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Abstract 

Carbon nanotubes (CNTs) are arguably the most widely studied material within 

the field of nanotechnology. The impressive physical and electronic properties of these 

materials have led to their investigation in a diverse range ofapplications. In recent years, 

the deposition of inorganic nanoparticles upon the surface of CNTs has received much 

attention. Research within this field has been driven by the desire to develop new 

composite materials exhibiting novel electronic, optical, and catalytic properties. In 

addition to the decoration of individual nanotubes, several groups have also investigated 

the use of CNT thin films as scaffolds for the assembly of inorganic nanostructures as 

well as other secondary components, including polymers and biomaterials. Nanotube 

films exhibit a number of physical properties that make them suitable for such 

applications, displaying impressive electrical conductivity, flexibility, and thermal 

stability while also possessing a high surface area upon which chemical modification can 

be conducted. 

This thesis presents work that demonstrates the potential of CNT thin films as 

flexible conductive scaffolds for the support of a variety of inorganic nanostructures. 

Procedures are described for the preparation of SWNT -Au nanoparticle composite films 

that, as subsequently demonstrated, are suitable substrates for the growth of III-V 

semiconductor nanowires using gas-source molecular beam epitaxy. At the time of 

writing, the majority of published research within this field focused upon the preparation 

of SWNT composite films containing spherical metallic or semiconductor nanoparticles. 

In contrast, the growth of semiconductor nanowires upon nanotube thin films had not 
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been explored. The work described in this thesis therefore represents the development of 

a novel composite material that combines the flexibility of CNT films with the unique 

optoeletronic properties exhibited by semiconductor nanowires. The development of 

functional electronic devices incorporating these materials is also discussed, as is the 

extension of the methods developed to investigate novel composite materials that 

combine other inorganic nanostructures with carbon based substrates. 
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Chapter 1: Overview of carbon nanotube chemistry, thin film fabrication and 
applications 

Abstract 

Carbon nanotubes (CNTs) are perhaps the most widely researched material within 

the field of nanotechnology. The impressive and unique physical properties of CNTs has 

led to their investigation in a wide range of applications, including the development of 

high performance composites, synthetic biomaterials, photovoltaic devices and light 

emitting diodes. This work has been enabled, in part, by the rich and varied chemistry that 

has been developed for the modification of CNTs. Attachment of small molecules and 

polymers to the surface of nanotubes, using both covalent and non-covalent approaches, 

has been shown to aid the efficient dispersion of these materials within both aqueous and 

organic solvents. Consequently, homogeneous thin films of CNTs can be fabricated using 

a variety of low-cost solution based techniques such as spin casting, spray coating, and 

vacuum filtration. The high aspect ratio of CNTs enables the preparation of films which 

are conductive despite being thin enough to allow optical transparency. Additionally, 

films are highly flexible, have a large surface area, and exhibit excellent stability towards 

both high temperatures and chemical treatment. This unique combination of properties 

makes CNT thin films excellent candidates for investigation as structural supports for the 

assembly of secondary materials, such as polymers, biomaterials and inorganic particles. 
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1.1. Introduction 

1.1.1. Allotropes of carbon 

Carbon is the 15th most abundant element in earth's crust and 2nd most abundant 

within the human body. The stability of carbon-carbon bonding, and consequent 

catenation properties of carbon, is the foundation that supports the construction of large 

organic molecules in nature from which all life on our planet is composed. Carbon can 

exist in several allotropic forms, the structure and bonding of which influence both the 

physical properties and chemical reactivity of the bulk materials. The most common 

allotropes of carbon are naturally occurring amorphous carbon, graphite and diamond. 

Additionally, newer allotropes, in the form of fullerenes and carbon nanotubes, have been 

discovered relatively recently, and can be prepared via synthetic methods. 

