4 Schematic representation for the generation of Gold Nanorods. [91]  
 
Seed mediated growth allows shape control 

In short, there is a general trend of the decrease in the gold nanorods’ aspect ratio with an 

increase in the seed size, see Fig. 5. This clearly indicates that the seeds produced by 

(Nikoobakht and El-Sayed method) do not follow the general trend observed in this three-step 

seeding protocol. The main reason might be due to the doubt in determining the exact size of 
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the seed; which could be linked to the difficulty of removing excess CTAB molecules (by 

centrifugation). [91] 

 
Fig. 5 Schematic illustration for different stages of growth of Gold Nanorods using small (5.5 nm) and large size 
(8 nm) seeds. [91] 
 
It has been demonstrated that some alteration in the synthesis procedure such as increasing in 

the pH or the surfactant concentration, or adding extra halide ions can lead to the formation of 

planar nanostructures. Additionally, various structural architectures of Au particles can be 

produced in high yields at room temperature using only a single surfactant (CTAB) within an 

aqueous solution can be achieved using the most common seed mediated growth method. [92] 

Using this method, it is important to know that it involves the preparation of Au seed particles 

and the posterior addition of an appropriate quantity of the Au seed solution into an aqueous 

growth solution containing proper quantities of CTAB, HAuCl4, ascorbic acid (AA), and in 

some cases a small quantity of AgNO3.The final morphology and size of the Au nanoparticles 

depend on the concentrations of the seed particles and CTAB, in addition to the reactants (Au3+ 

and AA). All these factors were related to each other producing interesting combinations for 

various shapes. Other than chemical reagents, many natural reducing agents have been 

displayed to stimulate the formation of non-spherical morphologies. One of the most notable 

examples of biologically prepared gold nanoparticles is gold triangular nanoplates which were 

grown in the extract of living plants. For example, gold nanoplates were obtained in yield of 

50% through the usage of extract of boiled lemongrass leaves which serve as both reducing and 

shape directing agent. [93] It has been also stated that sugars (aldoses) and aldehydes/ketones 
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act as interesting compounds for nanoparticle formation, knowing that modification in the 

concentration of lemongrass extract in solution could alter the average edge length of the prisms 

(100 to 1800 nm). [94]  

  

1.2.2.2 Electrochemical synthesis 

The electrochemical method has become an efficient and unique method to synthesize noble 

metal nanoparticles with diverse high-index facets. By comparison with common solution-

phase methods, the electrochemical method can control the nucleation and growth 

thermodynamics as well as the kinetics of the metal nanoparticles through the externally applied 

potentials. [95] The electrochemical method to produce GNPs was first reported by Svedberg 

in 1921 [96] and then developed by Wang and co-workers who reported the formation of 

AuNRs through an electrochemical synthesis of metal clusters in reversed micelles in an 

organic solvent. The synthesis of AuNRs is conducted within two-electrodes, Au plate anode 

and a Pt plate cathode were immersed in an electrolyte containing CTAB and 

tetradodecylammonium bromide (TOAB) as a co-surfactant and small amounts of acetone and 

cyclohexane were also added into the electrolytic solution before the electrolysis. Acetone was 

used for untying the micellar framework, while cyclohexane was used to enhance the formation 

of elongated rod-like CTAB micelles. [97] During electrolysis, the bulk gold metal anode 

undergoes oxidation to form AuBr4
-, which forms a complex with the CTAB and migrates 

towards the cathode, where the cathodic reduction into Au0 occurs. Moreover, the aspect ratio 

of the formed AuNRs was controlled by gradually immersing a silver plate in a position behind 

the platinum cathode where a redox reaction between Au III and Ag plate takes place. The 

ultrasonification was used to disperse the AuNRs and keep them away from the cathode during 

the electrolysis. [97],[98] This method produces AuNRs with aspect ratios of 3-7 that are single 

crystals. [99] The electrochemical method is one of the pioneering methods for the synthesis of 

anisotropic GNPs; it is a simple, efficient and highly applicable technique. [100],[101] 

 

1.2.3 Self-assembly 

Self-assembly fabrication methods involve manipulating particle-particle or particle-scaffold 

interactions to enhance the assembly of the nanoscale building blocks into certain ordered 

structures so that molecular self-assembly can be achieved. The intrinsic feature of self-

assembly is characterized by the spontaneous organization of building blocks into a relatively 

stable structure at a thermodynamic equilibrium state that corresponds to the minimum Gibbs 
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free energy  [102]. In particular, fabrication methods using different self-assembly techniques 

is now possible [103] but it seems that much of these approaches cannot be easily extrapolated 

for producing assemblies of controlled geometries with particles of high aspect ratio. That's 

why, such assemblies were integrated to a variety of materials and techniques including surface 

modification [104],[105], templates [106], and polymer-mediated assembly of gold NPs 

including assembly using linear block copolymers, functional polymers [107],[108] as well as 

recent studies using biopolymers such as proteins [109-111] and DNA [112-114] and they were 

also subjected to external fields [115],[116]. Form these assemblies, spherical nanoparticles 

[117], as well as anisotropic nanorods [118] can be obtained. Non-directed or molecular self-

assembly methods are simple, but they are limited in morphologies and sensitive to the 

experimental parameters including the concentration of the solution. Therefore, we describe 

here the self-assembly methods that allow shape control of metallic nanoparticles.  

 

1.2.3.1.1 Polymer mediated self-assembly 

Currently, self-assembly of NPs in a well-ordered 2D arrays presents an important target in 

microelectronics providing a wide access to components of high density memory devices and 

integrated circuits. Nanoparticle assembly can be achieved through the usage of polymers as 

ligand or matrix. The polymer scaffold in metal-polymer composites play an important role in 

the assembly of NPs into composite material. It acts as a matrix by inducing ordering and 

anisotropic orientation on surfaces and processes an electronic property. Polymer composites 

that can be produced through a chemical approach oblige polymers to serve any or all of these 

functions [109]. For this target, Layer-by-layer (LbL) assembly is a simple technique for the 

fabrication of structural and functional thin films on substrates, where Crespo-Biel et al. 

developed many  patterning strategies to generate  polymer assembled NP films on cyclodextrin 

(CD)-functionalized self-assembled monolayers (SAMs) through host–guest (CD–adamantyl 

(Ad)) interactions [119]. The integration of GNPs into thin films is particularly important for 

various applications including, biosensors, and electronic optical nano-devices [109]. On the 

same basis, the use of prefabricated templates or a co-assembling polymer matrix can give rise 

to controlled orientation and distribution, but it requires the potentially difficult fabrication for 

template and the need for controlling of the orientation of the co-assembling polymer [114]. 

Recently, multifunctional nanostructures are fabricated in a fast, simple, parallel and flexible 

manner via self-assembly of building blocks of copolymers knowing that block copolymers are 

particularly interesting due to their ability to self-assemble into thermodynamically highly 

stable microphase-separated domains with precisely controlled size and shapes. In fact, 
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Nanofabrication via self-assembly of block copolymer templated inorganic nanomaterials such 

as gold or silver precursors allows the fabrication of multifunctional nanostructures with 

significantly enhanced mechanical, optical, electronic and magnetic properties. In this respect, 

0D nanostructure in its spherical morphology (copolymer micelle) can be fabricated [120] in 

diblock copolymer system, polystyrene-b-polyvinyl pyridine (PS-b-P4VP) where particle (Au) 

loaded PS-b-P4VP micelles form in selective solvent for the PS block. To illustrate, these 

micelles can form spontaneously in block copolymer solutions due to the presence of a selective 

solvent to one of the two blocks and sufficiently high polymer concentration. Herein, PS and 

P4VP of amphiphilic block copolymers are incompatible with each other, so that the solvent 

should be good to one of these blocks and prevent the solubility of the other. Therefore, 

spherical aggregates of core-shell micelle will be generated according to the length of the blocks 

and the nature of the solvent (Fig. 6). Basically, the micelle morphology stabilizes the 

nanoparticles in solution and provides simple ways of tuning their diameter and distance when 

deposited over a solid substrate. Thereby, monolayers of particle-loaded micelles are interesting 

candidates for many applications including catalysis, surface modification and optical coatings. 

[120] 

In fact, the morphology of block copolymer aggregates in solution relies on three factors: the 

repulsive interaction between coronal chains (e.g. Ps shell chains), the degree of stretching of 

the core-forming chains (P4VP) and the interfacial tension at the core-corona interface [121], 

[122]. When a polar co-solvent is added to the block copolymer solution, it swells selectively 

the micelle’s core (P4VP) , which can switch the spherical morphologies of the micelles into a 

variety of 1D nanostrutures (rods, rings) as seen in Fig. 6. 
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Fig. 6 Schematic representation of particle-loaded PS-b-P4VP micelles formed in a selective solvent (Toluene) for 
the PS block through controlling the morphology of the micelle upon addition of co-solvent (H2O). [120] 
 
An interesting challenge in nanotechnology is to tune the surface properties of thin films by 

controlling the lateral nanostructure of the functional hybrid materials and this was reported 

simply by spin-coating of solutions of the PS-b-P4VP hybrid material onto solid substrates 

[123], [124]. Actually, block copolymer vesicles loaded with inorganic nanoparticles that were 

fabricated via addition of the co-solvent (H2O) can be used again as building blocks to fabricate 

2D nanostructures in thin film. In such a way, the vesicles are spin-coated onto solid substrates 

to form porous thin film structures, where the pore size is determined by the vesicle diameter, 

followed by the extraction of the block copolymer matrix through oxygen plasma etching, 

generating purely inorganic nanostructures, which replicate the original film morphology (see 

Fig. 7). Moreover, these films significantly affect the surface properties, such as the wetting 

behavior of the coated substrate knowing that the original solid substrate (SiO2) is moderately 

hydrophilic (water contact angle WCA = 38°) and these films show strongly hydrophobic 

surface properties with contact angles up to 115°. Plasma etching decreases hydrophobicity 

properties of the surface through decreasing the contact angle (WCA = 89°). The surface 

properties are highly dependent on the size of the film structures as well as on the film thickness 

[125]. Top down lithographic techniques are successful for nanostructuring materials ranging 

100 nm to several micrometers [125]. Hence, for applications with scales smaller than 50 nm, 

lithographic methods are not convenient and they are expensive methods. On this respect, many 

methods were investigated to fabricate 3D nanostructures, that incorporate the inorganic 

particle into the block co-polymer system without well control over the size and shape [126], 

[127]. This is due to the fact that the reduction of the inorganic precursors takes place in a 
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solvent that can swell or dissolve one or both of the blocks of the polymer. Later, this method 

has been expanded into a successful approach by Wiesner and co-workers [128] in bulk that 

takes advantage of a coordination process that begins in solution. The generation of the 

nanoparticles starts by a selective coordination of an inorganic precursor (a metallic salt), 

specifically to one functional block of a diblock copolymer in solution. Through the evaporation 

of the solvent, the BCP (block-copolymer) directs the self-assembly process, by which the 

functional block carries the precursor to its own nanodomains, separating it from the non-

functionalized domains. After the solvent evaporation, the system is no more mobile and the 

microphase separated morphology is fixed [129]. Actually, the inorganic precursor (Au-

precursor) is reduced to the form of nanoparticles, and the growth begins while nanoparticles 

are still confined to the functional block (for example P4VP) of the block-copolymer (PS-b-

P4VP). This block acts as a nanoreactor or nucleation center that controls the growth of GNPs 

with respect to size and size distribution. Add to that, block copolymers can control the spatial 

arrangement of the inorganic components (Au precursor) into 3D structures of different 

morphologies just by altering the volume fraction of one of the blocks. Therefore, self-assembly 

of the block copolymer can be tuned by changing the molecular weight, volume fraction or 

solution conditions, so that well-defined nanostructured hybrid materials, suitable to wide range 

of nanotechnology applications, can be fabricated. While great progress has been made in terms 

of controlling the morphologies and the physical properties of GNPs assembly, it is necessary 

to understand clearly the fundamental principles of self-assembly. In particular, self-assembly 

approach using amphiphilic diblock copolymers as templates is one of the most used 

approaches in the field of fabrication of MNPs, although it requires many purification steps to 

obtain pure MNPs that are strongly bound to the substrate. Because self-assembly products are 

very low, combined techniques are required. [103]  

 



29 
 

 
Fig. 7 Vesicles loaded with metal nanoparticles are prepared in solution and regular honeycomb structures are 
fabricated via spin-coating. Nanostructured thin films of the inorganic material are obtained after oxygen plasma 
etching. Depending on the diameter of the vesicles large (b) or small (c) honeycomb patterns can be fabricated. 
The structure is preserved during O2 plasma etching (d). The insets in b-d are optical photographs of water droplets 
on top of the films indicating hydrophobic surface properties. Adapted from ref [120]. 
 
1.2.3.1.2 DNA mediated assembly  

Structural DNA nanotechnology [130] and in particular DNA origami [131] has emerged as a 

versatile ‘bottom-up’ approach for the assembly of two and three-dimensional nanostructures 

with tailored geometries [132],[133]. Such structures were assembled by folding a long 

‘scaffold’ strand of viral single-stranded DNA (ssDNA). This technique has been used in a 

variety of applications including, molecular transport in cells [134],[135], drug delivery 

systems [136] and biosensors [137]. Moreover, sequence programmability, selective molecular 

recognition ability and the relative rigidity of the double-helical structure of DNA [138] & 

[109], provide a platform for DNA to direct the assembly of NPs into ordered nanomaterials 

[139],[140]. On the same basis, it was reported that a DNA origami design allows a reliable 

assembly of 40 nm Au NP dimer structures with strong plasmonic coupling that obeys the 

characteristic polarization-dependent response of strongly coupled NPs and has a significant 

influence on the dimer plasmonic properties [110]. Furthermore, DNA hybridization 

[141],[142] is an approach which can assemble GNPs with controlled spatial arrangement of 

two or more distinct GNPs. Today, DNA has emerged as an interesting ligand for controlling 

NP morphologies because it can program them with information that directs their self-assembly 

[143-146] towards a prescribed structure or yield desired behavior. However, DNA-mediated 

NP assembly can generate DNA-Au NP assemblies through a strong electrostatic interaction 

between cationic NPs and anionic DNA that is aligned along the DNA scaffold. Murray and 
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Wang have controlled the assembly of GNPs having cationic trimethyl (mercaptoundecyl) 

ammonium monolayers with anionic DNA [147], so that one-dimensional water-soluble chains 

with spacing between NPs, which can be determined through monolayer thickness, can be 

produced. These highly organized chains of metal NPs have potential applications as soluble 

conductive nanowires. DNA-grafted particles can be prepared via several synthesis routes. At 

the nanoscale level, DNA oligonucleotides are often attached to gold nanoparticles through a 

thiol functional group [148],[149]. Regardless the synthetic method, the particles attract one 

another via the formation of DNA bridges. These bridges can be formed when a DNA strand is 

grafted to one particle and can directly hybridize a strand being grafted to a second particle 

[150],[151] , or when the two grafted strands hybridize with a third strand called a linker 

[152],[153]. By changing the NP to DNA ratio, network structures could be formed. However, 

highly ordered linear structure assemblies of GNPs along stretched DNA molecules on 

substrates can be generated too [154],[155] (see Fig. 8).  

 

 
Fig. 8 Schematic illustration for DNA hybridization (interaction between cationic NPs and anionic DNA). [154], 
[155] 
 
Recently, it was reported the DNA-mediated growth system, which is a perfect system to study 

the growth mechanism of Au nanoprism seeds into variety of shapes. [156] In this study, the 

interactions between the DNA and nanomaterials allowed the control of shapes and surface 

properties of many nanomaterials. (see Fig. 9) 
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Fig. 9 Schematic representation of DNA mediated growth mechanism of Au Nanoprisms into different shapes in 
two Stages: Shape control followed by thickness growth. [156] 
 
1.2.3.1.3 Protein mediated assembly 

Among different biological molecules, the peptide is one of the most attractive materials 

because of its wide advantages including; tunable chemical properties, specification by 

adjusting primary amino acid sequence, chelation with various inorganic ions, reducing 

property and in particular the ability to self-assemble to form complex structures that results in 

the formation of different morphologies. Moreover, they are biocompatible and biodegradable 

and the nanobio-conjugate materials are highly used in medical applications such as drug 

delivery. [157] The synthesis method is based on two-step processes; first, the self-assembly of 

the peptide to form the templates, followed by the synthesis of nanoparticles. The peptide acts 

as a reducing agent to guide the nucleation and the growth of the GNPs and the size of the 

hybrid sphere structures can be easily tuned with temperature. It was explored that the assembly 

of the spheres was dependent on the primary amino acid sequence of the peptide and it was 

affected by the amino acids that contain aromatic functional groups. Kim et al. demonstrated 

the self-assembling ability of peptides as templates to be used in assembly of GNPs by in situ 

reaction. [158] In addition, engineered interaction between proteins and monolayer-protected 

NPs can be utilized to generate highly organized assemblies with structural diversity. These 

superstructures combine tunable NP features with the unique physical and chemical properties 
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of the proteins providing a way to a form a wide array of materials and devices [109]. Mann 

and co-workers have investigated antibody-antigen recognition to self-assemble GNPs into 

macroscopic materials [159]. Streptavidin-biotin binding has been widely used for protein-

substrate NP assembly due to its high stability and specificity [160],[161]. Biotinylated GNPs 

were engineered to assemble with the tetrameric protein streptavidin [162], by which the 

interaction of streptavidin with the GNPs can lead to the aggregation of the NPs (see Fig. 10). 

This was evidenced by a shift in the surface plasmon resonance peak, a broadening of the 

absorption spectrum, and the aggregates of NPs can reversibly switch into non aggregated state 

just by the addition of soluble biotin. 