Graphite is the most thermodynamically stable form of carbon at regular 

temperatures and atmospheric pressure. The ideal structure of graphite consists of sheets 

of sp2 hybridized carbon atoms arranged in a planar hexagonal lattice, such that each 

carbon atom is bonded to three others. The fourth valence electron of each carbon atom is 

de localized through the extended 1t conjugated network of the planar lattice giving rise to 

conductivity in the direction of the basal plane. Within graphite, sheets are layered in 

ABAB (a.-graphite) or ABCABC arrangements (p-graphite ). Spacing between carbon 

atoms in consecutive layers (3.35 A) is greater than that within the hexagonal lattice (1.42 

A). This structural anisotropy is reflected by the physical properties of graphite, including 

mechanical strength, electrical conductivity and thermal conductivity. Graphite can, for 

2 




PhD Thesis- G. Lawson- McMaster- Chemistry and Chemical Biology 

example, be readily cleaved parallel to the direction of the basal plane, while force 

applied perpendicular may result in cracking or delamination of layers. 

In diamond all carbon atoms are sp3 hybridized, with each atom bonded to four 

nearest neighbours in a tetrahedral arrangement that yields a cubic unit cell. All carbon­

carbon bonds within the crystal are equivalent (1.54 A). The high strength of these bonds 

is reflected in the properties of diamond, which exhibits the highest hardness of any 

known bulk material. Unlike graphite, diamond contains no delocalized electrons and 

exhibits negligible conductivity. Longsdaleite is a lesser known allotrope of carbon that 

has been found to exist in nature. Longsdaleite exhibits a structure similar to diamond in 

which each carbon atom is bonded to four others in a tetrahedral arrangement. These 

tetrahedral units are however layered in such a way as to produce a hexagonal wurtzite 

type lattice as opposed to a cubic lattice structure. 

3 
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Figure 1.1. Allotropes of carbon; (A) amorphous carbon, (B) a-graphite, (C) 

diamond, (D) fullerenes (C60), (E) carbon nanotubes. 1 

Table 1.1. Physical and structural properties of diamond and a-graphite2 

Property a-Graphite Diamond 

C-C bond length I A 1.42 1.54 

Density lg em 2.266 3.514 

Hardness I Mobs <1 10 

MPIK 4100 ±100 (at 9 kbar) 4100 ±100 (at 200 kbar) 

Refractive Index, n (546 nm) 2.15 (basal), 1.81 (c-axis) 2.41 

PIOhmcm -0.4 x 10"5 (basal),- 0.2 (c-axis) -lOIS 
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1.1.2. Fullerenes 

In 1985, the discovery of a new allotrope of carbon, C60, was reported by a group 

of researchers at Rice University, led by Harry Kroto and Richard Smalley. 3 It was shown 

that vaporization of graphite using laser irradiation or electric arcs under helium flow 

resulted in the formation of polyhedral carbon clusters composed of an even number of 

atoms. The most stable of these was C60, the structure of which was determined to be a 

hollow sphere 6.83 A in diameter where the carbon framework of the molecule is 

comprised of20 six-membered rings and 12 five-membered rings, similar to a soccer ball. 

Here, it is the curvature, introduced by the presence of five-membered rings that enables 

the formation of a spherical closed cage. Other structurally similar compounds were 

subsequently isolated, including C70 and C90• This new family of molecular carbon 

compounds was given the name fullerenes, due to their resemblance to geodesic dome 

structures commonly associated with the designs of American architect Richard 

Buckminster Fuller. Methods for gram scale synthesis of fullerenes, and their separation 

by chromatographic methods, were subsequently developed4-6 enabling commercial 

production and initiating an almost unprecedented surge of research. In 1996 Smalley, 

Kroto and Curl received the Noble Prize in Chemistry for the discovery of fullerenes and 

the determination of their structure, recognizing the tremendous impact that this work had 

made upon modem science. 

One property of fullerenes that sets them aside from other more common 

allotropes of carbon is their reactivity. The widespread study of fullerenes and 

examination of their potential in a diverse range of fields including as photovoltaics, 
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organic electronics 7 and biomedicinal applications, 8• 9 has been facilitated in part, by the 

wealth of reactions that may be conducted upon these molecules. The spherical shape of 

fullerenes induces a considerable amount of strain and fullerenes are consequently less 

thermodynamically stable than planar graphite. The non-planar nature of fullerenes does 

not permit carbon atoms to exist in true sp2 hybridization. The 1t orbitals of fullerenes 

therefore exhibit partial s character, making fullerenes somewhat electronegative.10 

Covalent derivatization of fullerenes has been demonstrated using a wide variety of 

procedures including nucleophilic and radical addition reactions, cycloaddition reactions, 

halogenation, hydrogenation and metal complex formation. 10-12 The 1t system of 

fullerenes is also known to interact strongly with other aromatic molecules allowing 

supramolecular functionalization with a variety of materials.13 

1.1.3. Carbon nanotubes 

Carbon nanotubes (CNTs), the 'newest' or most recently discovered allotrope of 

carbon, are arguably the most widely studied materials within the field of 

nanotechnology. The structure of CNTs resembles a graphene sheet that has been rolled 

so that the edges connect forming a hollow cylinder, each end of which is capped by a 

hemispherical half fullerene structure.14• 15 There has been some discussion as to when 

CNTs were first discovered and by whomY-17 In the majority of literature, the first 

reported synthesis is credited to Iijima18• 19 who, in a paper published in 1991,18 described 

the preparation of CNTs by electric-arc vapourization of graphite in the presence of a 

metal catalyst. Thirteen years earlier however in 1978 Wiles and Abrahamson reported 
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the observation that carbon fibres, 4 nm in diameter, formed upon a graphite electrode 

following low current arcing under a nitrogen atmosphere. These fibers were 

subsequently characterized, and shown to exhibit a structure similar to what we now call 

CNTs.20 Similar descriptions of high aspect ratio carbon fibers were also reported by 

Oberlin and Endo in work published in 1976.21 With this in mind, it does not seem 

accurate to refer to Iijma's work as the 'first discovery'. Nonetheless, Iijama does deserve 

the credit for determining the structure of CNTs, popularizing CNT research, and drawing 

the attention of researchers worldwide to these remarkable materials. 

CNTs exist in one of two varieties; single-walled CNTs (SWNTs), which exhibit 

the basic structure described with diameters ranging from 0.7 to 2 nm, and multi-walled 

CNTs (MWNTs), which contain several concentric cylinders. The internal diameter of 

MWNTs is approximately 5 nm while the external diameter is dependant upon the 

number of concentric tubes present and can be as large as 100 nm. Spacing between tubes 

in MWNTs is approximately equal that of the interlayer spacing of sheets in bulk graphite 

(3.41A). Over the years, several techniques have been developed for the gram scale 

synthesis of CNTs including arc-discharge, laser ablation, chemical vapour deposition 

and high pressure gas-phase methods.15.22 The structure, length and diameter of CNTs 

varies depending upon the method used for synthesis as well as additional factors, 

including the nature of the carbon source and the metal catalyst employed. Current 

commercial techniques for nanotube synthesis allow the production of both single-walled 

and multi-walled varieties with lengths ranging from several microns up to the centimetre 

scale. 
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Figure 1.2. Schematic showing the structure of a SWNT (left) and MWNT (right). The 

innermost tube of the MWNT has been filled for the purposes of visual clarity. 

1.1.3.1. Properties of CNTs 

Since the publication oflijima's paper in 1991 , the field ofnanotube research has 

expanded at an incredible rate. 15' 23 Today, this research encompasses almost every facet 

of modern science, from fundamental investigations of structure-property relationships, to 

the development of advanced CNT based devices?3-29 The primary driving force behind 

this research is the unique fundamental properties of CNTs, which have captured the 

attention of researchers working in a wide variety of disciplines from chemistry and 

physics to engineering, materials science, and medicine. CNTs are, for example, amongst 

the strongest materials ever reported. They exhibit a Young's modulus of 1.2 TPa and a 

tensile strength that is approximately 100 times that of steel. 14 Additionally, CNTs have a 
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very low density (-1.4 g cm"3). This combination of properties makes CNTs ideal 

candidates as reinforcing agents in polymers, and the development on nanotube 

composites has accordingly been widely studied.15' 30"32 Nanotubes also exhibit a high 

specific surface area, high aspect ratio, impressive electrical properties, flexibility, and 

stability to both high temperatures and chemical treatment. 