 
Fig. 10 Schematic representation of interactions of biotinylated GNPs with streptavidin: assembly and 
disassembly. [109]   
 

1.3 Conclusion 

According to the state of art about the usage of nanotechnologies to fabricate shape-controlled 

metallic nanoparticles, which was done in this chapter, it can be concluded that there is no 

general mechanism responsible for the formation of anisotropic nanostructures. It appears that 

particular issues for each reaction environment need to be considered. Moreover, the role of 

each reaction parameter in the formation of such nanostructure is not yet fully understood and 

it has been proposed that the final shape of a nanoparticle depends on the different factors 

operating synergistically. It seems that colloidal approaches are the most common ways 

investigated in the fabrication of non-spherical nanoparticles mainly due to their simplicity, low 

cost and high yield production. A common finding in many studies about colloidal synthesis is 
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the important role of surfactants and capping agent molecules as directing agents for achieving 

anisotropic growth. However, as discussed in this chapter, important considerations regarding 

the nucleation kinetics as well as the formation of twin planes that favor anisotropic structures 

should also be taken into account. Twins are readily formed during the nucleation of colloidal 

noble-metal nanocrystals. Hence, strategies to control the kinetics and the formation of 

particular nuclei should provide better ways for rational strategies to produce anisotropic noble 

metal nanocrystals. It should be pointed out that, in some cases, the surfactant stabilization 

seems to have a more important role. This question was, for us, a key question proposed in 

many studies. From there, we tried to develop substrate-strategy synthesis allowing to fabricate 

monodisperse gold nanoparticles with different shapes. To make it possible, the nanocrystals 

will be stabilized on the substrate surface and their kinetically growth will be directed, no 

surfactant is used (i.e. no stabilization of this one is necessary here). The synthesis approach 

that was used in this work is polymer self-assembly-based method and it will be described in 

details in the next chapter. 
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2 Shape-controlled synthesis of gold nanoparticles 

 

2.1 Introduction 

The shape-controlled synthesis of metallic nanoparticles (MNPs) has attracted attention 

particularly in sensing and catalysis, which mainly depend on MNPs morphology and surface 

characteristics. [1]  

The investigation of metallic nanocubes, such as Ag nanocubes, [2]  Pd nanocubes [3]  and Au 

nanocubes [4], has been amplified during the last decade. In particular, gold nanocubes (GNCs) 

exhibit an interesting plasmonic features with their great potential applications in many fields 

such as biomedical drug delivery, biosensing, biomedical therapeutic applications, 

photohermal-therapy, and biochemical sensing. [5-13] 

Therefore, considerable efforts have been devoted toward controlling the MNPs shape. In this 

context, the most cited studies in the literature rely on the development of seed-mediated growth 

and electrochemical methods. [14-16]  

In this chapter, we describe our synthesis way of GNCs through a fast and one-step 

nanofabrication method based on PMMA self-assembly. First, we introduce the influence of 

the parameters that allowed us to obtain the cubic morphology. We also emphasize the 

possibility to control the size of GNCs. Then, a SERS study was performed on these GNCs to 

evaluate them as nanosensors. The pyridine molecule was used as a probe molecule mainly 

because of a wide number of SERS studies that nowadays don’t allow to detect a low 

concentration of pyridine. Thus, we estimated the SERS enhancement factor and the detection 

threshold of bipyridine for the obtained substrates. 

 

2.2 Synthesis method of gold nanocubes 

GNCs can be synthesized using the most common fabrication process which is seed mediated 

growth (SMG) through which all the spherical crystalline seeds may grow into GNCs in 

solution at room temperature upon adjusting the experimental parameters such as the surfactant 

chain length, pH, metallic precursor concentration, etc. [17]   

In addition to SMG, we cite here the most used methods of fabrication based on the relevant 

following works: 

Skrabalak et al. have evolved Au nanocages and Au nanoframes from Ag nanocubes by a simple 

galvanic replacement reaction between solutions containing metal precursor salts and Ag 

nanostructures. [18] Huang et al. have also introduced the synthesis of uniform gold nanocubes 
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using an electrochemical method with cationic surfactant and the addition of acetone solvent. 

[4],[14] 

Chiu et al. have reported the synthesis of gold nanocubes by seed mediated method to examine 

their comparative catalytic activity toward Sodium borohydride (NaBH4) upon reducing of p-

nitro aniline to p-phenylenediamine at variable temperatures. [15]  

Jin et al. have used a thermal synthesis in which Au nanocolloids are converted into atomic Au 

cluster under high temperature reflux conditions, where these clusters serve as building blocks 

for the synthesis of Au Nanocubes. [16]  

Sohn et al. launched a morphological engineering approach for NPs by constructing an 

evolutionary tree consisting of independent growth pathways of nanorods leading to the 

formation of square colloidal AuNPs by the enlargement of Au nanorods in all directions. [19]  

Sun and Xia. have synthesized a large number of  monodispersed silver nanocubes by reducing 

silver nitrate with ethylene glycol in the presence of polyvinyl pyrolidone (pvp) where these 

Ag nanocubes can serve as template to generate single crystalline GNCs. [2]  

Lin et al. have developed recently a new approach for the assembly of gold nanocubes onto 

order arrays via DNA Hybridization events onto a gold film substrates, using electron beam 

lithography, so that a strong coupling between plasmonic gap modes and a photonic lattice 

mode in two dimensional lattices can occur. [20]  

Moreover, Zhang et al. manufactured monodispersed concave gold nanocubes by changing the 

counter ion of the surfactant in the seed-mediated synthetic method that is used by Murphy et 

al. before, where Cl- counter ion in the surfactant plays an essential role in controlling the 

concave morphology of the final product of these gold nanocubes. [13],[17],[21] 

Sun and Xia have reported the formation of Au-Ag nanoboxes with a combination of silver 

nanostructure (silver nanocubes) and aqueous HAuCl4, where the silver nanostructure acts as a 

template for the generation of GNCs and formation of Ag-Au nanoboxes. [22]  

In addition, stable Gold nanocubes were synthesized by the reduction of aqueous AuCl4 using 

Bacillus licheniformis at room temperature over a single-step process without the need of any 

toxic chemicals and strict conditions. [23]  

According to all these works, we can conclude that no method is currently permitted to produce 

by a chemical process the monodispersed GNCs in a single step. 
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2.3 Development of polymer-self-assembly based synthesis of 

GNCs 

The synthesis method of gold nanoparticles has been carried out by a modification of the one 

previously reported by our group [24],[25]. The fabrication procedure is illustrated in Scheme 

1. Gold nanocubes are spontaneously formed upon the spincoating of gold precursor-PMMA 

dispersion on N-doped silicon wafer due to a rapid evaporation of the volatile solvents from 

PMMA. Precisely, the spincoating leads first to a self-assembly of PMMA into micelles 

containing Au3+, and then the solvents’ evaporation leads to the formation of nanoporous 

PMMA film, where GNPs are localized in the holes.  

According to our previous works, the substrate conductivity plays a major role in the synthesis 

mechanism since it allows a spontaneous reduction of the gold precursor into gold 

nanoparticles. [24-26] Consequently, we demonstrated that the N-doped silicon substrate 

provides the transfer of electrons to the Au3+ by a reduction reaction as well described by Kalcan 

et al. [27] for silver nanoparticles that are produced on surface. Therefore, the GNPs are formed 

only on the surface of silicon, where one cannot predict their formation in solution due to the 

absence of a reducing agent. Moreover, the color of the Au- PMMA remains yellow until the 

spincoating. At this moment, the color of silicon turns into dark violet by the presence of GNPs. 

As discussed in a previous study, tailoring the repulsive interaction force between the couple 

(hydrophilic gold phase/hydrophobic PMMA phase) and the silicon wafer allows us to control 

the final morphology of GNPs. [26]  

 

Scheme 1 Schematic representation of the fabrication method used in this chapter. It is observed that in the AFM 
image monodisperse gold nanocubes are approximately well dispersed on a silicon substrate. 
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On the other hand, in all our previous works on this method, we were not able to control the 

shape of metallic nanoparticles. In addition, the other research groups working on vapor 

induced phase separation (VIPS) to fabricate metallic nanoparticles did not show remarkable 

result on shape control using this way. [28] In this context, our major aim was to go further in 

the development of the VIPS to tune the nanostructures morphologies using PMMA and not a 

polymer block in order to simplify more the process. Knowing that Au3+ concentration ([Au3+]), 

solvents evaporation rate and PMMA solvents are the three main components ruling the 

synthesis results. Here, we fixed the mixture and the spin-coating parameters which allowed us 

to obtain a cubic morphology. Also, tuning the precursor concentration led to control the size 

of the nanocubes. Consequently, we outlined the synthesis of monodispersed gold nanocubes 

using a method that couples self-assembly to seed mediated growth.  

In our previous works using the same method, [24],[25] we obtained a high number of silver 

nanoparticles separated by small gaps, in relation with ultrasensitivity in SERS. Theoretical 

studies of closely spaced metal nanostructures have also identified the size, shape, crystal face, 

surface roughness, interparticle gap, the wavelength and polarization of the incident light as 

key factors that govern the particle-particle plasmonic coupling and then the SERS 

enhancement factor [17-22],[24] Consequently, we aimed to validate the synthesis process of 

gold nanoparticles due to the stability of gold in comparison with silver. Moreover, the synthesis 

of gold nanoparticles with a strong and broad SERS response is very important in a wide variety 

of applications including air, soil and water pollution detection, diagnosis of diseases, etc. 

[24],[25]  

 

2.4 Experimental section 

2.4.1 Synthesis process 

First, a mixture of polymer/Gold dispersion (PMMA/Au+) was obtained by mixing a solution 

of gold precursor/ethanol with a solution of Poly-methyl methacrylate (PMMA)/acetone. The 

Gold solution (e.g 100 mM) was prepared by the dissolution of 100 mg of Gold precursor 

(NaAuCl4.2H2O) in 1ml of ethanol (called non-solvent because it’s not suitable for PMMA 

dispersion) and stirred for 30 min at 250 rpm, followed by the addition of 0.5 ml acetone (a co-

solvent acetone is a good solvent for PMMA and miscible in both solvents) in order to have a 

one phase mixture and stirred again for 5 min. The polymer solution (30 g/l) was prepared by 

dissolving 0.75 g of PMMA in 25 ml acetone (called solvent in relation with PMMA 

dissolving), heated for 24 hours at 40 °C with stirring at 300 rpm. After preparing the gold 
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solution, 1.5 g of PMMA solution is added to the gold solution and is stirred for half an hour at 

250 rpm. By mixing these two solutions, gold salt-loaded polymer vesicles are produced. The 

formed solution (gold salt-loaded polymer vesicles) will be deposited by spincoating on a 

conducting substrate (N-doped silicon) that induces the reduction of Au+ into Au0 to obtain a 

uniform shape of GNPs which are then characterized by AFM and SEM. All the samples were 

prepared by the same spin coating parameters: speed 5000 rpm, acceleration 3000 rpm and 30 

sec.  

 

2.4.2 Substrate cleaning process 

Arsenic-doped silicon substrates (As-Si) purchased from Silicon materials society (100 

orientation, ~525 ohm resistivity) were used for coating the gold-loaded polymer dispersions. 

These substrates were cleaned in ultrasonic bath during 5 minutes for each step: first by soap, 

then by water followed by acetone and finally rinsed with 2-propanol so that they are ready for 

spin coating.  

 

2.4.3 Characterization of GNCs 

Atomic Force Microscopy (AFM): The AFM images were obtained using the Nano-R2TM  

AFM  “high performance atomic microscope”. Contact mode and standard silicon cantilevers 

(APP NANO, USA), 450 �m in length and 49 �m in width were employed for imaging and the 

tip has the following parameters; radius: <10 nm, H: 14-16 µm, f: 11-19 kHz, k: 0.1-0.6 N/m. 

The scanning directly followed the topography of the surface while a constant force was 

maintained. As a default setting the cantilever oscillation frequency was tuned to the resonance 

frequency of approximately 256 kHz and the set point voltage was adjusted for optimum image 

quality. Both the depth and the width were recorded at a scan rate of 1Hz in 512 × 512 pixel 

format. It was selected for scanning the surface imaging features of the GNPs. AFM images are 

color-balanced using the WSXM  program and the Pacific Nanotechnology Nanorule+. 

Scanning Electron Microscopy (SEM), the SEM images were obtained by a Zeiss Supra 55VP 

operating in secondary electron imaging mode with an accelerating voltage of 2 kV and 2.7 mm 

working distance.  

The spectroscopic Ellipsometry measurements were performed in air at room temperature 

using a photoelastic modulator ellipsometer (HORIBA  JOBIN YVON ) at incident angles of 

60° and 70°. The measured values are the Ѱ (psi) and ∆ (delta) ellipsometric angles. They are 

related to the ratio of the Fresnel amplitude reflection coefficients of the sample. Ellipsometry 
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experiments followed by modeling were used to obtain the surface plasmon resonance (SPR) 

mode by giving the absorbance coefficient of composite layer. The physical (thickness of 

PMMA film) and optical properties of the layers were also determined. This technique and its 

optical properties will be discussed in details in chapter 4. 

Dark-field images were taken by a µ-extinction setup combining a straight BX51 Olympus 

optical microscope and a compact spectrometer (bluewave, STE-BW-UVNb, resolution of 0.8 

nm) using a Halogen source. This combined setup allows us to observe the GNPs by dark field 

mode and to study their optical properties through the measurement of their µ-reflection spectra. 

Raman and SERS Measurements were performed using: Dilor Jobin-Yvon Spex instrument 

from HORIBA operated with laser (632.8 nm) and a CCD camera. Both excitation and 

collection were through a long distance (50-x objective). All the SERS spectra measurements 

were performed at 10 mW laser power during 10 sec of acquisition time in 1 cycle and at 985 

cm-1. For SERS measurements, 10 µl drop of Pyridine was deposited on substrates and kept 

until dried. For Raman measurements, 10 µl drop of Pyridine was deposited on silicon (As-

doped substrates) surface or on PMMA film and the spectra was measured directly before 

drying of the drop at same SERS parameters but at 10-x objective. 

 

2.5 Results and Discussions: experimental approach to synthesize 

gold nanocubes 

2.5.1 Adjustment of the concentration of gold precursor 

As mentioned in the introduction of this chapter, we focus on the role of the precursor 

concentration to achieve shape control. In bottom up synthesis, the precursor amount is 

generally adjusted to tune the MNPs size. Here, we expect that both the amount and the 

precursor molecular weight play a major role in the shape and size control. We have chosen 

NaAuCl4 instead of HAuCl4 that is widely used in the fabrication of GNPs because of its higher 

molecular weight and pH, which could allow faster reduction of Au3+ and then rapid growth of 

the GNPs. As mentioned before, nanocube morphology requires fast kinetics of reaction in 

comparison with hexagonal, rod and triangular ones. [4],[29] Therefore, we selected 

experimental conditions (solution composition), Silicon (weak resistivity) and spin-coating 

parameters (small duration, high speed) to get gold nanocubes. 

First, we varied Au3+ concentration in order to change the size according to several studies. [24-

26] Fig. 11 shows AFM images of GNPs obtained with different [Au3+]. There is a noticeable 

increase in the number of GNPs on the surface with increasing [Au3+]. We also observe cube 
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like shape above a [Au3+] of 50 mM. The scale bar is 500 nm. Since AFM cannot give a clear 

idea about the shape and an accurate measurement of the GNPs size, we completed these results 

by SEM observation.  

 

 

Fig. 11 AFM images of GNPs obtained with different concentrations of gold precursor (40, 50, 60, 80 and 100 
mM). The scale bar is 500 nm. 
 
SEM micrographs in Fig. 12 show the presence of two shapes and two sizes at low 

concentrations (40 and 50 mM) as in AFM images. The increase in concentration of gold 

precursor leads to the increase in the number of the GNPs progressively and the formation of a 

single shape of nanoparticle which is cubic. 

 

 

Fig. 12 SEM micrographs of GNPs obtained with different gold precursor concentrations (40, 50, 60, 80 and 100 
mM). This scale bar is 100 nm.  
 
More precisely, the size distribution decreases until 80 mM. For this reason, we 

determined using image-J the nanoparticle size distribution at this precursor 

concentration value as seen in Fig. 13. On can see that a narrow distribution is centered 

at ~60 nm in agreement with SEM images, which showed a ~65 nm diameter value for 
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80 mM. The size diameter average was then calculated from the size distribution 

histogram for all [Au3+] values. The results are listed in Table 1. In correlation with SEM 

images, the size does not change above 80 mM. Similarly, the shape distribution 

decreases until it becomes null at 100 mM.  

 

 

Fig. 13 Histogram of nanocubes size distribution and its corresponding Gaussian fit for the 80 mM Au3+ substrate. 
 

Consequently, a 100 mM of Au3+ represents a critical concentration to fabricate only cubic 

shape of GNPs having the same size, in relation with a well-fine monodispersity. We can 

attribute the formation of the cubic morphology to the speed of the nucleation and growth 

mechanism that occurs on the surface spontaneously upon a fast evaporation of solvents. Many 

works have demonstrated that cube nanostructures are in principle formed through a faster rate 

of reaction in comparison with other morphologies. [2],[4],[29],[30] 

 

Table 1 Average diameter of gold nanoparticles obtained with different concentration of gold precursor. 

 

 

In order to clarify the size and shape distributions at low Au3+ concentrations, we 

observed the samples in reflection mode by dark field (DF) optical microscopy. The DF 
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images in Fig. 14 displayed two regimes in the color change. A first regime appears at 

low concentrations until 80 mM. At this stage, we observe in each image at least 2 colors, 

which might be attributed to the size and shape distributions. This polydispersity in color 

decreases with the increase of the Au3+ concentration from dominantly red (at 60 and 80 

mM) to blue at 100 mM, in relation with the presence of uniform NPs scattering the 

same color at this stage. This behavior of evolution of the scattered colors from GNPs 

can be correlated to that observed in the above SEM micrographs. It is worthy to note 

that attributing a LSPR mode i.e. a surface plasmon resonance (SPR) band position for 

each substrate basing on the colors present on each image seems very difficult in this 

case because of the PMMA film that round the NPs taking into account the presence of 

air distance between GNPs and PMMA, which is randomly dispersed on a given 

substrate. This result didn’t allow us to determine a refractive index around the NPs, 

which complicated the explanation of colors signification.   