Table 1.2. Properties of single-walled carbon nanotubes30 

Property 

Diameter I nm 0.7-2 

Young's Modulus I TPa • 0.32-1.47 

Tensile Strength I GPa 63 

Resistivity I J.LOhm em •• 0.1-100 

Thermal Conductivity I Wlm K••• 35-200 

Density I g cm·3 ~1.4 

Cost I $ (US) g·1 ~200 

* diameter dependent ** chirality dependent *** strongly affected by bundling 

With regard to electrical properties33"37 CNTs can be either metallic, 

semiconducting or low bandgap semiconductors. The specific properties of an individual 

nanotube is dependent upon both the tube diameter and chirality, a term that refers to the 

orientation of the hexagonal carbon lattice structure with respect to the tube 

circumference. The chirality of a CNT can be classified in reference to a 2D planar 

graphene sheet, as shown in Figure 1.3. Here, a lattice vector, C = (ma1 + na2), can be 

defined that joins any two chosen atoms on the planar sheet, where a1 and a2 are the two 
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vectors of the graphene unit cell (a1 = a2 = 2.461 A) and m and n are integers defining the 

magnitude of the lattice vector. A chiral angle (8), associated with this vector can be 

similarly defined. If the graphene sheet is rolled in such a way that the two ends of the 

lattice vector connect, then the circumference of a nanotube is formed. Individual CNTs 

can therefore be identified using lattice vector indices (m,n), which provide information 

regarding both the chirality and diameter of the tubes.38 

-,zig-zag 

I 

:- chiral 

Figure 1.3. Schematic showing a hexagonal graphene lattice and lattice vectors used to 

define the chirality ofCNTs 

When both indices are equal in value ((m, m), (8 = 0°)), the resulting nanotubes 

are termed ' armchair tubes' due to the arrangement of carbon atoms around the tube ' s 

circumference. These tubes are known to exhibit metallic conductivity, a property that 

results from efficient overlap of electronic states along the length of the tube 's axis. In 

contrast, (m, 0) nanotubes, for which e= 30° are referred to as ' zig-zag' tubes. Overlap of 
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electronic states is less efficient for this conformation and the resulting nanotubes behave 

as low band-gap semiconductors. Both 'arm-chair' and 'zig-zag' structures are achiral, 

having at least one rotational axis of symmetry. For all other indices (0° < 9 < 30°), chiral 

nanotubes are formed, and these also exhibit semiconductor behaviour.14 

At present, all known methods of nanotube synthesis yield samples with some 

variation in diameter, length, and chirality. Commercial samples of CNTs therefore 

typically contain a mix of both metallic and semiconducting tubes. This has been 

problematic in applications that require nanotubes exhibiting specific electronic 

properties. Methods for the efficient purification of CNTs and sorting of nanotube 

chiralities are therefore highly desirable and have been studied by a number of groups. 

Recent advances, using methods such as ultracentrifugation,39-47 show promise in 

allowing the separation of nanotubes by chirality. Commercial availability of specific 

nanotube chiralities that can be selected to suit specific niche applications recently 

became a reality and will no doubt become more widespread as this technology matures. 

1.1.3.2. Challenges within the field of CNT research 

If the full potential of CNTs is to be developed there are several challenges that 

must first be overcome. Perhaps the greatest of these relates to the purity ofcommercially 

available nanotube samples. At present, CNTs purchased from commercial suppliers 

contain a number of impurities that result from the methods used for their production. 

These include carbon based byproducts, such as amorphous carbon and fullerenes, as well 

as metallic nanoparticles (NPs), which are employed as catalysts during nanotube 
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synthesis. A number of procedures have been developed for the purification of CNTs, 

although typically these involve the use ofharsh oxidative treatments that can damage the 

nanotube structure and diminish the very properties researchers would hope to exploit. 

The improvement of nanotube purity, through modification of synthesis techniques and 

development of milder non-destructive post synthetic treatments currently remains a 

subject of ongoing research. CNTs are also quite expensive. At the time of writing, the 

cost of SWNTs was approximately $200 I g, approximately 5.6 times that of gold. IfCNT 

based technology is to become commercialized to the extent that has been predicted, new 

lower-cost methods for CNT production will also be required. 

1.1.3.3. Chemical functionalization of CNTs 

Another problem that any researcher working with CNTs will undoubtedly 

encounter is their absolute lack of solubility in practically all organic and aqueous 

solvents. Unmodified CNTs form large bundles that are held together by Van der Waals 

interactions, originating from the tube's extended pi-conjugated framework. 15• 48 This 

impedes the homogeneous dispersion of CNTs within solution and throughout host 

materials. The effects of bundling upon the processability of CNTs is a significant issue, 

especially when considering the potential commercialization of nanotube based 

technology. Fortunately, many developments have been made in recent years that utilize 

chemistry to overcome the problem of CNT dispersability.48"51 Modification of CNTs 

with small molecules and polymers, through supramolecular attachment and covalent 

sidewall coupling, has been shown to allow the formation of stable dispersions of carbon 
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nanotubes in aqueous and organic solvents allowing for effective solution phase 

processing and incorporation within composite materials. 52 

Within literature, the behaviour of modified carbon nanotubes in various solvents 

is commonly described in terms of solubility. A solution is however technically defined 

as a thermodynamically stable mixture containing two or more components within a 

single phase. As some of the techniques utilized for the modification of carbon nanotubes 

yield not only individual nanotubes but also nanotube bundles modified solely upon their 

exterior, and covalently crosslinked nanotubes, the use of the term solubility to describe 

the interaction of these materials with a solvent phase is not truly accurate. Such materials 

may be better described as colloidal dispersions, where the dispersed phase consists of 

modified nanotube bundles or nanotube-polymer aggregates. Certain modification 

techniques, such as the non-covalent functionalization of carbon nanotubes with 

conjugated polymers (described in section 1.1.3.4.2) are however highly efficient in 

enabling the debundling ofcarbon nanotubes. The use of these techniques, in combination 

with high speed centrifugation, can produce mixtures containing primarily individual 

debundled nanotubes dispersed homogeneously within a solvent phase. These materials 

could therefore be viewed as solutions rather than colloidal dispersions. 

1.1.3.3.1. Covalent approaches 

In CNT chemistry, covalent functionalization refers to any process by which the 

chemical structure of CNTs is altered to introduce a small molecule, polymer or 

functional group. Initial work within this field, reported by Haddon and Smalley, 

involved the use of oxidative treatment to introduce carboxylic acid groups to the tubes 
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surface.53• 54 When exposed to strong oxidative conditions, such as refluxing in nitric acid, 

defect sites can be introduced to the structure of CNTs. These can take several forms, 

including the opening of end caps or generation of holes within the nanotube sidewall. 

Following prolonged exposure, tubes will eventually be broken apart forming smaller 

fragments that resemble short open-ended nanotubes. Multiple functional groups, mainly 

of the carboxylic acid variety, are consequently introduced at the location of these defect 

sites. Acid shortened tubes display increased solubility in a number of solvents. The 

presence ofcarboxylic acid functionalities also enables the attachment of small molecules 

or polymers through amidation and esterification reactions,55 in addition to which non­

covalent functionalization through electrostatic interactions has also been explored. 56 This 

technique has consequently been used to functionalize CNTs with a wide range of 

molecules.57-62 Acid treatment offers the additional incentive of removing some metallic 

impurities present within CNTs. The high degree of damage incurred to the tube structure 

does, however, have a detrimental effect on both the mechanical and electrical properties 

ofCNTs. 