 

 

Fig. 14 Dark-field light scattering images of GNCs obtained with different gold precursor concentrations (40, 50, 
60, 80 and 100 mM). Scale bar corresponds to 1µ m. 
 
For better understanding of these optical features, we have studied the influence of the 

gap between GNCs by Boundary Elementary Method (BEM). 

Simulations are performed on two systems. The first system is composed of a single gold 

nanocube of rounded edges. Since nanocubes are located within the PMMA pores, air is 

used as matrix. The nanocube size is 65 nm. 
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The nanocube is excited by an external electric field parallel to the cube edge. The 

second system considered here is similar to the first one, except that we introduce 

another gold nanocube. The nanocubes are separated by 10 nm. This system is excited 

by an external electric field parallel to nanocube alignment. The refractive index of gold 

is given by Palik et al. [31] 

The extinction cross sections of both systems are simulated in the 500-800 nm spectral 

range. This is achieved by solving the full Maxwell’s equations according to the 

boundary conditions at the surface of nanocubes. The computation is performed with the 

MNPBEM toolbox by discretizing the surface of nanocubes in the system 1 and 2 into 

2340 and 2920 elements, respectively. [32]  

In Fig. 15, BEM simulations reveal that gold nanocube exhibits a single SPR band at 

540 nm. Whereas, the interaction of Au-Au nanocube dimer being separated by 10 nm 

led to a redshift of the SPR band from 540 nm to 620 nm.  

It is clearly shown in SEM micrographs the small gaps between GNPs (<10 nm) in Fig. 

12 and especially above 80 nm.  

 

Fig. 15 Extinction cross section spectra for single and dimer of GNC calculated by BEM. Nanocube size is 65 nm 
and the gap between the dimer is 10 nm. 
 
The effect of size and gap distance on the plasmonic response of paired nanocubes was 

also investigated through BEM simulation by Hohenester et al. [32] The authors revealed 

a redshift of the plasmon band by increasing the NP size, the surrounding refractive 

index and decreasing the gap distance. This behavior is in good agreement with our 

results about the gap effect. 



54 
 

Since it is not possible to perform absorption or extinction measurements on opaque 

silicon substrate and because of the complexity to deduce a plasmon response as SPR 

band from a reflection spectrum, we performed ellipsometry measurements to get 

different optical properties using the following model showed in the Scheme 2. More 

details about theoretical model and optical method are given in chapter 4. The measured 

ellipsometric angles of all samples are reported in Fig. 16.  

 

 

Scheme 2 Schematic representation of the physical model used for ellipsometric data analysis. 
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Fig. 16 Ellipsometric angles (∆ and ᴪ) values over increasing Au3+ concentration measured at incident angle of 
70°. 
 

The variations of these parameters are related to the optical properties of composite layer 

and sample structure, and particularly to film thickness. Indeed, these two parameters 

show a direct shift in the wavelength upon increasing the concentration of Au3+, due to 

an increase of PMMA thickness as we show in Fig. 17.  
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Fig. 17 Thickness of PMMA thin layer as determined by experimental ellipsometric measurements. 
 

A continuous increase of PMMA thickness as a function of Au3+ concentration is 

observed, which may be explained by an increase of the repulsive interaction between 

PMMA solution and Au3+ one. Therefore, PMMA micelles formed on silicon surface 

(as described above) tend to assemble into larger ones leading to a slower evaporation 

rate of solvents and then to higher film thickness. Knowing the dependence of Ѱ and ∆ 

on the thickness, we might attribute their red shift to the thickness increase. [33],[34]  

In order to extract the optical responses of the embedded GNPs in the PMMA layer, a 

correct physical model should be established to analyze the Ѱ	and	∆	experimental data.  

Thus, PMMA layer with embedded GNPs was modeled as a homogenous medium 

according to the two Lorentz oscillators, one in order to take into account the optical 

properties of PMMA film and the other is for GNPs ones. Thus, a Lorentz equation was 

used as the dispersion law for the dielectric function of GNPs and PMMA layer (see chapter 

4). [35],[36] The known optical constants of the silicon substrate and the determined 

thickness values were also considered in this model (see Scheme 2). 

The unknown fitting of dielectric function parameters of Lorentz oscillators was carried 

out simultaneously on incident angles 60◦ and 70° to improve the quality of the data fit.  

An example of the comparison between the measured spectroscopic ellipsometric spectra 

and the calculated ones from the proposed model is given in Fig. 18.  
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Fig. 18 Comparison between measured and calculated ellipsometric angles (Ѱ and ∆) of a sample prepared with 
80 mM of Au3+. 
 

A good agreement was obtained between the experimental spectra and the calculated ones 

by the model. This agreement highlights the homogeneity of the surface of our samples in 

terms of thickness. The root mean square error between the experimental and the simulated 

data does not exceed 1% for all films, confirming the validity of this model. The physical 

results obtained by this model are the dielectric function and the coefficient of absorption 

of composite layer (PMMA and GNPs) which allow getting the SPR band. Here we mainly 

discuss the results about the coefficient of absorption spectra. 

Fig. 19 shows the characteristic optical absorption spectra of GNPs as a function of [Au3+]. 

A continuous red shift in the SPR band is observed by the increase of Au3+ concentration 

from 30 to 150 mM. From 30 to 60 mM, the size distribution decreases in relation to the 

formation of a higher number of bigger nanoparticles. Thus, mainly the size increases in 

this region and leads to a redshift of the plasmon band. Then, above 60mM, the size remains 

constant against an increase of the density of nanoparticles on the substrate. According to 

these observations and to BEM results about the gap effect, this redshift may arise from 

the coupling between the closely separated nanocubes, which increases with gold precursor 

concentration in relation to a decrease of the gap between the GNCs.  

Moreover, the increase of PMMA thickness as seen in Fig. 17 could increase the effective 

refractive index of the layers, which results into a further redshift of the SPR band. As 

shown in Fig. 19, the spectral features are linked to the increase in the gold precursor 

concentration. A band is observed at 530 nm for the lowest Au3+ concentration (30 mM). 
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According to Table 1, an average size diameter of ~ 20 nm is observed at 40 mM. Thus, 

smaller size of nanoparticles must be obtained at 30 mM. 

 

Fig. 19 Absorption coefficient of GNPs obtained with different gold precursor concentrations (40, 50, 60, 80 and 
100 mM). The spectra were extracted from the analysis of ellipsometry data. 
 

Therefore, we attribute the 530 nm band to the plasmonic response of gold nanospheres 

because the SEM micrographs in Fig. 12 showed a major proportion of gold nanospheres 

with an average diameter of 20 nm. Gold nanospheres of 20 nm exhibit single SPR mode 

centered at 520 nm according to a wide number of studies. [37] The redshift to 530 nm 

observed at 30 mM Au3+ concentration might be due to the high refractive index of PMMA 

surrounding the GNPs. As observed in SEM and DF images, two regimes can be 

distinguished also in the absorption results. The first regime displays the same maximum 

SPR band at 530 nm accompanied by an increase of its intensity through an increase of 

[Au3+] at low concentrations until 60 mM. 

The second regime is characterized by the presence of uniform GNCs. Thus, a continuous 

redshift of the SPR band until 650 nm with increasing Au3+ concentration is observed, 

which relies on the increase of the nanoparticles density on the surface at the same size of 

NPs (65 nm). [38]  The 540 nm corresponds to the SPR band of one GNC in air by the 

boundary element method (BEM) simulations (Fig. 15). Moreover, some works revealed 

that GNCs of edge length ~50 nm in air have only one plasmon band at ∼545 nm. [37],[39-

41] With respect to all these points, the peak at 560 nm of low Au3+ concentrations 

corresponds to single cube SPR band influenced by the high PMMA refractive index as 

mentioned above. Similarly, BEM results showed that dimer of GNCs of same size 
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positioned along the axis (polarization 0°) has a plasmon peak at 625 nm in air. Thus, the 

gold nanocubes (65 nm) show a single wide peak without the appearance of any multipolar 

modes. On the other hand, large cube exhibits two peaks in the optical range where the 

long-wavelength corresponds to the dipolar plasmonic resonance and the short-wavelength 

peaks corresponds to the quadrupolar plasmonic resonance. [42] According to the points 

discussed before, the red-shift in the SPR peak as a function of gold precursor concentration 

is a result of an increase of the density of GNPs on silicon surface. 

 

SERS experiments 

In order to evaluate the synthesized GNCs as SERS sensors, we performed SERS 

measurements with 100 mM of Au3+ for two reasons. The first is due to the SPR band that 

is centered at 635 nm as obtained by ellipsometry (see Fig. 19), which is the suitable for 

RAMAN experiments done with a laser wavelength of 632.8 nm. It is worthy to note that 

the difference between the maximum SPR band and the excitation wavelength must be 

very low to favor a better Raman enhancement. The other reason is for using 100 mM of 

Au3+ which is the highest number of nanoparticles available to the pyridine target 

molecules in this sample.  

Moreover, we checked the reproducibility of SERS measurements at this gold precursor 

concentration. For being possible, an average of 5 measured spectra were obtained on each 

spot, then for the 5 different spots of each substrate were calculated using 10 µl of 10-5 M 

of pyridine during an acquisition time of 10 sec. After, we compared this average of the 

three different substrates prepared independently with the same experimental conditions 

(100 mM of Au3+and same spin-coating parameters). Approximatively, 5 similar pyridine 

signatures were observed (intensity and vibration modes positions) on a given substrate 

(Fig. 20 a) and for the repeated same samples (Fig. 20 b). Reproducible sensors were thus 

prepared according to SERS results.  
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Fig. 20 SERS spectra of pyridine 10-5 M obtained during 10 sec for: (a) 5 different drops deposited on the surface 
of the 100mM substrate and (b) 3 independently repeated same samples. 
 
In Fig. 21 a, we observed for the same substrate prepared with 100 mM a high enhancement 

of the pyridine Raman spectrum especially for both the 1023 and 1050 cm-1 bands. A 

redshift of the SERS spectra is clearly appeared as compared to the Raman one. The 

vibrational frequency shifts of the pyridine molecule adsorbed on metallic surfaces have 

been investigated even more extensively. 
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Fig. 21 (a) Average Raman spectra of pyridine 1 M and SERS ones of pyridine 10-5 and 10-12 M obtained with 100 
mM of Au3+, the inset shows the pyridine molecule. (b) SPR band of the corresponding substrate as obtained by 
ellipsometry, the inset show the SEM micrograph of the corresponding substrate. 
 
Many studies reveal that pyridine adsorption on a metallic surface results into charge 

transfer complexation and might shift its frequency bands. [43] Some works showed 

change in the position of these frequency bands upon absorbing the pyridine on different 

metals. [44] So, we decreased the pyridine concentration starting from 1M until 10-12 M in 

order to determine both the detection threshold and saturation point of the produced 

nanosensors. Since the 100 mM substrate could be highly sensitive as described above, we 

determined these information for the substrate prepared with 50 mM gold concentration. 

A less of nanoparticles are present on the substrate surface at this value which could prevent 

an overestimation of the sensitivity of the obtained sensors. Thus, we plotted in Fig. 22 the 

SERS intensity for the 1023 and 1050 cm-1 bands vs the pyridine concentration. A detection 

limit of 10-12 M was measured during an acquisition time of 10 sec. The SERS intensity 

increases until reaching a maximum value at 10-5 M and then remains constant. This value 

may correspond to the saturation concentration of the substrate by the pyridine.  
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Fig. 22 SERS intensity of the 1023 and 1050 cm-1 bands as a function of pyridine concentration obtained for the 
50 mM substrate during 10 sec. 
 
To estimate the exact threshold of detection, we calculated the number of molecules 

detected in SERS for the lowest concentration of pyridine (10-12 mol/L) which were 

detected, so we obtained 4.96 molecules. The deposited pyridine aliquots (10-12 M) covered 

an area of approximately 5.106 nm2. In the laser spot (objective x50), we determined the 

surface coverage of AuNPs by pyridine and then the number of pyridine molecules excited 

by the laser spot, based on the substrate SEM micrograph. This calculation was done 

considering each NPs as a nanocube of 25350 nm2 surface area (the cube size is 65 nm). 

This raw result allows to detect few molecules that lead to the single molecule detection. 

Also it emphasizes the ultra-sensitivity of the GNCs used since the SERS detection limit 

of pyridine determined in the literature nowadays is ~10-9 M. [45],[46] 

On the other hand, we investigated by SERS the role of gold precursor concentration to 

complete the study described in the previous parts. We illustrated the SERS intensity for 

the 1023 cm-1 band as a function of Au3+ concentration with 10-5 M of pyridine during 10 

sec. Fig. 23 shows the relatively constant SERS intensity below 80 mM. Then, the intensity 

increases continuously until 100 mM. Above this value, the SERS intensity decreases. For 

better understanding of these results, we compared the precursor effect to the SPR 

wavelength one. It is noted that the maximum of SERS intensity reached at 100 mM 

corresponds to a SPR position of ~ 635 nm. We attribute this maximum sensitivity at 100 

mM to the close values of the excitation and the SPR wavelengths. According to our 

previous works about the sensitivity of metallic nanoparticles obtained by the present 
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synthesis method, we deduce that the main parameter controlling the SERS features of 

GNCs is the hydrophobic property of PMMA layer that allows a SERS nanofocusing. [24]  

 

 

Fig. 23 SERS intensity of the 1023 cm-1 band and SPR plasmon band as a function of gold precursor concentration 
obtained with 10-5 M pyridine during 10 sec. 
 
The repulsive interaction between PMMA and GNCs drives the pyridine to be adsorbed on 

the metal surface, which concentrates the target molecules in the SERS focal volume and 

highly increases the SERS intensity as shown in Scheme 3.  

 

 

Scheme 3 3D illustration of AFM image for gold nanocubes showing a strong adsorption of pyridine on their 
surface due to repulsive interaction forces with PMMA. 
 

Moreover, the presence of high number of hot spots in the gaps between the GNPs due to 

the high density of GNCs on the surface could also explain the low concentration of 

pyridine detected. Chemical enhancement of Raman could also be expected because of the 
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vibrational frequency shifts as assessed above. As reported by many groups, the shifts of 

the pyridine internal modes is due to the charge transfer complexes by the N-end interaction 

between metal and pyridine. [42],[43] 

As perspective, we aim to fabricate other morphologies using the method described here. 

We also need to go further in SERS experiments i.e. we will try to detect few number of 

bacteria using our substrates.  

Since we weren’t able to calculate the SERS enhancement factor (SEF) of the pyridine 

because it hasn’t the same vibration modes in Raman and SERS as assessed above, we 

performed SERS on 4,4’-Bipyridine (4,4-BP).  

Fig. 24 shows the Raman spectrum of 10-2 M of 4,4-BP and SERS spectrum of 10-5 M of 

4,4-BP at the same excitation wavelength of 633 nm used for the pyridine. As described in 

our previous work [25], the SERS band intensities of the 4,4-BP are related to an adsorption 

through the N atoms of the pyridine ring on the metallic nanoparticles. This adsorption 

corresponds particularly to the band centered at 1450 cm-1 as shown in Fig. 24. Whereas, 

due to its high intensity, the 1640 cm-1 band for both SERS and Raman spectra, was 

considered to calculate the SEF using the following equation: 
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Fig. 24 Average Raman spectra of 4,4-bipyridine 10-2 M and SERS of 4,4-bipyridine 10-5 M obtained with 100 
mM of Au3+, the inset shows a zoom in the 4,4-BP Raman spectrum. 
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A focal volume of ~ 0. 62 fl was obtained in the laser spot, which is given by the numerical 

aperture (NA) of the microscope objective (x50) and the height of the focusing scope. We 

determined a NR of 4x106 molecules in this volume. NSERS is about 30 molecules. These 

values give rise to an SEF of ~ 3x109. This enhancement could be better with lower 

concentration of 4,4-BP. It is interesting to note that the highest SEF obtained nowadays is 

1014, [26] which reveals the high sensitivity of the GNCs observed in preliminary SERS 

study. This SEF could be also higher for pyridine due its better chemical adsorption on the 

GNCs as compared to 4,4-BP if it was possible to calculate it. Indeed, the 1450 cm-1 band 

of 4,4 BP corresponding to the chemical adsorption exhibits low intensity. However, 

mainly all the Raman bands of pyridine are shifted in SERS. For this reason, we were 

particularly interested in the detection limit of the SERS substrates, which gives a good 

idea about the sensitivity. Moreover, the calculation of the SEF is accompanied with many 

approximations and sometimes it’s determined for comparison with sensors existing in the 

literature.  

 

2.5.2 Role of the solvents evaporation rate in GNCs synthesis 

As described before, we conclude that GNCs were formed upon evaporation of solvents from 

PMMA micelles and silicon after spin-coating of PMMA/NaAuCl4 on its surface. This 

mechanism is called vapor-induced phase separation as mentioned in chapter 1 and it is directly 

dependent on the evaporation rate of solvents. This rate is proportional to the spin coating speed 

that controls the thickness and the size of the PMMA nanopores. For this reason, we 

investigated the role of the evaporation rate on the synthesis process. The aim of this study is 

to control in a better way the density of GNCs on the silicon surface in order to decrease further 

the gaps between them, which is crucial for SERS substrates. Fig. 25 shows the formation of 

gold nanocubes whatever the evaporation rate is.  
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Fig. 25 SEM images showing the influence of the evaporation rate on the size distribution of the gold nanoparticles 
(40 mM gold precursor). 
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As assessed before, the high volatility of acetone and non-solvent (ethanol) was adapted to 

accelerate the nucleation and growth mechanism of GNPs in order to obtain the cubic 

morphology that is generally obtained upon rapid synthesis process. According to Fig. 25, our 

expectation was validated for this morphology. We see also that the increase in the evaporation 

rate of the solvent leads to the increase in the density of the GNPs and decrease in the gap 

distance separating the NPs. Referring to Fig. 26, which is a zoom view of Fig. 25, we don’t 

observe major difference in GNCs size between the 3 SEM images. We conclude then that the 

size distribution decreases when the solvents evaporate rapidly, in relation with higher density 

of GNCs obtained on the silicon surface. Thus, to obtain monodisperse gold nanocubes, it’s 

suitable to work with high speed of spin coating i.e. higher than 5000 rpm. 

For that, we selected for the next studies the 5000 rpm as a standard speed value in order to 

obtain monodisperse GNPs, where the density of GNPs is very high, the size distribution is 

lower, the size and the shape of the of these GNPs is homogeneous on the whole substrate.  
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Fig. 26 SEM images showing the influence of increasing the evaporation rate on the size distribution of the gold 
nanoparticles (40 mM gold precursor). 
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2.6 Conclusion 

In summary, we synthesized mono-dispersed gold nanocubes using a simple one-step method 

without using any surfactant or reducing agent. We reported an important red shift in the 

plasmonic band from 540 to 650 nm by using ellipsometry. We have also found a red shift from 

540 nm to 620 nm by BEM simulations. The red shift was linked to the strong interaction 

between the nanoparticles separated by small interparticle distances. The good agreement 

between experimental ellipsometry measurements and the model ones is promising for future 

work on other morphologies. Gold nanocubes have been evaluated as ultrasensitive SERS 

sensors showing high chemical enhancement. SERS results could be promising for biosensing 

applications especially diseases diagnosis that require such a sensitivity (10-12 M as threshold 

of detection) and selectivity since PMMA allowed a preferential adsorption of target molecule 

on MNPs with any functionalizing or labelling reactions. 5 pyridine molecules were detected 

using the optimal sample of 100 mM characterized by a high number of nanocubes on the 

substrate, in relation with high density of hotspots-induced high SERS enhancement factor. A 

chemical enhancement was displayed for pyridine due to the shift of its Raman vibrations 

modes in SERS spectra for all substrates. A SERS enhancement factor of 109 was determined 

for the 4,4-bipyridine, which matches with the values of the ultrasensitive SERS substrates 

reported in the literature.  
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3 Synthesis strategy of gold nanoparticles with different shapes 

 

3.1 Introduction 

The shape is one of the most important factors in determining the structural, physical, and 

chemical properties of a nanoparticle. [1] Shape-controlled synthesis of nanoparticles has 

become a recent focus as different shapes of the particles can introduce electronic, optical, and 

magnetic properties that are different from those observed in their spherical counterparts. [2] 

As the restoring force on the conduction electrons is extraordinarily sensitive to particle 

curvature, nonspherical metallic nanoparticles, produced via various approaches, [3] have been 

found to shift their surface plasmon frequency drastically, making them useful as multicolor 

diagnostic labels and for other optical devices. [4] 

By means of versatile, colloidal synthesis ways, a variety of shapes have also been reported so 

far, including the conventional 3D shapes (cube, tetrahedron, octahedron, decahedron, and 

icosahedrons), and 1- or 2D shapes (rod, wire, plate, disc, triangle, hexagon, tetrapods, bi-

pyramid, and highly branched structures. [5] Nanoparticles with high surface areas can provide 

more active sites to lower the activation energy for catalytic reactions, and unique surface 

structures-such as steps, kinks, and terraces to influence the reaction pathways leading to 

product selectivity. Recent studies show that turnover rates and selectivity of catalytic reactions 

can be influenced strongly by the size and the shape of the nanoparticles, as their surface 

structures and active sites can be tailored at the molecular level. [6] The formation of different 

shapes is generally achieved by changing the reducing and stabilizing factors upon colloidal 

synthesis. In parallel, many studies have investigated the role of ligands (e.g., halides or small 

molecules such as citrate and cetyltrimethylammonium bromide) in controlling NP 

morphologies. [7] In addition to colloidal approaches, in recent years, new methods have been 

proposed to synthesize non-spherical nanoparticles. Abid et al. showed that by using various 

irradiation methods, silver nanoparticles could be synthesized. Laser irradiation of aqueous 

solution of a silver salt and surfactant could synthesize silver nanoparticles with suitable shape 

and size. [8] This corresponds to the photochemical reduction process that enables the shape 

evolution depending on the photonic parameters (light power, exposure time, etc.). Recently, a 

study reported that the DNA-mediated morphological evolution of gold nanoprism seeds into 

different shapes. [9] This work was developed in chapter 1. In Table 2, we cite several methods 

used to control the shape of silver nanoparticles. These approaches have also been used for the 

synthesis of other metallic nanoparticles (Au, Pt, Cu, Al, etc.).  
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Table 2 Summary of the most known biological, chemical and physical methods used to synthetize metallic 
nanoparticles with different shapes. The table is adapted from ref. [10] 

 

 

Despite the progress in the above mentioned methods, it is still difficult to achieve systematic 

and predictive tuning of the NP morphologies because of the limited fundamental understanding 

of the formation of NP morphologies and the mechanistic roles of the molecules used especially 

in the ligands. [11] To meet the challenge of shape-controlled synthesis, this chapter is an 

attempt to fabricate gold nanoparticles with different shapes using our method that was 

described in chapter 2. Thus, we aim to show the evolution of the cubic shape into another 

morphology by changing the major process components. 

 

3.2 Shape-controlled nanotechnologies of metallic nanoparticles  

Among recent methods, the most versatile way of fabricating metal nanoparticles with well-

defined structure is colloid approach. Although the most well-known and stable morphology of 

metallic nanoparticles is cubic close packing, various shapes can be obtained by changing the 

experimental parameters by means of the colloidal mechanisms. In the following section, we 

hope to provide a better understanding of colloidal synthesis strategies investigated until now 

in shape control.  
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3.2.1 Overview of colloidal synthesis of monodispersed metal nanoparticles 

Spherical nanoparticles are generally produced by Turkevich method (first 1951), i.e. citrates 

are used to reduce metal ions in an aqueous solution. Consequently, a special morphology is 

prepared by adding polyvinylpyrrolidone (PVP) into an ethylene glycol solution of silver nitrate 

in controlled proportions to induce the anisotropic propagation. [12] 

A metal precursor, a surfactant, a solvent, and a reducing agent are the four ingredients needed 

for the colloidal synthesis of metal nanoparticles. Generally, a precursor, in the form of ionic 

salts (metal nitrate, sulfate, chloride, acetate, etc.) is selected and dissolved into the solvent in 

the presence of surfactants.  

Then, the reduction process then proceeds, at room temperature, to generate metallic 

nanoparticles by introducing a reducing agent. A surfactant endows colloidal stability of 

nanoparticles to prevent aggregation and precipitation in the solution. Many kinds of surfactants 

are selected, and their concentration and relative ratio to the precursors control the particle size 

and shape. Indeed, surfactants play an important role in directing particle growth, and restricting 

particle size by interacting with metal surfaces during the reaction. As the binding affinity of a 

surfactant varies from one crystal facet to another, a preferential binding to one certain facet, 

attached to the surfactant, results in hindering its growth. Therefore, another surfactant as a 

structure-directing agent is added for the shape control. Adjusting these main components 

allows to control the final size and shape of the metal nanoparticles. Fig. 27 illustrates this 

general mechanism (nucleation and growth mechanism) allowing the size and shape control of 

the metallic nanoparticles. 
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Fig. 27 Schematic representation of general synthesis approaches for size and shape control of metal nanoparticles 
combining with the LaMer diagram. Adapted from ref. [13] 
 
Among colloidal synthetic strategies, Seed-mediated growth (SMG) is the most used one to 

fabricate metallic nanoparticles of diverse shapes. SMG is carried out via the preparation of two 

solutions (see Fig. 28). In the first solution; metal ions are reduced in water at room temperature, 

with strong reducing agent (sodium borohydride, NaBH4) to form spherical nanoparticles seeds 

of 3-4 nm in diameter. In the second one, the seeds are introduced into a growth solution 

containing the reducing agent, surfactant and metal precursor. Reducing agents such as ascorbic 

acid are involved in the growth solution in order to reduce Mn+ into M0. Therefore, the surface 

binding of such metal ions or surfactant into preferable crystal facets of the seeds is favored. 

As a result, the NPs are formed through the formation of positively charged bilayer as described 

in chapter 1 for the synthesis of gold nanorods.  
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Fig. 28 Illustration of the seed-mediated growth process to produce gold nanorods with different aspect ratios. 
Adapted from ref. [14] 
 

In this context, the growth mechanism of different morphologies of metallic nanoparticles can 

be achieved through modifying the reaction conditions such as the surfactant chain length and 

concentration (see Fig. 29), the metal salt concentration and the reduction kinetics (reducing 

agents and acid concentration), allowing the nanorods formation (as seen in Fig. 28). [15-17]  

  

 
Fig. 29 Illustration of seed-mediated growth mechanism allowing the synthesis of metal nanorods of different 
aspect ratios through adjusting the surfactant amount (adapted from ref. 14). 
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According to SMG mechanism, the rate of the reaction (kinetics) is a clever combination of the 

four components cited above and could be the crucial factor that controls the final shape.  

Fig. 30 shows that slower rates of the reaction yield lower-energy surface facets using lower 

amount of reducing agents (ascorbic acid) or by introducing halides (bromide or iodide). In 

contrast, the increase in the concentration of ascorbic acid accelerates both the rate of metal 

ions reduction and the growth kinetics of nanoparticles. Consequently, kinetically nanoparticles 

with higher-energy surface facets are favored. [18],[19] 

 

 

Fig. 30 General rules of shape-control in silver-assisted seed-mediated gold nanoparticles synthesis, where the 
shape of nanoparticles can be controlled simply by altering the reaction rate or the silver concentration. Ref. [18]  
 

In addition to the four main components cited above, several additives could also play a major 

role determining the shape of nanoparticles in colloidal synthesis. Thus, the shape of the 

nanoparticle with additives corresponds to surface factor rather the kinetic effects allowed by 

adjusting the solution composition. Indeed, introducing additives results into a surface change 

of the nanoparticles upon growth, which favors selective growth. There are various structure 

directing agents including complexes (W(CO)6), reactive gas molecules (O2, H2, NO, etc.) and 

metal ions (Ag+, Cu2+, Fe3+, Co+). Metal ions addition was largely investigated in SMG process. 

As an example, by adding Ag+ ions, the shapes of Platine nanoparticles changes from cube, 

cuboctahedron, and octahedron with increased Ag+ concentration (Fig. 31). Indeed, higher-

index surfaces are obtained in the presence of Ag+ ions. Then, a stabilization of these high-

index facets succeeds by increasing Ag+ amount in the growth solution.[18] Then, a preferential 
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deposition of Ag+ occurs on the sites with higher coordination number with respect to Pt, such 

as kinks and step edges. [19]  

Precisely, Ag+ ions directed a crystal growth rate along the <100> direction by preferentially 

adsorbing on more active {100} surfaces of Pt nanoparticles. [20] 

Consequently, as the seeded growth is combined with kinetically controlled overgrowth and 

selective etching, various morphologies can be produced such as cubes, hexagons, triangles, 

multi-pods, and highly-branched dendrites. [21],[22] 

 

 

Fig. 31 TEM images of shape controlled Pt nanoparticles: a) Pt cubes, b) Pt cuboctahedra, c) Pt octahedra, d) Pd 
triangular plates, e) Pd hexagonal plates, f) Pd nanobars, and g) Pd-Pt bimetallic nanodendrites. Adapted from ref. 
21. 
 

3.3 Development of shape-controlled synthesis of gold nanoparticles 

Since the El-Sayed group has demonstrated shape controlling of Pt nanoparticles toward various 

shapes (cube, tetrahedron, octahedron, etc.), many studies investigated the role of surfactants 

in shape-controlled synthesis of metallic nanoparticles. [23] The idea is to control the surface 

energy of crystal facets of metal nanocrystals to produce a specific shape by adjusting the 

interactions of metal surfaces and capping agents. Therefore, the selection of the capping agent 

is crucial and its metal and solution composition dependent. As an example, PVP can interact 

strongly to the {100} direction of metal atoms, which changes both the surface free energies of 

crystal facets and the relative growth rates. This bounding of PVP to {100} facets of metal 

atoms leads to a slower growth rate and then to the formation of triangles, tetrahedron and 

octahedron shapes.  

Nevertheless, the bounding of PVP of random chains to {100} facets results in a faster kinetics 

of the reaction, which leads to a higher growth rate and giving rise to the formation of nanocubes  
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Based on the SMG strategy given in details in the last section and according to the role of 

capping agent highlighted by the example of PVP, we demonstrate here the possibility to 

transform the cube shape synthesized in chapter 2 into other morphologies. It was emphasized 

in chapter 2 that we used experimental conditions which yielded gold nanocubes meaning that 

we selected factors that allow fast nucleation and growth mechanism. This condition is 

necessary to elaborate the cubic nanostructure as seen in Fig. 30. In particular, the synthesis of 

monodisperse gold nanocubes has been achieved by the combination of the five components 

including acetone as solvent for PMMA, ethanol as solvent of gold precursor, NaAuCl4 as metal 

precursor, high concentration of gold precursor, and high evaporation rate of solvents. In order 

to control the morphology of gold nanostructures generated after the seed formation, we tried 

to kinetically change the synthesis growth rate. 

Thus, the same synthesis method used in chapter 2 [24], is also followed in the present chapter 

to achieve shape control. However, we selected 100 mM of gold precursor and 5000 rpm of 

spin-coating speed and silicon wafer is still Arsenic-doped for next experiments. Thus, these 

parameters are fixed and the change of the solution composition will be our approach to change 

the final shape of GNP. Herein, we did several combinations of the PMMA/gold precursor 

dispersion in order to vary the growth rate of GNPs. These combinations are summarized in 

Table 3 to provide an evidence that the three main parameters including the precursor molecule, 

the solvents of PMMA and gold precursor, rule the strategy used. 
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Table 3 Combinations of the three solution components (solvent, non-solvent and precursor) for controlling the 
shape of GNPs.  

 

 

Each dispersion has its own volatility, which corresponds the sum of both volatility values of 

solvents of PMMA and gold precursor. From there, it can be expected that faster reduction and 

growth rate for dispersions having higher volatility, due to the reduction of Au3+, will occur 

faster if the solvents evaporate faster. To elucidate the effect of the volatility and validate our 

expectation about the growth rate and its effect on shape control, we will separately study the 

role of the three components cited in Table 3. 

 

3.3.1 Understanding the role of PMMA solvent (polymer solvent) 

In chapter 2, it was explained based on previous studies of our groups that PMMA solvent plays 

a crucial role in the synthesis mechanism. Using acetone it allowed us to generate nanocubes. 

Thus, acetone evaporates rapidly and accelerates the growth rate as established earlier. 

Therefore, to obtain another morphology, we need to replace the acetone by a less hydrophilic 

and less volatile solvent to kinetically decrease the formation rate of GNPs. Starting from this 

point, we replaced acetone by MIBK. 

Fig. 32 shows samples prepared using the following conditions: same spin-coating parameters 

(speed 5000 rpm), same gold precursor (NaAuCl4) and same solvent for gold precursor. As a 

result of changing the PMMA solvent, we obtained GNC and gold nanorectangles (GNRs). To 

consolidate the findings further, we completed this study with SEM as shown in Fig. 33. 
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Fig. 32 AFM images of 100 mM gold precursor (NaAuCl4.2H2O) in different PMMA solvents; in acetone (a, b) 
and in MIBK (c, d). Images taken in contact mode at same spin coating parameters and different scan sizes. (5 and 
10 µm). 
 

Referring to SEM images in Fig. 33 (a & b), we can see that sample prepared with MIBK 

solvent produces GNCs and GNRs as shown in the AFM images in Fig. 32 (c & d). Moreover, 

we obtained uniform GNCs as seen in Fig. 33 c. Following this solvent adjustment, we found 

that for the dispersion of NaAuCl4 dissolved in ethanol, acetone is the suitable solvent to get 

single shape, which is cubic in this case. In order to obtain monodisperse GNCs (Fig. 33 d), 

acetone is used as PMMA solvent and ethanol as a solvent for sodium gold precursor. The 

formation of rectangular shapes might be attributed to the formation of PMMA micelles of 

different sizes because of the slow evaporation rate of MIBK that leads to the aggregation of 

some micelles on silicon surface. An excess of Au3+ ions in these micelles could provide further 

growth of gold nanocrystals in one direction, which results in GNRs formation. [25] Therefore 

it is established that the concentration of gold precursor is not enough to form so many 

rectangles. Further works on tuning Au3+ concentration and using a third solvent for PMMA 

are necessary to control the formation of monodispered GNRs. One can see the formation of 

larger size of GNPs in the case of MIBK, in relation to the formation of bigger micelles of 

PMMA is due to slower evaporation rate of MIBK as described above. MIBK also allowed 

obtaining sharp nancubes in comparison to the ones formed with acetone. This result can be 
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attributed to the slower rate of nucleation and growth of the nanocubes resulting from the slower 

evaporation of MIBK, which could generate more crystallized nanostructures. 

 

 

Fig. 33 SEM images for 100 mM gold precursor (NaAuCl4.2H2O/ethanol dispersion) in different PMMA solvents; 
(a) & (b) sample prepared with MIBK. The insert in (a) corresponds to small scan size images of the same sample 
and (b) corresponds also to the same sample observed with high magnification in order to observe a single 
nanocube. (c) and (d)  samples prepared with acetone.   
 
Then the role of PMMA solvent was studied using another precursor molecule (HAuCl4). One 

can see in Fig. 34 the same behavior as in Fig. 33. Mainly, hexagonal gold nanoparticles 

(HGNs) were obtained when NaAuCl4 is replaced by HAuCl4. This last molecule should 

decrease the pH of the PMMA/precursor dispersion and allow upon spin-coating, the reduction 

of lower number of Au3+ leading to slower nucleation and growth mechanism. This kinetically 

slower mechanism led to the formation of HGNs instead of GNCs since the hexagonal 

morphology requires slower reaction rate. Smaller size and sharp GNPs were obtained with 

MIBK due to the lower evaporation rate of MIBK that induces as described for Fig. 33. It is 

worthy to note that some nanotriangles are observed with MIBK solvents in Fig. 34 b, which 

can be related to an excess of Au3+ ions in some PMMA micelles on the surface of silicon. Seed 

mediated growth method showed the possibility to transform hexagons or octahedrons to 
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nanotriangles by increasing the gold precursor concentration until a specific value. [26] From 

this section, we can conclude that NaAuCl4/acetone/ethanol combination generates 

monodisperse nanocubes. However, HAuCl4/acetone/ethanol combination generates 

nanohexagons. Indeed, changing the PMMA solvent wasn’t crucial for shape control. 