Since this initial work, the number of reactions available for the functionalization 

of CNTs has increased significantly. The reactivity of CNTs originates in part from the 

significant strain imposed by the curvature of the nanotube upon the sp2 hybridized 

carbon atoms that make up the tube's framework.48• 51• 63 The energy barrier for addition 

reactions is relatively low due to the strain relief that results from conversion of these 

carbon atoms to sp3 hybridization. This strain enhanced reactivity is similar to that 

described previously for fullerenes. Much of the chemistry that has been utilized for the 
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derivatization of CNTs has been developed using the wealth of reactions previously 

established for the chemical modification of fullerenes and graphite surfaces. 

Several reactions commonly employed for the covalent modification ofCNTs, are 

shown in Scheme 1.1.51 • 64• 65 Each of these reactions may be used to produce nanotubes 

bearing multiple functional groups that can subsequently be utilized for secondary 

coupling reactions. In recent years the topic of CNT chemistry has been reviewed 

extensively in the literature. Reviews by Prato64 and others offer an excellent 

comprehensive view of work within this field that readers are encouraged to refer to for 

further information. 
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Scheme 1.1. Examples of reactions that enable the covalent modification of CNTs. 51• 64• 

65 (A) 1,3-dipolar cycloaddition with azomethine ylide (B) acylation via diazonium 

species (C) nitrene cycloaddition (D) nucleophilic addition (E) Bingel reaction (F) 
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A number of highly reactive species, including carbenes54• 65 , nitrenes66-68, 

azomethine ylides,69• 70 and radicals71 • 72 have all been shown to undergo direct reaction 

with the surface of CNTs. In many examples, these species can be generated in-situ by 

thermal or photochemical decomposition of an appropriate precursor molecule. An 

example of one such reaction is the addition of an aryl radical generated in-situ from a 

diazonium species.73-77 This reaction is simple, robust, and offers a means by which a 

variety of functional groups can be introduced to the surface of CNTs. As such, it is an 

important tool in the work ofmany nanotube chemists. 

The first reported functionalization of nanotubes using diazonium salts was 

conducted by electrochemical reduction upon a CNT thin film electrode. 64• 78 This work 

was inspired in part by existing electrochemical methods for the derivatization of graphite 

and glassy carbon surfaces. 79-81 It was later shown that diazonium salt species dispersed in 

water reacted efficiently with CNTs at room temperature and in the absence of an 

electrochemical driving force, yielding a high degree of functionalization, equal to 

approximately one functional group for every nine carbon atoms. 82 Tour and coworkers 

have speculated that the reaction proceeds by donation of an electron from a CNT to a 

diazonium compound, resulting in the formation ofdinitrogen, an aryl radical, and a CNT 

radical cation. The aryl radical subsequently reacts by radical-radical coupling to form a 

covalent bond with the nanotube surface. 74 Interestingly, studies determined that under 

controlled conditions, diazonium compounds react almost exclusively with metallic type 

tubes,83 supporting the hypothesis that electron transfer from the CNT is a requirement for 

reaction with diazonium species. The generation of diazonium species in-situ, by reaction 

17 




PhD Thesis - G. Lawson- McMaster- Chemistry and Chemical Biology 

of a suitable aniline derivative with isoamyl nitrite in the presence of CNTs was also 

shown to result in a high degree of functionalization. This reaction has also been shown to 

proceed in a variety of solvents, both organic76 and aqueous/7 as well as in solvent free 

conditions,73 demonstrating the potential for large-scale derivatization of CNTs with a 

variety of functional groups including carboxylic acids, esters, nitro groups, and halides. 

Additionally it has recently been shown that sequential functionalization reactions can be 

conducted that allow the introduction of multiple different functional groups to the 

nanotube surface. 75 

1.1.3.3.2. Non-covalent approaches 

Although covalent modification has proven highly efficient for the 

functionalization of CNTs and their dispersion within solution, the effect of structural 

modification upon nanotube properties is an inherent disadvantage of this approach. 