Nevertheless, it is helpful for controlling the size, number and crystallinity of the nanoparticles. 

 

 

Fig. 34 SEM images for 100 mM gold precursor (HAuCl4.2H2O/ethanol) in different PMMA solvents; (a) & (b) 
sample prepared with MIBK observed by two different magnifications. (c) and (d)  sample prepared with acetone.   
 

3.3.2 Understanding the role of gold precursor solvent (polymer non-

solvent) 

Changing the molecule precursor in Fig. 34 allowed us to better understand the role of PMMA 

solvent in determining the final size, shape and density of GNPs on the surface of the sample. 

Therefore, further experiments were done to understand the role of the precursor solvent, for 

both of the two precursor molecules used before (NaAuCl4 and HAuCl4), on the synthesis 

process. To make it possible, we fixed the spin-coating parameters, the PMMA solvent and 

molecule precursor and we only changed the precursor solvent. In Fig. 35, using NaAuCl4 as 
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precursor led to the formation of nanocubes as shown in Fig. 33. On the other hand, isopropanol 

that evaporates slower than ethanol generated larger nanocubes and nanorectangles. As 

expected, isopropanol should retardate the growth of GNCs which must be formed by 

NaAuCl4/acetone combination. This slowness in the growth rate resulted in the formation of 

polydispersed nanoparticles divided into nanocubes and mainly nanorectangles. When 

isopropanol remains a long time inside PMMA micelles, they tend to attach and aggregate into 

larger ones containing higher Au3+ concentration. Consequently, the combination of a high 

amount of Au3+ ions with the slow rate of growth gives rise to the formation of bigger 

nanoparticles and a morphology that requires slow reaction rate, which is rectangular in this 

case. 

 

 

Fig. 35 SEM images for 100 mM gold precursor (NaAuCl4.2H2O/acetone) in two different precursor solvents; (a) 
sample prepared with ethanol. (b) sample prepared with isopropanol.   
 
Similarly, the same experiments were repeated using HAuCl4 as molecule in order to slow 

further the reaction rate. Fig. 36 shows mainly nanohexagons for the sample prepared with 

isopropanol. However, nanohexagons and polygons are observed using ethanol. For both 

solvents, we don’t see a particular control of shape and size even a major nanostructure is 

observed for a given sample which is hexagonal. However, Isopropanol is suitable to obtain 

monodisperse nanohexagons. Once again changing the precursor molecule seems crucial.  

To conclude about PMMA solvent effect, the precursor solvent could be a mean to change the 

size and number of nanoparticles. It is interesting to note that PMMA solvent didn’t affect 

strongly the shape in comparison with precursor solvent. We suggest that isopropanol-PMMA 

interaction is weaker than that of ethanol-PMMA in solution and after spin-coating. Therefore, 

a higher polydispersity for PMMA micelles and then gold nanostructures could be generated 

by isopropanol or another solvent of higher molecular weight. 
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Fig. 36 SEM images for 100 mM gold precursor (HAuCl4.2H2O/acetone) in two different precursor solvents; (a) 
sample prepared with ethanol. (b) sample prepared with isopropanol.   
 

3.3.3 Role of the gold precursor molecule 

We clearly demonstrated the interest to change the precursor type on the shape of GNPs. 

Whatever the solvent/non-solvent combination, the precursor molecule was the component that 

defined the shape. It was shown that NaAuCl4 generates nanocubes and HAuCl4 generates 

mainly hexagons (or octahedrons). Until now, we achieved the control of nanocubes fabrication 

(size and shape). Chapter 2 was reserved for this nanostructure morphology. Still, further 

studies are required to achieve the formation of monodispersed nanohexagons. We also need to 

explore the possibility to produce other morphologies. Herein, we investigate the role of the 

precursor (pH, molecular weight, counter-ion, etc.) on the synthesis results. As done before, we 

changed the precursor keeping the same all the other components (solvent, non-solvent, spin-

coating parameters, silicon type). Aiming to fabricate nanotriangular shape, we selected the 

acetone/isopropanol combination for two reasons. First, acetone is suitable for low 

polydispersity and isopropanol generated more of triangles than ethanol as seen in Fig. 36. Fig. 

37 reveals the formation of nanoprisms when HAuCl4 is replaced by KAuCl4. This result 

confirms that the precursor molecule plays the major role in controlling the shape. The three 

precursors used differ by the molecular weight and the counter- ion of AuCl4
-. We suggest that 

this counter-ion plays an important role in the synthesis mechanism. It could be compared to 

the additive effect usually used in seed mediated growth methods to control the NPs shape. As 

reported in the introduction section, adding Ag+ ions to the synthesis reaction medium allows 

to fabricate different morphologies of Pt nanoparticles, as seen in Fig. 31. Accordingly, Na+ 

and K+ could deposit on Au seeds and drive the growth. Since K+ ion is larger Na+ (Na+ is more 

electropositive), the interaction between Na+ and Au seeds will be stronger, which could result 
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in a faster growth rate in comparison to K+. The presence of larger ions on the surface of Au 

nanoparticles could limit the growth kinetics. Therefore, the nanocubic shape was obtained with 

NaAuCl4. However, the nanoprism structure, that requires both a slow reduction of Au3+ and 

growth rate of nanoparticles, was produced using KAuCl4. This ion-assisted seed-mediated 

growth allows for the average edge length of the octahedral (hexagonal or prism) to be 

independently controlled. For example, Ag+ has been used in seed-mediated methods to 

stabilize high-index facets through an under potential deposition mechanism (UPD). [27] Thus, 

it is suggested that a high concentration of Na+ or K+ stabilizes the {111} facets of the 

nanocrystals through UPD, while the rate of Au3+ reduction controls the dimensions of the 

nanostructures. On this basis, different combinations of dispersions have been done to change 

the synthesis reaction rate in order to produce monodispersed nanohexagons and nanotriangles.  
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Fig. 37 SEM images for samples prepared with acetone (PMMA solvent)/isopropanol (precursor solvent) 
combination with three different precursor molecules; (a) NaAuCl4, (b) HAuCl4 and (c) KAuCl4. 
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In Scheme 4, we sum-up all the studies done in this chapter to vary the synthesis conditions. 
 

 

Scheme 4 Combinations of the three solution components (solvent, non-solvent and precursor) in order to vary the 
growth rate through changing the volatility of solutions (effect of solvents) and pH (effect of precursor molecule 
type). 
 
In comparison to the conventional surfactant-based protocols which change the product of the 

synthesis by varying the reaction rate, the obtained nanostructures cannot be explained in terms 

of those proposed for surfactant-based growth modes where surfactants, surface diffusion, 

and/or collision patterns are used to transform the reaction product. However, we propose a 

nucleation and growth pathway that relies on the formation of a space charge region around 

each seed consisting of a layer of ions (Na+ or K+), where the whole layer is dependent on the 

facets expressed by the seed, the rate at which the reduced ions are being deposited, and the pH 

of the solution. This chapter reveals the rich nature of surfactant-free synthesis as well as the 

utility of the substrate-based platform in defining growth strategies. 

 

3.4 Improving the SERS enhancement through shape control 

In order to evaluate the different gold nanostructures as sensors, we performed SERS 

measurements with 10-5 M of pyridine on four samples showing different morphologies of 
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nanoparticles. The SEM images of these samples and their corresponding absorption spectra 

are illustrated in Fig. 38. 

 

Fig. 38 Absorption spectra of gold nanoparticles prepared with different experimental conditions. (Black spectrum) 
polydispersed nanohexagons, (red spectrum) monodispersed nanocubes, (green spectrum) nanohexagons and 
nanotriangles and (blue spectrum) monodispersed sharp nanocubes.  

 
Polydispersed nanohexagons (black curve) exhibit the most blue shifted absorption peak and 

the closest to the excitation wavelength (633 nm). The red shift observed for the other samples 

is due to the high density of nanoparticles for the sample of monodispersed nanocubes (red 

curve) and because of the increase in the size and the decrease in the density of nanoparticles 

for the samples of nanohexagons, nanotriangles and monodispersed sharp nanocubes (green 

and blue curves). 

Fig. 39 shows the best Raman enhancement with gold nanocubes. We can explain this higher 

sensitivity by both the high density of nanocubes on the substrate and the SPR band close to the 

laser excitation wavelength. The SERS intensity for the other samples decreases continuously 

with decreasing the number of nanoparticles. Therefore, the sample of the sharp nanocubes 

(blue curve) exhibits higher enhancement than that of nanohexagons (green curve) even its SPR 

band is the most shifted to the laser wavelength. Because of the difference in size and density 

of NPs in the samples, we can just compare between the two samples having the same cubic 

shape (blue and red curves). As reported before, the higher sensitivity of monodispersed GNCs 

(red curve) in comparison to sharp ones (blue curve) is due to the higher number of GNCs on 

the surface, which results in the presence of hotspots relevant for SERS. To be able to study the 

effect of shape on the sensitivity of the obtained samples, it’s necessary, for the future, to 

compare the substrates having the same density of nanoparticles on the surface. According to 
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all results described above, each experimental combination allowing a particular shape has its 

own size and density of NPs. Therefore, further experiments are required to control the 

interparticles gap. We propose to change the spin coating speed in order to determine for each 

sample the critical speed value that allows to obtain a gap distance comparable with the other 

samples. In a previous study [28] and in chapter 2, we showed that increasing the spin coating 

speed led to a decrease in the size distribution and the gap between nanoparticles. Thus, we 

need to investigate this effect on the shape control as a perspective work. 

 

Fig. 39 SERS and Raman spectra of Pyridine for samples shown in Fig. 38. All these samples have the same 
coating parameters and same gold precursor concentration (100 mM). 10 µl drop of pyridine (10-5 M for SERS 
and 1 M for Raman)  
 
As assessed in chapter 2, chemical Raman enhancement can also be expected for the four 

studied substrates because of the SERS vibrational frequency shifted from Raman ones. These 

shifts in the pyridine internal modes is due to the charge transfer complexes through the N-end 

interaction between the metal and pyridine. [29],[30] 

 

3.5 Conclusion 

We have demonstrated shape-controlled growth of gold nanocrystals by a substrate-strategy. 

We found that varying the reaction kinetics allowed different growth modes of gold 

nanoparticles. In this route, the silicon electrons bounded to the counter ions (H+, Na+ and K+) 

of the gold precursor molecule used, serve as heterogeneous nucleation for gold nanocrystals.  

These anisotropies on the surface of silicon results in anisotropies in the kinetic growth 

associated with (i) Au atoms arriving preferentially to the base of nucleation site from an 

adjacent collection area, (ii) higher atom diffusion rates on {111} facets than on {100} facets, 
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and (iii) the various Ehrlich–Schwoebel barriers [31] which inhibit the atom motion between 

facets. These anisotropies lead to the non-equilibrium steady state strongly dependent on 

whether the reaction is carried out in a regime of slow, moderate, or fast kinetics. Slow kinetics 

was achieved by KAuCl4 combination and gave rise to triangular gold nanoprism generated 

through epitaxial deposition on just a small portion of a single {100} Au facet followed by the 

propagation of a rapid growth front away from the seed. Moderate kinetics allowed by HAuCl4 

resulted in hexagonal geometry realized through layer-by-layer deposition of Au on all {100} 

equivalent seed facets followed by the overgrowth of all remaining facets. Fast kinetics allowed 

by NaAuCl4 produced cubic and rectangular morphologies, where the overgrowth more closely 

follows the topography of the underlying seed. Further experimental studies are necessary in 

the future to better control the monodispersity of the obtained geometries as done in chapter 2 

for gold nanocubes. Produced in high yield from a simple process, the so-formed nanohexagons 

and nanoprisms present the opportunity to form photonic surfaces for catalytic, sensing and 

photovoltaic applications. The optical properties and the sensing of pyridine covered different 

shapes of gold nanostructures through SERS were also reported.  
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4 Optical properties of self-assembled gold nanoparticles 

 

4.1 Introduction 

It is well known that the optical properties, such as the dielectric functions and the absorption 

coefficient of the metal nanoparticles (MNPs) and the surrounding material, play an important 

role in designing new applications in photonics, optoelectronics, and non-linear optics. [1] 

Therefore, the knowledge of the effective dielectric function of nano-composite film is a crucial 

issue to design the optical devices. The optical properties of these MNPs are usually 

characterized by UV-VIS absorption spectroscopy, such as the surface plasmon resonance 

(SPR) of NPs which provides various information on the NP load, size, shape, and distribution. 

However, the optical characterization of the material is limited upon using this technique and it 

is blind to the elucidation of its refractive index.  

In this chapter, we show that spectroscopic ellipsometry (SE) is a valuable tool to determine 

the complete optical properties of these composite layers. Ellipsometry is an indirect optical 

characterization tool which is based on the change of the polarization state of light after the 

reflection on the sample. [2] The stronger the interaction between the light and the material, the 

better measurements are obtained. [2-5] 

Ellipsometry requires an appropriate modeling to determine simultaneously the film thickness 

and the dielectric constants. Recent works suggest that ellipsometry can be used to characterize 

nanomaterials [6-8]. Ellipsometry was previously used to monitor the growth of silver NPs on 

the surface [9], in polymer [10],[11], or in mesoporous silica matrices [12]. However, the 

classical effective medium theories, used to exploit ellipsometric data consider only the 

spheroidal NPs. [4]  

This chapter describes a complete ellipsometric characterization of gold nanoparticles (GNPs) 

that were embedded in PMMA film. The thickness of the polymer film (PMMA) and the 

dielectric functions (real and imaginary parts) as well as the absorbance coefficient are obtained 

by modeling the ellipsometric measurements.  

Based on our knowledge of the literature, no research works in literature concerning the optical 

properties of non-spherical shapes of MNPs in large spectral range (VIS-NIR) have been 

reported using the SE. Herein, we report a model that is based on two classical Lorentz 

oscillators to determine the optical responses of non-spherical GNPs (hexagonal, cubic and 

triangular). This model and the measuring strategy are discussed in details in the section below.  
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4.2 Ellipsometry technique 

The Ellipsometry is an optical technique that is widely used for surface and thin film analysis. 

It is a fast and nondestructive technique that allows monitoring the film growth in real time. It 

is used in wide applications such as microelectronics, optoelectronics, photovoltaics, and 

chemistry etc. SE allows the determination of the optical constants over a broad spectral range 

and it is one of the most sensitive and precise tools for thin film thickness measurements. So, 

one can deduce the film thickness (d) and the optical properties of the target material. [13] 

The main optical properties are: real (Ԑr) and imaginary (Ԑi) parts of the dielectric function, 

refractive index (n), extinction coefficient (k) and the absorption coefficient (α). 

The measured parameters are called ellipsometric angles Ѱ and ∆. The Ѱ angle refers to 

amplitudes, whereas the ∆ angle is the phase change of the ellipsometric ratio. These angles 

measure the change in the state of polarization of light after reflection on the sample. They 

depend on various parameters such as the thickness of the different layers of the sample, 

complex refractive index of each layer, wavelength and angle of incidence. 

In addition, these angles are basically related to the ratio of the complex Fresnel reflection 

coefficients rs and rp, where rp and rs are the complex reflection coefficients of parallel and 

perpendicular polarization of light, respectively. Thereby, rs is the reflection coefficient of the 

light polarized perpendicular to the plane of incidence and rp is the reflection coefficient of the 

light polarized parallel to the plane of incidence. This is expressed by the following fundamental 

equation of ellipsometry, which describes a relationship between the ellipsometric angles (Ѱ & 

∆) of parallel and perpendicular polarization: [14],[15] 

where, 
 

ρ  rp
rs  tanѰe�∆					0°	 ≤ 	∆	≤ 	360°, �1�					 

 

and 

       	

tanѰ  |rp|
|rs| 													0°	 ≤ 	Ѱ	 ≤ 	90°. �2�						 

 

Ѱ and ∆ ellipsometric angles can be obtained using different ellipsometers such as rotating 

polarizer or analyzer ellipsometer. In our case we have used the UVISEL modulator 

photoelastic ellipsometer of Horiba. The schematic view of this spectroscopic ellipsometer is 

shown in Fig. 40. 
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Fig. 40 Schematic view of the UVISEL spectroscopic ellipsometer.  
 
The light source is a Xenon lamp that covers a large spectral range from 250 to 2100 nm. After 

passing through the first polarizer which establishes a linear polarization, the light reflects at an 

oblique angle (generally 70°) from the sample under study. The output head comprises a 

photoelastic modulator and an analyzing polarizer that resolves the polarization state of the 

reflected beam.  

Both polarizers are fixed during the measurement while the photoelastic modulator is used to 

induce a modulated phase shift of the reflected beam. The light is analyzed by a grating 

monochromator that directs, sequentially, the light for each individual wavelength onto the 

detector. Two types of detectors are employed: photomultipliers for UV-VIS applications and 

InGaAs photodiodes for NIR applications. 

Except for substrate sample, ellipsometry cannot directly evaluate the optical properties or the 

thickness of thin layers from measured Ѱ and ∆ ellipsometric angles. Data analysis using an 

optical model is required in order to determine the unknown parameters of samples (film 

thickness, optical constants, etc.). The data analysis procedure can be summarized in the 

following three steps: 

1. First, an optical model must be constructed to describe the sample. 

2. The second step concerns the theoretical calculation of Ѱ and ∆ which are derived from the 

optical model. 

3. Third, the calculated Ѱ and ∆ values are compared with the measured ones, and the 

parameters of the optical model are fitted to find an optimal agreement. Finally when the 

optimal optical model is found, the unknown parameters are determined. 
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Therefore, the optical and structural properties of the targeted material are determined by a 

suitable modeling through the measurements of Ѱ and ∆ parameters. Fig. 41 presents an 

example of the measured ellipsometric angles as function of incident wavelength at 60°.  

 

Fig. 41 Measurement of ellipsometric parameters of Ѱ (blue curve) and ∆ (red curve).The measurements are 
performed at an angle of incidence 60° on a silicon substrate coated with GNPs (40 mg of NaAuCl4/ 
MIBK/ethanol) at 10000 rpm.   
 
These measurements are performed in air at room temperature in spectral range 250-2100 nm. 

The amplitude of oscillations observed in this figure depends mainly on the PMMA film 

thickness. These ellipsometry measurements are obtained from the sample given in Fig. 42. We 

notice that the measured ellipsometric parameters of all the used samples at an angle of 

incidence of 60° or 70° are introduced in the discussion part. 

 

 
Fig. 42 (a) AFM image of GNPs loaded PMMA holes over a silicon substrate (image taken in contact mode). (b) 
SEM image showing clearly the GNPs inside the PMMA holes. The two samples are prepared according to the 
physio-chemical synthesis method that was introduced in chapter 2 (40 mg of NaAuCl4/ MIBK/ethanol using 
10000 rpm).   
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The AFM image shown in Fig. 42 (a) and SEM image in Fig. 42 (b) present two examples of 

the synthesized samples, where GNPs are embedded in PMMA film. Based on our fabricated 

samples, a physical model should take into account not only the PMMA film and the optical 

properties of the Si substrate but also the optical responses of the implanted GNPs. 

 

4.2.1 Modeling 

Different theoretical approaches have been developed to calculate the optical response from 

spherical and non-spherical metal nanoparticles, including the effective medium approximation 

theory (EMT) such as Maxell-Garnet (MG) or Bruggeman theories. 

Through EMT, it is possible to determine the presence of surface roughness or the volume 

fraction of inclusions (e.g. spherical NPs) within a host material. [4],[16],[17] 

MG gives a realistic description of a medium when the volume fraction of the spherical 

inclusions, weakly interacting with each other, is smaller than that of the host material. This 

theory is highly used to describe the optical properties of metallic nanoparticles which are 

embedded in a host medium. Thus, the dielectric function, the refractive index and the 

absorption of a composite layer can be calculated. However, the shape of the particle cannot be 

considered in this theory. [16],[17]  

Recent improvement and modifications in this model are only applicable on highly dispersed 

spheroidal NPs. [16] Therefore, the MG model is inappropriate to our samples with different 

shapes shown as an example in Fig. 42. 

Unlike the MG theory, the Bruggeman effective medium approximation (BEMA) studies the 

optical properties of the composite medium where the inclusions and the host material have 

similar roles in the effective medium. [13],[18] This is not the case in our samples, therefore 

BEMA can’t be applied. 

In contrast to EMT, the Boundary Elementary Method (BEM) can be suitable to carry out the 

optical analysis. However, the presence of the shape distribution in our samples makes this 

model more difficult to be applied for the determination of the optical responses of these 

complex systems. In addition, it takes more time to be analyzed. [19] BEM is more adaptable 

when the shape distribution is not considered as it was applied in the second chapter on gold 

nanocubes (GNCs) of 65 nm length side and on dimer of GNCs being apart at 10 nm. 

After testing various models, we have found the model given in Fig. 43 and Scheme 2 (chapter 

2) is the most suitable one for modeling our samples.  
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Fig. 43 Schematic representation for the physical model used ellipsometry data analysis. 
 
In this model, the PMMA layer and the GNPs are considered as one homogenous layer. 

Modeling this layer was carried out using two classical Lorentz oscillators, one is for GNPs and 

the other is for PMMA film according to the following Lorentz dispersion equation: [20],[21]  

 

Ԑ�+�  Ԑ, -	+./0	
1

�23

45
+6,5/ 7ω/ - j	ω	Γ5 . �3�	

	
Where; Ԑ, is the dielectric function at high frequency, Ԑ is the dielectric function, ω is the light 

energy (ev), ωp is the plasma frequency, fi is the oscillator strength of the ith resonator, ω0,i is 

the plasmon resonance frequency (natural frequency) of the ith resonator; one for gold and the 

other is for polymer (PMMA) and Γ5 is the damping rate of the ith resonator (friction coefficient). 

In our case N=2. 

Based on equation (3), the optical properties (n, k, Ԑr, and Ԑi) of the targeted material will be 

obtained according to the following equations:             

																																																																																																																																										
Ԑr  n/ 7 k/, �4�	
Ԑi  2nk	, �5�	

α  4πk
λ 	. �6�	

																																																																																																																																														
Based on these equations, the ellipsometric angles are highly dependent on the substrate, the 

film thickness and the optical constants of composite layer as shown in the discussion part. 
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4.2.2 Ellipsometric data analysis 

Once the measurements are performed, we tackle the numeric modeling of the data in order to 

extract the optical properties. The values of the known optical constants of the Si substrate are 

measured and kept fixed for the rest of the modeling. The unknown parameters such as 

thickness of PMMA layer and optical constants of coated films are determined by minimizing 

the χ2 error function between the experimental and the calculated ellipsometric data. The 

Levenberg-Marquardt [22] algorithm is performed for the calculation of χ2 values according to 

the following equation: 

	 	

χ/  0	
1

�23
�Ѱexp	i	– 	Ѱmodel	i�/ - �∆exp	i	– ∆model	i�/, �7� 

 

where N is the number of data collected versus wavelength (λ), Ѱexp and ∆exp are the 

experimental data. Ѱmodel and ∆model are the modeled (fitted) ellipsometric angles. 

Herein, we present an example of spectral fitting in Fig. 44, where it shows clearly that the error 

between measured and calculated parameters is less than 1% confirming the validity of this 

model. 

 

Fig. 44 Ellipsometric spectrum of the experimental parameters (Ѱexp) and (∆exp) values (scattered lines) compared 
with fitted ones (Ѱmodel and ∆model) (solid lines). The measurements are performed at an angle of incidence 60° on 
a silicon substrate coated with GNPs (40 mg of NaAuCl4/ MIBK/ethanol using 10000 rpm). 
 
In this figure, we clearly see that experimental spectra are correctly reproduced by the proposed 

model (see Fig. 43). Despite the slight disagreement that was shown in the NIR regions, good 
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agreement is found between the calculation and the experimental spectra. Once this agreement 

is obtained, the optical parameters (refractive index (n), extinction coefficient (k), dielectric 

function (Ԑ) and absorption coefficient (α)) of PMMA layers containing GNPs are determined 

and analyzed.  

 

4.3 Results and Discussions 

4.3.1 Optimizing the mechanical parameters 

4.3.1.1 Effect of the speed (in NaAuCl4/ MIBK/ethanol)  

The AFM images in Fig. 45 display a direct increase in the density of the GNPs and a decrease 

in the size distribution through the increase in the ERs from 2000 to 5000 rpm. To illustrate, 

the size of GNPs at low ER (2000 rpm) was large and the size distribution is high. However, 

when the evaporation of the solvent increases to 10000 rpm, the size distribution of the GNPs 

over the surface of the silicon substrate decreases frequently. Between 5000 and 10000 rpm, 

there is no significant increase in the density of the GNPs. 

In addition, the size of the PMMA holes decreases with increasing the ERs as obtained 

previously in chapter 2. Therefore, we expect to have a decrease in the thickness of PMMA 

film.  

Concerning the shape of GNPs, we should have quadrilateral shapes (cubical or trapezoidal) 

based on the synthesis method and the used chemical parameters that were discussed clearly in 

shape control study (chapter 3). In Fig. 45, it seems that shape of GNPs is spherical, which is 

not the case as will be demonstrated below by ellipsometry. We performed SE measurements 

on these three samples in order to estimate the thickness and the optical properties as shown in 

the following section.  

 
Fig. 45 Evolution of AFM images of GNPs using 40 mg of NaAuCl4/ethanol/MIBK at increased ERs: (a) 2000 
rpm, (b) 5000 rpm and (c) 10000 rpm. Images scanned in non-contact mode. 
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4.3.1.1.1 Ellipsometric measurements and modeling 

The measured ellipsometric parameters of the above three samples at an angle of incidence of 

60° are reported in Fig. 46.  The three curves in this figure exhibit the same behavior with a 

slight shift in both parameters (Ѱ & ∆) which can demonstrate similar structures and optical 

properties of composite layer. The above AFM images in Fig. 45 show approximately identical 

structures of assemblies of GNPs embedded in PMMA film over the silicon substrates in the 

three samples. Moreover, at low evaporation rate (2000 rpm), we observed an increase in the 

amplitude of the spectrum. This observation could be related to the large size distribution or 

due to higher thickness.  

Thus, the observed difference in the Ѱ and ∆ amplitudes is more efficient in the visible (VIS) 

spectral range at low ER (2000 rpm) due to the strong contribution of large sized GNPs in the 

optical responses in this spectral range. 

These spectra showed a shift at 2000 rpm particularly for ∆, so one should expect to have higher 

thickness value at this ER compared to higher ERs (5000 and 10000 rpm). In fact, it is already 

proved in the previous chapters that low evaporation rates (ERs) result in high thickness values. 

In order to confirm these observations and to extract the necessary optical constants of the 

embedded GNPs in the PMMA film (over Si-substrate), a correct physical model was managed. 

 
Fig. 46 Evolution of the measured ellipsometric angles (Ѱ & ∆) in three different samples of GNPs (40 mg Au3+). 
Measurements performed at room temperature at incident angle 60°. Samples prepared at increased spin-coating 
ERs as shown in the two spectra. 
 
Experimental ellipsometry spectra in Fig. 46 are fitted by the given model (Fig. 43) upon 

minimizing the mean squares deviation (χ2 error) between the experimental and the calculated 

ellipsometric data as shown in Fig. 47.  

Except for the slight disagreement, it is observed in Fig. 47 that the model shows a good 

agreement between the experimental data and the calculated spectra. Such disagreement 
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(difference) can be explained by the inhomogeneity of the surface and/or by some roughness 

existing at low evaporation rates. 

 
Fig. 47 Comparison between the experimental SE data (squares) and the modeled (lines) achieved by the 
constructed model in three ERs. (a) 2000 rpm, (b) 5000 rpm and (c) 10000 rpm. 
 
4.3.1.1.2 Extracting the thickness values and the optical constants 

The determined thickness values by SE analysis of the PMMA film with respect to increased 

ER are shown in Fig. 48.  

Herein, the increase in the ERs from 2000 to 5000 rpm leads to a rapid decrease in the thickness 

of the polymer film (PMMA) from 94 to 82 nm as seen in Fig. 48. This decrease confirms what 

we expected with respect to the AFM images and the Ѱ and ∆ measurements. Concerning the 

measurements in Fig. 46, we link the shift at a higher wavelength (λ) which was obtained at 

low ER (2000 rpm) to a higher thickness value which seems true according to the resulted 

higher value (94 nm). In contrast, the increase in the ER from 5000 to 10000 rpm leads to a 

very slight decrease, where the thickness reaches 79 nm, which is the minimal thickness value.  

Accordingly, the speed 5000 rpm serves as a standard ER, so the thickness of the PMMA is 

said to be constant.  
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Fig. 48 Evolution of the film thickness as function of increased evaporation rates.  
 
The imaginary Ԑi and real Ԑr parts of the dielectric function of GNPs loaded in PMMA holes 

were extracted using the proposed model as seen in Fig. 49. 

At 2000 rpm, the amplitude of Ԑi and Ԑr is greater compared to higher speeds (5000 and 10000 

rpm). Despite this difference, these samples exhibit the same behavior of the curves for both 

dielectric function (Ԑi and Ԑr) of the GNPs.  

As a result, we conclude that the same behavior existing in both Ԑi and Ԑr curves could be 

explained by the low size distribution. Thus, the two samples (5000 and 10000 rpm) show the 

same structure of GNPs with less size distribution. Despite the slight variation in Ԑi and Ԑr in 

the first sample (2000 rpm), the behavior of Ԑi and Ԑr curves in the three samples is the same.   

 
Fig. 49 Comparison between the dielectric function (Ԑr and Ԑi) of the three samples having increased ER that is 
determined using the model.  
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Knowing that there is an interdependent relationship between Ԑi and α, the behavior of the 

absorbance spectra in Fig. 50 looks like the spectra of Ԑi in Fig. 49. Here, higher ERs at 5000 

and 10000 rpm have the same behavior of the absorbance spectra in the VIS-NIR regions. They 

display the same plasmon band which is positioned at 730 nm. The redshift in the samples with 

high ERs (5000 and 10000 rpm) is related to the increase in the density of the GNPs over the 

surface of the Si substrate compared to the samples with low ER (2000 rpm), where the number 

of the NPs is less. As a result, these samples (5000 and 10000 rpm) possess the same size and 

shape, based on the above AFM images (Fig. 45) and on the plasmon band (730 nm). In contrast, 

the low ER at 2000 rpm is blue shifted by 5 nm with respect to the high ERs (5000 and 10000 

rpm), its plasmon band is positioned at 725 nm. In addition, the highest intensity observed at 

this ER is linked to the huge size distribution presented within such sample. Despite the slight 

difference in the two absorbance bands at 725 and 730 nm, we can conclude that both bands 

reflect one SPR band. Thus, the obtained SPR band emphasize that the obtained shape is not 

spherical at all. Typically, the spherical Gold nanoparticles have a single SPR band ranging 

from 517 to 580 nm with increased size of GNPs. [23-25] 

 
Fig. 50 The absorbance coefficient (α) spectra as a function of wavelength extracted by the model of the three 
samples that were performed at increased ERs.  
 
In summary, the obtained spectral fitting of SE data was reasonable and yielded important 

information (thickness, dielectric function and the absorption coefficient). It is found that this 

technique and the developed model are suitable for these assemblies of GNPs embedded in 

PMMA holes. Low ER results in high thickness and in large size distribution. Consequently, 

we found that the speed 5000 rpm is a good choice to carry out the synthesis of non-spherical 

GNPs in MIBK (PMMA solvent) and therefore the ellipsometric measurements. This speed 
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generates higher density of non-spherical GNPs and less size distribution with a SPR in the NIR 

region (730 nm). 

 
4.3.1.2 Effect of the speed (in NaAuCl4/acetone/ethanol) 

The ellipsometric measurements, modeling and analysis were presented in the following study. 

It was shown in the above study (4.3.1.1) that the increase in the ER leads to the decrease in the 

thickness and the size of the non-spherical GNPs as well to an increase in the density of GNPs.  

Herein, it was interesting to change the solvent of the PMMA from MIBK into acetone, in order 

to verify the influence of the solvent on the thickness and on the optical constants. 

It was reported in the above two chapters (2 and 3) that acetone induces the reduction of GNPs 

and forms more monodispersed GNPs compared to MIBK, knowing that acetone is more 

volatile than MIBK. Moreover, acetone serves as a good solvent for PMMA, so that the 

repulsive interaction between: "PMMA and the couple: gold (NaAuCl4) / NaAuCl4 solvent" is 

stronger. [26] Based on the SEM images that were shown in Fig. 51, it is clearly observed that 

the increase in the ER from 2000 rpm to 5000 rpm leads to an increase in the density of GNPs, 

similarly to the obtained by MIBK and also to a decrease in the size distribution. Moreover, we 

found that the increase in the density of GNPs is more significant compared to the above study 

(4.3.1.1). However, the three ERs result in monodispersed Gold nanocubes (GNCs). 

At 10000 rpm, the size and the shape are monodispersed. Whereas, at 5000 rpm, we have higher 

volume fraction of GNPs in comparison to the other ERs. Within the same ER, it seems clearly 

that assemblies of GNPs reveal a closely uniform size and shape. 

Again, we found that 5000 rpm serves as a good parameter to carry out the synthesis method of 

higher density of smaller sized GNCs. To confirm this observation, ellipsometric measurements 

were made for these GNCs in the following section.  
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Fig. 51 SEM images of 40 mg gold precursor (NaAuCl4/acetone/ethanol) showing GNCs at increased ERs: (a) 
2000 rpm, (b) 5000 rpm and (c) 10000 rpm.   
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4.3.1.2.1 Ellipsometric measurements 

The ellipsometric measurements of these three samples are shown in Fig. 52.  

As compared to Fig. 46, we observed distinctly in Fig. 52 a direct shift in both Ѱ and ∆ spectra 

in the VIS-NIR regions followed by an increase in the amplitude of these spectra by decreasing 

the ERs from 10000 to 2000 rpm. Accordingly, we expect to have higher thickness values and 

redshifted SPR bands in the VIS-NIR regions, knowing that the optical properties and the 

thickness are highly dependent on the ellipsometric measurements. Therefore, these 

measurements will be fitted by the model illustrated in Fig. 43 as seen in Fig. 53. 

 
Fig. 52 Spectroscopic ellipsometric data (Ѱ & ∆) of assemblies of GNCs attached to the PMMA film on silicon 
substrate at increased ERs. Measurements performed at room temperature at incident angle 60°. 
 
4.3.1.2.2 Fitting the experimental measurements 

The experimental ellipsomteric data (Ѱ & ∆) for GNCs embedded in PMMA film were fitted 

by the proposed model as shown in Fig. 53. The model successfully simulates important 

features for all Ѱ and ∆ curves particulary, at ~ 700 nm, where absorption may occur. The slight 

difference between the measured and calculated data that remains can be attributed to GNCs 

shape which is not considered in the modeling. Moreover, both ERs (2000 and 5000 rpm) 

display better fitting than 10000 rpm. Hence, the less thickness value generated at high ER 

(10000 rpm) can reduce the sensitivity of the interaction between light and GNPs of composite 

layer.  
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Fig. 53 Ellipsometric spectra of GNCs: squares spectra for measured (experimental) data and solid lines for the 
calculated (modeled). The incident angle is 60 °. 
 
4.3.1.2.3 Extracting the thickness and the optical constants 

After modeling Ѱ and ∆ curves, the second step is to determine the thickness of the PMMA 

film. The numerical results of the thickness values which were determined in Fig. 54 for the 

three samples are in agreement with the SEM images (Fig. 51) and Ѱ-∆ measurements (Fig. 