Conversion of carbon atoms to sp3 hybridization disrupts electronic band structure of 

CNTs and ultimately diminishes their conductivity. For this reason, methods enabling the 

efficient non-covalent functionalization of CNTs are highly desirable. Provided that 

interactions are sufficiently strong, adsorption ofmolecules upon the surface ofnanotubes 

can disrupt the close knit packing of CNT bundles and facilitate the dispersion of 

nanotubes within solution. The primary advantage of this approach is that it allows the 

derivatization of CNTs and their effective dispersion without compromising the 

nanotube's structural integrity or conductive properties. This is of particular significance 
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in research focusing upon the incorporation of CNTs within electrical devices such as 

sensors, photovoltaics, and field-emission displays. 

One family of molecules that has been successfully employed for the non­

covalent functionalization of CNTs is amphiphilic surfactants, among which the most 

widely used is sodium dodecyl sulfate (SDS). 53' 84-87 The structure of SDS consists of a 

hydrophilic sulfonate group attached to a hydrophobic alkyl chain. In aqueous solution 

SDS forms micelles in which, the anionic head groups are located at the surface, in 

contact with water molecules, while the hydrophobic tail sections aggregate within the 

micelle core. In the presence of CNTs, the alkyl chain of SDS is adsorbed onto the 

surface of the CNTs through hydrophobic interactions. 88 As a result of this interaction, 

nanotubes become functionalized with a high density of negatively charged sulfate 

groups, which are directed outwards into aqueous solution such that the nanotube is 

effectively encapsulated within an SDS micelle. Electrostatic repulsion between sulfate 

groups upon the nanotube surfaces inhibits aggregation and consequently nanotube 

dispersions in SDS solution remain stable for a period of several months. In addition to 

SDS a variety of other ionic surfactants have also been investigated for the solubilization 

of CNTs including sodium dodecyl benzeze sulfonate (SDBS) and dodecyltrimethyl 

ammonium bromide (DTAB).87• 89 
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Figure 1.4. Examples of amphiphilic surfactants utilized for solubilization of CNTs in 

aqueous solution; (A) sodium dodecyl sulfate (SDS), (B) sodium dodecyl benzene 

sulfonate (SOBS), and (C) dodecyltrimethyl ammonium bromide (DTAB). 

In addition to amphiphilic surfactants, an assortment of polyaromatic compounds 

have been shown to undergo strong binding with the surface of CNTs, aiding their 

dispersion within solution. Here, the adsorption of polyaromatics results from 1t-1t 

stacking interactions with the graphitic lattice structure of the nanotube surface, as 

indicated by quenching of fluorescence and a bathochromatic shift in the UV adsorption 

of the complexed molecule. Examples of suitable polyaromatics include pyrene,90-93 

anthracene,94• 95 porphyrin96-98 and phthalocyanine99 derivatives, bearing a variety of 

functional groups.100 In the case of pyrene, it has been shown that the binding affinity 

with the nanotube surface is sufficiently strong to allow anchoring of macromolecules, 

including proteins.93• 101 
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Figure 1.5. Examples of polyaromatic compounds utilized for solubilization of CNTs in 

aqueous solution, (A) pyrene (B) porphyrins (C) anthracene and (D) phthalocyanine. 

1.1.3.4. Polymer Chemistry of CNTs 

A large amount of research has also been conducted upon the functionalization of 

CNTs with macromolecules, using both covalent and non-covalent chemistry.55 

Functionalization of CNTs using macromolecules offers several advantages in 

comparison to similar chemistry utilizing small molecules. First, due to their size, 

polymers offer a means by which a large number of functional groups may be attached to 

a single CNT. Polymer functionalized CNTs can therefore display dramatic changes in 
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solubility relative to nanotubes functionalized with comparable small molecules, even 

when a lower grafting density is observed. Second, modem polymer chemistry 

incorporates numerous well-established techniques that allow for precise control over 

polymer molecular weight, polydispersity, composition and architecture. As such, the 

preparation of polymers exhibiting practically any desired structure, property, or 

functionality can be obtained. Additionally, variation of polymer structure, and 

consequently of physical properties, can be achieved with minimal variation to 

experimental procedures. Systematic adjustment of factors such as feedstock ratio or 

concentration of initiator can be utilized to prepare a series ofpolymers exhibiting a range 

ofphysical properties. 