52). 

The three samples (in acetone) showed high thickness values ranged between 153 and 114 nm 

compared to the previous study (MIBK). This is related to the higher volatility of acetone 

compared to MIBK. This remark confirms with the above ∆ measurements that presented higher 

shift with respect to decreased ERs (see Fig. 52).  

Based on Fig. 54, the increase in the ER from 2000 to 5000 rpm showed a higher decrease in 

the thickness value from 153 to 124 nm. On the other hand, the increase in the ER from 5000 

to 10000 leads to a slight decrease in the thickness from 124 to 114 nm as obtained in the 

previous study (4.3.1.1).  

The imaginary Ԑi and the real Ԑr parts of the dielectric function of GNPs are also extracted as 

reported in Fig. 55. 
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Fig. 54 Thickness plot (for PMMA film) as function of evaporation rate.  
 
The spectra are shown in Fig. 55 and the used parameters by the proposed model were given in 

the experimental part (materials and methods). 

The increase in the ER from 2000 rpm to 5000 rpm affects the dielectric function Ԑi and Ԑr. It 

leads to a direct shift in the wavelength and an increase in the intensity of Ԑi. This is strongly 

related to the presence of more GNCs at 5000 rpm compared to 2000 rpm as shown in the SEM 

images in Fig. 51. In contrast, the increase in the ER from 5000 to 10000 rpm leads to a blue 

shift in Ԑi without a significant change in its amplitude. This can be related to the presence of 

the smaller sized GNCs at 10000 rpm compared to 5000 rpm.  

Similarly, despite the significant change in the amplitude of Ԑr curves, the three samples have 

shown the same behavior. The increase in the refractive index of the composite layer with the 

increase in the ER can explain this change in the amplitude of Ԑr. Indeed, the increase in the ER 

leads to an increase in the density of GNPs and a decrease in the size distribution of these GNPs. 

It is worth noting that the noticeable features found in the 600–800 nm region of the spectra of 

the dielectric function (Ԑi and Ԑr) reflect the absorption region of the GNCs.  
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Fig. 55 Imaginary part (left) and Real part (right) dielectric function of monodispersed GNCs assembled in PMMA 
films. 
 
The absorbance coefficient spectra of the three samples are shown in Fig. 56. Herein, the 

increase in the ER from 2000 rpm to 5000 rpm leads to a red shift in the plasmon band from 

662 nm to 670 nm as well as to an increase in the amplitude. This can be attributed to the 

increase in the density of GNCs embedded in the PMMA film over the surface of the silicon 

substrate. [20] On the other hand, the increase in the ER from 5000 rpm to 10000 rpm leads to 

a blue shift (20 nm) in the plasmon band from 670 to 650 nm, due to presence of smaller GNCs 

at increased ER. 

Accordingly, we found that the speed 5000 rpm records a significant increase in the density of 

the GNPs with respect to the other ER. As a result, it exhibits a strong absorption with the SPR 

band at 670 nm. Thus, the SPR band is highly dependent on the density of GNPs as well as on 

the size and the shape of the GNPs. 

After determining the favorable evaporation rate (5000 rpm) to carry out the synthesis and the 

ellipsometric measurements, we performed different experiments at this speed as shown in the 

following sections. Thereby, the influence of the size and the shape of GNPs on the SPR bands 

is evaluated. 
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Fig. 56 Absorbance coefficient (α) plot of GNCs as a function of wavelength (nm) in increased ERs. 
 
In summary, this study showed that the ER parameter has a direct effect on the thickness of 

the PMMA film, on the volume fraction or the density of the GNPs and on the size distribution 

(size of GNPs). The speed 5000 rpm was found to be a good parameter to improve the synthesis 

of GNPs where higher number of smaller GNCs are obtained, thereby, a strong SPR band is 

achieved. 

So, higher volume fraction of smaller GNCs and also higher thickness that facilitate the 

ellipsometric measurements are formed at this speed (5000 rpm), knowing that the thickness of 

composite layer as well the volume fraction of nanoparticles are the key factors for good optical 

responses by ellipsometry measurements. [4] 

We showed that the SPR band of GNCs is sensitive to the change in the size of the NPs.  

It was observed that acetone favors the reduction of GNPs, as a result it serves as a good solvent 

for PMMA to synthesize monodispersed GNPs (GNCs) in comparison to MIBK. 

 

4.3.2 Optical properties of shape-controlled gold nanoparticles (GNPs) 

Based on chapter 3, the formation of various shapes (GNCs, GNHs and GNTs) of GNPs was 

achieved according to the simple synthesis method that we applied in this work.  

By adjusting the experimental conditions (solvent of PMMA, PH of gold precursor and the 

solvent of gold precursor) of the synthetic method and altering the growth rate of formation, 

the formation of controlled shapes of GNPs was induced.   

This section describes the optical properties by the SE of multiple samples of shape controlled 

GNPs.  
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4.3.2.1 Control the formation of uniform gold nanocubes (GNCs) 

In chapter 3, we found that the formation of uniform GNCs is achieved by alerting the 

experimental conditions as illustrated in Fig. 57. As reported in chapter 3 and shown in Fig. 57, 

NaAuCl4/ethanol favors the formation of uniform GNCs with acetone (see Fig. 57 b) and forms 

Poly-dispersed shapes of sharper corner of GNCs and gold nanorectangles (GNRs) with MIBK 

(see Fig. 57 d). In contrast, HAuCl4/ethanol has no great control (produces poly-dispersed 

GNHs and GNTs) in acetone (Fig. 57 a) and tend to generate poly-dispersed GNHs in MIBK 

as seen in Fig. 57 c. As shown in chapter 3, hexagonal gold nanoparticles (HGNs) were obtained 

when NaAuCl4 is replaced by HAuCl4. Therefore, the PMMA solvent and the Au precursor are 

key parameters to control the shape of GNPs, because they have a direct influence on the kinetic 

rate of formation of GNPs. All details are given in chapter 3, but in this chapter we focus on the 

optical characterization of these samples by SE measurements.  

 

 
 
Fig. 57 SEM images showing various shapes of GNPs. (a) poly-dispersed GNHs and GNTs, (b) monodispersed 
GNCs, (c) poly-dispersed GNHs and (d) poly-dispersed GNCs and GNRs. (a) and (b) prepared with same PMMA 
solvent (acetone) and different Au precursor (a in HAuCl4 & b in NaAuCl4). (c) and (d) prepared at same PMMA 
solvent (MIBK) and different Au precursor (c in HAuCl4 & d in NaAuCl4). The four samples were prepared at the 
same standard spin-coating parameters and same solvent precursor (ethanol). 
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4.3.2.1.1 Ellipsometric measurements and modeling 

According to Fig. 58, we observe a direct shift in the wavelength of both Ѱ and ∆ measurements. 

Samples prepared with acetone (black and red) showed a shift with respect to samples being 

prepared with MIBK (blue and green spectra). Knowing that acetone is more volatile, this shift 

is linked to the high thickness values that can be obtained in the presence of acetone compared 

to MIBK.  

These measurements were modeled by the proposed model as shown in Fig. 59.  

 

 
Fig. 58 Measured ellipsometric parameters of Ѱ (left) and ∆ (right) values for GNPs embedded in PMMA film on 
Si wafers prepared with different synthetic parameters. Samples prepared at same spin-coating conditions. 
Measurements performed at incident angle of 60°.  
 
The comparison between measured and calculated ellipsometric spectra (Ѱ model and ∆ model) 

is shown in Fig. 59. Despite the slight fitting disagreements that can be observed, the model 

reproduces correctly the experimental spectra. 

NaAuCl4 precursor prepared with acetone (Fig. 59 b) shows better agreement than HAuCl4 in 

acetone (Fig. 59 a). This confirms the above contribution concerning the PMMA solvent and 

the type of precursor. NaAuCl4 is more selective to PMMA/Acetone than PMMA/MIBK as 

demonstrated in chapter 3. 

In contrast, HAuCl4 in MIBK (Fig. 59 c) validates the fitting data of UV-VIS regions, where 

NaAuCl4 in MIBK (Fig. 59 d) shows some disagreements in the VIS-NIR. Thereby, HAuCl4 is 

more selective to PMMA/MIBK than PMMA/Acetone as presented in chapter 3. 

Furthermore, ∆ spectra extend to significant longer wavelengths of broader bandwidth in 

acetone (a and b) compared to the samples prepared in MIBK (c and d). Accordingly, we expect 

to have higher thickness in PMMA film of these samples (a and b). 
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Thus, HAuCl4 is selective to PMMA /MIBK and NaAuCl4 to PMMA/Acetone, so that the 

repulsive interaction is stronger.  

The fitting results of the experimental spectra are given in the following subsection. 

 
Fig. 59 Comparison between measured and calculated ellipsometric spectra for GNPs embedded in PMMA film 
over Si wafers prepared over various experimental conditions as shown in these spectra. Samples prepared at same 
spin-coating conditions and measurements performed at incident angle 60° as a function of the wavelength (λ). 
 
4.3.2.1.2 Extracting the thickness and the optical constants 

The evolution of the thickness of PMMA film of the above four samples was illustrated in Fig. 

60. Due to high volatility of acetone, samples prepared with acetone show high thickness 

values, 130 nm and 170 nm, with HAuCl4 and NaAuCl4, respectively. In contrast, samples with 

MIBK display low thickness values with a slight variation, 84 nm and 90 nm, with HAuCl4 and 

NaAuCl4, respectively. 

Accordingly, we need to study if there is some correlation between the thickness value and the 

optical properties of composite layer. This will be examined with the aid of the following 

figures. 
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Fig. 60 Evolution of the thickness of PMMA film in four different samples. Samples prepared at same spin-coating 
conditions. 
 
The resulting optical properties of the dielectric function (Ԑi and Ԑr) are shown in Fig. 61.  

Based on the above figure (Fig. 60), we expected to have a redshift in the dielectric function 

for samples displaying high thickness values, which is not the case. Indeed, samples with low 

thickness values (samples prepared in MIBK) lead to a red shift in both dielectric function 

spectra (Ԑr and Ԑi) and also to an increase in the amplitude of these spectra as seen in Fig. 61. 

No direct influence of the thickness on the optical properties of these samples can be observed 

as seen in Fig. 61. 

The change of optical responses such as the plasmonic band shift is strongly linked to the 

structural shape, size and density of the GNPs in PMMA films. 

To illustrate, changing the PMMA solvent from acetone to MIBK increases the strength of the 

oscillators and sharpens the resonance peak (blue and green spectra) but it does not significantly 

influence its position within the same solvent. However, it leads to a redshift in these spectra 

compared to samples prepared with acetone (black and red spectra). 
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Fig. 61 Dielectric function of Ԑi (left) and Ԑr (right) spectra for gold nanoparticles at different experimental 
conditions as shown in both spectra.  
 
As mentioned in chapter 3, the absorption spectra of the samples containing GNPs of various 

shapes show significant variations in the optical absorption properties as shown in Fig. 62. 

According to Fig. 60, high thickness value of acetone does not systematically lead to a shift in 

the absorbance band as shown in Fig. 62. 

Furthermore, poly-dispersed GNPs of GNHs & GNTs (green spectrum) and poly-dispersed 

GNPs of GNRs & GNCs of sharp corners (blue spectrum) showed a red shift in the absorbance 

band spectra with respect to monodisperse GNCs of flattened corners (red spectrum) and the 

poly-dispersed GNHs and polygonal shapes (black spectrum), mainly due to increase in size of 

nanoparticles for each red shift.  

Thus, the sample containing GNCs of flattened corners (red spectrum) reflects the best 

experimental conditions to obtain well controlled shape of GNPs (GNCs), with the large 

bandwidth and a wavelength of 640 nm. 

Poly-dispersed GNRs and GNCs (blue spectra) display the most red-shifted plasmon band at 

690 nm. This spectra is red shifted with respect to mono-dispersed irregular GNHs (green 

spectra) that is located at 677 nm. This red shift is basically linked to the significant increase in 

the density of sharp GNCs and to the slight increase in the size of these GNPs as explained well 

in chapter 3. 

Note that only one plasmon mode in the VIS-NIR spectral range can be observed, since we used 

two oscillators in the proposed model without any additional oscillators to consider the 

anisotropic effect of GNPs such as sides and corner modes. [27],[28] 
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Fig. 62 UV-Vis absorption spectra of gold nanoparticles in four different samples prepared according to the 
experimental conditions displayed in the figure with their illustrated SEM images in the right side at scale bar of 
200 nm. Samples prepared at same spin-coating parameters.   
 
In summary, it should be pointed out that the samples prepared with high volatile PMMA 

solvent (acetone) produce high thickness which induces a better interaction of the light with the 

material without affecting the optical properties. 

The optical properties were extracted and produced a localized absorption bands in VIS-NIR 

regions with a significant redshift from 620 to 690 nm. 

This wide spectral range have been proven to be highly beneficial in sensing applications. 

[27],[29],[30]  

 

4.3.2.2 Control the formation of non-cubic shapes: gold nanohexagons (GNHs) 

and gold nanotriangles (GNTs) 

In the above study, we controlled the formation of uniform GNCs and we were able to 

synthesize poly-dispersed GNHs and poly-dispersed GNPs of sharp tips (GNRs and GNCs).  

The formation of anisotropic GNPs (GNHs and GNTs) was controlled according to the simple 

synthetic adjustments which rely on the modification of some experimental parameters and on 

the growth rate of the formation as described in chapter 3. Hence, decreasing the growth rate 

via such adjustment boosts the formation of non-cubic shapes (GNHs and GNTs), knowing that 

GNCs have fast kinetic rate of formation as mentioned in chapter 3.  
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In this section, we will study the optical properties of non-cubic shapes such as monodispersed 

GNTs and GNHs after measuring their ellipsometric angles (Ѱ and ∆). 

Fig. 63 sums up the whole SPR spectra and the SEM images that will be carried in this study. 

In this spectra, we can see a similar behavior of the absorbance peak despite the slight redshift 

in the position of the plasmon peak and that of their amplitude.  

Accordingly, we will analyze these spectra in the following sections after performing the 

necessary SE measurements. 

 

 

Fig. 63 Absorbance spectra showing the behavior of plasmon peak of monodispersed GNTs (blue spectrum), 
mono-dispersed GNHs (red spectrum) and poly-dispersed GNHs and GNTs (black spectrum). Samples prepared 
at same coating conditions and different gold precursors and PMMA solvents as presented in these spectra. The 
three insets (SEM images) correspond to various non-cubic shapes. 
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The SEM images in Fig. 64 show a high density of assemblies of GNPs for HAuCl4 precursor 

which is prepared with acetone (b) and KAuCl4 which is prepared with MIBK (c). In contrast, 

HAuCl4 precursor with MIBK displays low density of GNPs (a).  

We reported in chapter 3 that HAuCl4 precursor with acetone has no control over GNPs, which 

is true in case the solvent of gold precursor is ethanol as used in the above study. Here, we used 

isopropanol since it allowed a better monodispersed nanoparticles (as discussed in chapter 3) 

as seen in Fig. 64. Therefore, we expect to have higher thickness values of the sample prepared 

with acetone compared to MIBK. The SEM image in Fig. 64 (c) shows a high density of GNPs 

for a sample prepared with KAuCl4 precursor compared to Fig. 64 (a). We can deduce that 

KAuCl4/Isopropanol have better repulsive interaction with PMMA/MIBK than 

HAuCl4/Isopropanol. Thus, the thickness should be estimated to validate this conclusion.  

We completed the SEM images by fitting the ellipsometric measurements as shown in Fig. 65. 
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Fig. 64 SEM images of GNPs at large scan size. Samples (a) and (b) prepared with same gold precursor (HAuCl4), 
and different PMMA solvents: (a) MIBK and (b) acetone. Sample (c) differs from (b) by the gold precursor which 
is KAuCl4. The three samples prepared at same coating conditions and with same gold precursor’s solvent 
(isopropanol).  
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4.3.2.2.1 Ellipsometric measurements and modeling 

The expected values of ellipsometric parameters are calculated and compared with the 

measured angles as seen in Fig. 65.  

 
Fig. 65 Comparison between the measured and modeled ellipsometric spectra for GNPs of various shapes that 
correspond for samples which their SEM images are shown in Fig. 63 and Fig. 64. (a) Reflects poly-dispersed 
GNHs and GNTs, (b) presents the monodispersed GNHs and (c) contributes to monodispersed GNHs. 
Measurements are performed at incident angle 60°.  
 
The comparison between the measured data and the calculated ones in Fig. 65 reveals a good 

fit despite the slight disagreement that was shown in the NIR region in the three samples (a, b 

and c). 

Furthermore, Fig. 65 (b and c) displays a large wavelength shift for both Ѱ and ∆ values 

compared to Fig. 65 (a). This observation is contributed to the strong interaction of incident 

light with existed GNPs on the targeted sample of Fig. 65 (b-c). This shift is confirmed with the 

above SEM images in Fig. 64 (b-c) which exhibit high density of GNPs compared to the sample 

possessing low density of GNPs (Fig. 64 a). Accordingly, we found that the ellipsometric 

measurements are highly sensitive to the density of GNPs. Therefore, we expect to have a high 

thickness value of the PMMA film and more shifted optical constants (dielectric function and 

the absorption coefficient) in these two samples.  

As a result, this fitting allows us to estimate the thickness of the PMMA film and the optical 

properties of these samples in the following part. 

 
4.3.2.2.2 Extracting the thickness and the optical constants 

A regression analysis of χ2 (mean error) is minimized, so that the thickness and the optical 

constants can be determined. The thickness of PMMA film of the above samples is shown in 

Fig. 66.  

By changing the gold precursor from HAuCl4 into KAuCl4, a significant increase in the 

thickness of PMMA film from 72 nm to 155 nm is resulted. KAuCl4 which is not highly soluble 

in isopropanol showed a lower volatility when MIBK is used, so that a high thickness value is 
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generated. Therefore, the repulsive interaction between KAuCl4 and MIBK is higher than 

HAuCl4 and MIBK as mentioned above. We stated before (chapter 2) that the difference in 

thickness values can be attributed to the effect of the matrix and polymer existing on the surface 

of the silicon substrate. Herein, GNPs prepared with HAuCl4/acetone display a high thickness 

value, which is 185 nm as illustrated in this figure. So, the ellipsometric measurements in Fig. 

65 and the SEM images in Fig. 64 are verified. Based on the insets of the SEM images, we see 

clearly that monodispersed GNTs and GNHs have higher thickness values than poly-dispersed 

GNHs and GNTs. 

Now, we will extract the optical constants of the dielectric function and that of the absorbance 

coefficient as given in the following figures (Fig. 67 & Fig. 68).  

 

Fig. 66 Evolution of the thickness of PMMA film (nm) of the above three samples of GNPs. The insets show the 
various shapes of GNPs that can be obtained according to the presented experimental conditions.  
 

The dielectric function spectra of the above three samples is shown in Fig. 67. The high 

thickness (185 nm) of GNHs that was obtained for HAuCl4 with acetone was accompanied by 

the generation of an intense peak and red shift in the imaginary (Ԑi) dielectric function spectra 
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(red spectrum) compared to the other sample that generated poly-dispersed GNHs and GNTs 

when prepared in MIBK (black spectrum).  

In addition, the red spectrum displays higher amplitude in Ԑi compared to the black spectrum 

which is attributed to a high density of GNPs that validates the SEM image seen in Fig. 64 (b). 

Meanwhile, the blue spectrum in Fig. 67 which refers to GNTs shows a less amplitude and a 

red shift in the wavelength compared to the red spectrum. The dielectric function spectra in Fig. 

67 signify the presence of a strong absorption band in the NIR region as expected from the 

ellipsometric measurements (Fig. 65) knowing that the absorption band is highly sensitive to 

the dielectric constants of the surrounding medium, basically the imaginary part, where one can 

derive the absorbance band. 

 
Fig. 67 Evolution of the dielectric function of imaginary (Ԑi) part of the above three samples of GNPs. Black 
spectrum refers to poly-dispersed GNHs and GNTs, red spectrum contributes to monodispersed GNHs and the 
blue spectrum presents the monodispersed GNTs. 
 
Fig. 68 demonstrates the absorbance spectra of the above samples with their SEM images. 

Based on the SEM images in Fig. 68 (a, c), we noticed that KAuCl4 precursor forms 

monodispersed GNTs. In contrast, HAuCl4/MIBK forms a mixture of non-controlled GNHs 

and GNTs, where there is no control over the shape and the size of GNPs. That’s why, we 

changed the gold precursor from HAuCl4 into KAuCl4. Concerning these SEM images, we 

observed that the size of monodispersed GNTs (c) is smaller than that of the poly-dispersed 

GNHs and GNTs (a). The observed GNTs display sharp tips, so we expect to have a red shift 

in the SPR band. 

Moreover, we reported previously that NaAuCl4 precursor tends to form monodispersed GNCs 

in acetone, whereas here, HAuCl4 tend to generate uniform GNHs with acetone. Thus, we 
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changed MIBK into acetone. Based on these images, we see clearly that the size of the 

monodispersed GNHs (b) is greater than that of the poly-dispersed GNHs and GNTs (a).  

 

 
Fig. 68 The absorbance spectra in (d), (e) and (f) represent the samples for which their SEM images are shown 
respectively in (a), (b) and (c). (a and d) Correspond to HAuCl4 precursor that results in the formation of poly-
dispersed GNHs and GNTs in MIBK, (b and e) correspond to HAuCl4 precursor that forms monodispersed GNHs 
in acetone and (c, f) correspond to KAuCl4 precursor that yields to monodispersed GNTs in MIBK. The three 
samples were prepared by the same gold precursor’s solvent (isopropanol) and in the same spin-coating 
parameters.  
 
The red shift in the absorbance spectra in Fig. 68 validates the Ԑi spectra that were obtained in 

Fig. 67 and the ellipsometric measurements in Fig. 65. It is known that the presence of the long 

wavelength peak in the visible-NIR spectra is a considerable remark for the presence of 

anisotropy in the gold nanoparticles such as GNHs and GNTs, where the increase in the edge 

length leads to a shift in their wavelengths. [31] 

Based on the above figures (Fig. 64, Fig. 65, Fig. 66 and Fig. 67) and on the SEM image (Fig. 

68 a), we found that HAuCl4/Isopropanol-PMMA/MIBK displays a low thickness value (72 

nm) with high shape and size distribution and exhibits a plasmon peak at 685 nm. In contrast, 

monodispersed GNHs (Fig. 68 b) display narrow plasmon peak at 705 nm (spectrum e) with 

lower amplitude compared to the other sample (spectrum d). On the other hand, KAuCl4 

precursor (spectrum f) which contributes to the presence of uniform GNTs displays a red shift 

at 720 nm and a decrease in its amplitude with respect to the KAuCl4 precursor (spectrum e).  

Besides, it is known that the small triangular GNPs exhibit a strong SPR band at 615 nm. [32] 

Thus, the plasmon band at 685 nm can be attributed either to the presence of larger sized GNTs 

or to the plasmon peak of GNHs which is very similar to that obtained in the other spectra (705 
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nm). Actually, it was not easy to assign the obtained absorption peak at 685 nm for sample 

containing a mixture of shapes (GNHs and GNTs) over a wide range of size and shape.    

Moreover, it is known that several bands of GNTs can be obtained in the visible and near 

infrared regions by increasing the side length of these GNTs. [33] Accordingly, we admit that 

each size has its own plasmon peak. Thus, we can’t assign the observed peak (720 nm) to a 

specific size. So, the redshift from 685 to 705 nm may be attributed to the increase in the size 

of GNPs, the increase in the density of GNPs, the change in the shape of GNPs and the coupling 

between high densities of GNPs on the surface of the Si substrate. 

It was reported that the scattering spectra of the Nanotriangles (NTs) at variable polarizations 

present two different plasmon modes for isosceles NTs and one plasmon band for equilateral 

NTs. Equilateral GNTs (50 nm edge length) display a single plasmon band at 700 nm. [34] 

According to chapter 3, we found that the obtained GNTs are monodispersed, where they have 

the same edge length. In this sense, we can’t attribute the obtained single plasmon peak to the 

fact that the GNTs are equilateral, because the size of GNTs is greater than 50 nm. Nevertheless, 

the two Lorentz oscillators based model is not able to show the other plasmon modes, knowing 

that the corners of the GNTs also have a plasmon mode. Thus, we can attribute the obtained 

redshift to the effect of tips (corners) which can be highly enhanced in the GNTs according to 

other researchers. [35] Moreover, the SPR peak at 720 nm could be also attributed to the 

influence of longitudinal oscillations of the electron cloud that incorporate the edge length of 

the formed small GNTs (~80 nm edge length) which seems more compatible to our results. This 

observation fits the DDA simulations performed in water on Au prisms of edge length 50-100 

nm. [28],[36] 

 

In summary, based on this study, we found that the shape control is highly relevant to tune the 

plasmon band in wide spectral range (VIS & NIR).  

The gold precursor as well as the solvent of the PMMA is a significant candidate to carry on 

the shape control of the GNPs.  

The ellispometric measurements were sensitive to the high thickness values of PMMA film, the 

density of GNPs and to the optical properties of GNPs loaded in PMMA film.  

The difference in the absorbance spectra can be attributed either to the effect of the shape (GNTs 

possess longer wavelengths than GNHs as described by Mock et al. [37]) or to the effect of the 

size, because GNHs display larger size in comparison to that of GNTs. But the resulted three 

absorbance spectra of the above study didn’t demonstrate a significant shift in the plasmon 

band. As a result, the absorbance spectra is sensitive to the size and the shape of the GNPs and 
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dielectric function of the surrounding medium. In addition, the increase in the amplitude of the 

absorbance spectra is related to the increase in the density of GNPs.  

It was difficult to compare between these complex three samples. The possible presence of the 

different plasmon modes is not considered in our model. Going further in improving this model 

to take into account the shape of GNPs will certainly be an interesting investigation for future 

work. 

 

4.4 Conclusion 

In this chapter, we have shown that spectroscopic ellipsometry (SE) is a valuable tool to 

determine the complete optical responses of the GNPs embedded in PMMA layers. The two 

Lorentz oscillators model was found to be a good method allowing the investigation of the 

various optical constants such as the dielectric function and the absorption coefficient of such 

complex composite layers. In addition, SE was used for the verification of the homogeneity of 

the deposited layers by spin-coating and for the determination of the thickness values. SE 

measurements are highly sensitive to the thickness as well to the density of GNPs. 

In this study, we have also shown that the ER parameter has a direct effect on the thickness of 

the PMMA film, the volume fraction or the density of the GNPs and the size distribution (size 

of GNPs). Accordingly, we found that the speed 5000 rpm acts as a suitable mechanical 

parameter to enhance the synthesis of GNPs where high number of smaller GNCs are obtained, 

thus a strong SPR band is achieved.  

The SPR band was found to be more sensitive to the size and the shape of the GNPs as well to 

the dielectric function of the surrounding medium but not to the thickness of the PMMA layer.  

Moreover, the solvent of the PMMA plays a significant role in the structuring mechanism, so it 

has a strong impact on the absorption band. In comparison to MIBK, acetone favors the 

reduction of GNPs and yields higher values of thickness, also it can be considered as a good 

solvent for PMMA to synthesize monodispersed GNPs.  

We have also found that upon adjusting the synthesis method such as modifying the gold 

precursor and the solvent of the gold precursor are significant candidates to explore the shape 

control of GNPs and control the optical responses (SPR band and dielectric function). 

We recognized that the conversion of a shape from GNCs into non GNCs has a more significant 

impact on tuning the SPR bands in a wide spectral range than increasing the diameter of the 

GNPs. On the other hand, the ellipsometric measurements as well the optical properties of the 
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hexagonal and triangular GNPs have similar behavior, where the slight variations were linked 

to the change in their size. 

The response of the two plasmon mode of the produced anisotropic GNPs was not seen in the 

above studies due to the usage of only two oscillators, one for GNPs and another for PMMA. 

Even though, we deduce that the spectroscopic ellipsometry acts as a convenient optical tool 

for determining the thickness of the composite layer and the optical properties of the embedded 

GNPs either at low volume fractions of GNPs as obtained for GNHs and GNTs or at low 

thickness of PMMA film as generated in MIBK solvent. 
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5 Summary, conclusions and perspectives 

 

5.1 Summary and conclusions 

The work presented in this thesis demonstrates a free-surfactant nanofabrication strategy and 

focuses on the shape control of gold nanoparticles, and their plasmonic properties. Through this 

novel synthesis, the formation of uniform gold nanocubes as well as gold nanohexagons and 

gold nanoprisms, was possible without the usage of any surfactant or reducing agent. 

Particularly, the thesis introduces a cheap and a facile one-step fabrication process based on 

polymer self-assembly. Hence, this new strategy of synthesis combines the advantages of 

bottom-up and top-down approaches. 

The experimental parameters including the solvent evaporation rate, the concentration of metal 

precursor, ratio of solvent to non-solvent, solvent of gold precursor and that of polymer, the 

type of the metal precursor and the surface chemistry (functionalities and conductivity), are the 

key factors in the growth mechanism of GNPs.  

In chapter 2, we synthesized mono-dispersed gold nanocubes using a simple one-step method. 

We reported an important red shift in the plasmonic band from 540 to 650 nm by using 

ellipsometry. The red shift was linked to the strong interaction between the nanoparticles 

separated by small interparticle distances. Gold nanocubes have been evaluated as ultrasensitive 

SERS sensors showing high chemical enhancement. SERS enhancement factor of 109 was 

determined for the 4,4-bipyridine, which matches with the values of the ultrasensitive SERS 

substrates reported in the literature.  

Chapter 3 reveals the rich nature of surfactant-free shape-controlled synthesis as well as the 

utility of the substrate-based platform in defining growth strategies. Through this chapter, we 

found that varying solvents and metal precursors allows change in the growth kinetics of gold 

nanoparticles. In this context, the silicon electrons bounded to the counter ions including K+, 

H+ and Na+ of the gold precursor lead to slow, moderate, and fast kinetics, respectively. Slow 

kinetics was achieved by KAuCl4 combination and gave rise to triangular gold nanoprism 

generated through epitaxial deposition on just a small portion of a single {100} Au facet 

followed by the propagation of a rapid growth front away from the seed. Moderate kinetics 

allowed by HAuCl4 resulted in hexagonal geometry realized through layer-by-layer deposition 

of Au on all {100} equivalent seed facets followed by the overgrowth of all remaining facets. 

Fast kinetics allowed by NaAuCl4 produced cubic and rectangular morphologies, where the 

overgrowth more closely follows the topography of the underlying seed. In addition, we found 
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that well-defined structures (sharp edges) of GNPs require the control of the solvent’s 

evaporation rate and the solvent’s type. 

In chapter 4, we have shown that the two Lorentz oscillators model was found to be a good 

method for the investigation of the various optical constants such as the dielectric function and 

the absorption coefficient of such complex composite layers. In addition, SE was used for the 

verification of the homogeneity of the deposited layers by spin-coating and for the 

determination of the thickness values. We found that SE measurements are highly sensitive to 

the thickness as well to the density of GNPs. The spectroscopic ellipsometry acts as a 

convenient optical tool for determining the thickness of the composite layer and the optical 

properties of the embedded GNPs either at low volume fractions of GNPs as obtained for GNHs 

and GNTs or at low thickness of PMMA film as generated in MIBK solvent 

  

5.2 Future work and perspectives 

The work introduced in this thesis represents a step forward in the current fabrication processes 

of nanomaterials which could be beneficial for catalysis and biosensing because of the 

promising results obtained on shape control that’s crucial for these applications in particular.   

With respect to the synthesis method, several aspects could be further explored. Further 

experimental studies including the control of the spin-coating parameters, changing the 

substrate and the molecular weight of the PMMA, are necessary in the future, in order to attain 

a better control on the monodispersity of the obtained geometries (gold nanoprisms and gold 

nanohexagons), as achieved in chapter 2 for gold nanocubes.  

The presented new approach can be also useful to incorporate a variety of inorganic metallic 

salts into the PMMA vesicles. Thus, the fabricated GNCs are promising to fabricate 

multifunctional materials (Plasmonic, photoluminescent, etc.) and bimetallic systems (Au-Ag, 

etc...). We started working on bimetallic systems and we obtained a material of core-shell, 

where the core displays the AuNPs and the shell presents Nanorings of AgNPs. (see Fig. 73 and 

Fig. 74 in appendix). 

SERS results could be promising for biosensing applications especially diseases diagnosis that 

requires such a higher sensitivity (10-12 M) as obtained in chapter 2. Therefore, we need to go 

further in SERS experiments by detecting few number of bacteria after selection of the suitable 

morphology. Moreover, further SERS measurements are required to understand the role of 

shape on the sensing features of the obtained substrates.  
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The good agreement between experimental ellipsometry measurements and the model ones in 

chapter 4 is promising to establish a model that can adopt other morphologies than spherical 

(nanoprisms and nonohexagons). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



135 
 

Appendix 

First, knowing that the synthesis method is substrate-mediated, changing the substrate could 

change the growth mechanism. For this aim, we have tested the influence of ITO substrates 

(see Fig. 71 and Fig. 72).  

Second, we varied the concentration of the metal precursor (KAuCl4 or HAuCl4) in order to 

change the size of GNPs and to find the critical concentration of Au3+ that can form single shape 

of GNPs (gold nanoprism and nanohexagons) as made in chapter 2 for NaAuCl4 when we 

obtained monodispersed GNCs. (see Fig. 69) 

Third, we changed the molecular weight of PMMA as seen in Fig. 75 in the appendix. Here, 

the PMMA can serve as a directing agent in the structuring mechanism. Thus, we need to go 

further in this study to control the formation of other morphologies (e.g. GNRs).  

We controlled the formation of monodispersed GNCs of uniform size and shape. In addition, 

we were able to form gold nanoprisms, GNTs and GNHs, so it will be interesting to go further 

in controlling the monodispersity of these morphologies through adjusting the speed of 

evaporation (as seen in Fig. 70), the type of substrate and the molecular weight of the PMMA. 

Consequently, we can find the best conditions which we can yield in high density of well-

defined morphologies of gold nanoprisms and GNHs.  

 

 

Fig. 69 The SEM images show the increase in the concentration of HAuCl4 precursor. (a) 10 mM, (b) 50 (mM) 
and (c) 100 mM. The samples prepared at the same spin-coating conditions. 
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Fig. 70 The SEM images show the increase in the speed of spin-coating for 50 mM HAuCl4. Samples were 
prepared on Si-As substrates. 
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Fig. 71 The SEM images show the influence of changing the substrate of 50 mM NaAuCl4. Samples prepared at 
the same spin-coating conditions. 
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Fig. 72 The SEM images show the influence of changing the substrate from Si-As to ITO in 60 mM of HAuCl4 
and NAuCl4 precursors. The Samples prepared at same spin-coting conditions. 
 
 
 

 
Fig. 73 AFM images of bimetallic system of Au and Ag NPs. (a) first layer of AuNps (40 mg of Au/Isopropanol-
PMMA/MIBK), (b) Second layer of AgNPs (20 mg of Ag/Isopropanol-PMMA/MIBK) and (c) highlights two 
layers of Au-Ag NPs. 
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Fig. 74 (a) AFM image of the first layer of AuNPs (20mg Au/ethanol-PMMA/MIBK), (b) bimetallic material of 
Au-Ag using 20mg of Ag/PVP and (c) bimetallic system of Au-Ag using 20 mg of Ag/Ethanol-PMMA/MIBK). 
The inset shows a bimetallic system of Au-Ag NPs that demonstrates a core-shell identity. Samples prepared at 
the same spin-coating parameters. 
 
 
 

 

Fig. 75 AFM images of GNPs synthesized at different lots of PMMA. (a) 330,000 g/mol and (b) 120,000 g/mol. 
Samples prepared at the same spin-coating parameters on Si-As substrates using 100 mg of HAuCl4 precursor. 
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