1.1.3.4.1. Covalent Approaches 

Covalent functionalization of nanotubes with polymers can be divided into two 

approaches; grafting-from and grafting-to. The grafting-from approach involves the 

attachment of functional groups to the surface of nanotubes from which polymerization 

may be initiated. Grafting-from polymer functionalization of CNTs has been reported 

using a variety of techniques including atom transfer radical polymerization (ATRP),67• 102 

nitroxide mediated radical polymerization (NMP),103• 104 and reversible addition 

fragmentation chain-transfer polymerization (RAFT).105• 106 This approach generally 

yields high grafting density, although control ofpolymer molecular weight can potentially 

be problematic. In contrast, the grafting-to approach involves attachment of pre-formed 

polymer chains to the surface ofpristine CNTs or to suitable functional groups previously 
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introduced upon the nanotube surface. This method offers the advantage of allowing full 

characterization of polymer chains prior to grafting and therefore a high degree of control 

over polymer molecular weight. Steric effects may however limit the grafting density 

obtained using this approach. A diverse range of reactions have been utilized for the 

attachment of polymer chains to the surface of CNTs, including radical chemistry, 72 acid-

defect chemistry, 60• 107 click chemistry,108 and cycloaddition reactions.66• 67 
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Figure 1.6. Schematic representing the two different approaches for polymer 

functionalization of CNTs. 
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1.1.3.4.2. Non-Covalent Approaches 

The non-covalent functionalization of CNTs using macromolecules has also been 

studied using a wide range of synthetic polymers and bio-macro molecules. 55• 100 As with 

supramolecular attachment of small molecules to CNTs, the adsorption ofpolymers to the 

nanotubes surface is generally a result of hydrophobic or 1t-1t stacking interactions. 

Additionally, the use of electrostatic interactions between carboxyl functionalizaed CNTs 

and cationic polyelectrolytes has also been investigated.109• 110 As mentioned previously, 

ionic surfactants can be utilized for the dispersion of CNTs in solution enabled by the 

adsorption of hydrophobic alkyl chains to the nanotube surface. Likewise, amphiphilic 

block polymers have also been shown to interact with the surface of CNTs in a similar 

manner. 111 • 112 Here, hydrophobic blocks can interact strongly with the surface of the tube, 

while hydrophilic sections are directed outwards into solution. The solvent employed 

must exhibit properties such that it cannot effectively solubilize the hydrophobic section, 

promoting interaction the CNT surface, while acting as a good solvent for the other block, 

enabling efficient dispersion in solution. In addition to interacting with solvent molecules, 

polymer chains provide steric stabilization that disrupts bundling of CNTs and prevents 

reaggregation. Examples of block copolymers that have been used for this purpose 

include poly( ethylene oxide )-block-poly(propylene oxide )-block-poly( -ethylene oxide), 

and poly(styrene)-block-poly(t-butyl acrylate). Additionally, commercially available 

surfactants including the Pluronics series and Triton X have proven highly efficient in 

allowing the dispersion of CNTs in water. 87• 113• 114 

24 




PhD Thesis - G. Lawson - McMaster - Chemistry and Chemical Biology 

Other polymers, such as polyvinylpyrrolidone (PVP) have been shown to wrap 

around CNTs in a helical manner, aiding their dispersion in aqueous solution. 11 5 This 

arrangement minimizes both the conformational strain experienced by the polymer and 

the area of the hydrophobic CNT surface that is in contact with solution. In the case of 

PVP, the hydrophobic backbone of the polymer adheres to the nanotube surface while 

polar pyrrolidone groups are in contact with surrounding water molecules. A number of 

pyrrolidinone and polystyrene based polymers and copolymers, including polystyrene 

sulfonate (PSS), have also been shown to interact with CNTs in a similar manner. Single 

stranded DNA has been shown to adopt a helical wrapping arrangement around CNTs. 

Here however it is the hydrophobic nucleotides that interact with the surface of the tubes, 

through n-n stacking interactions, while the hydrophilic sugar backbone is directed out 

towards solution.47• 11 6 

n 

Figure 1.7. Schematic representing the helical wrapping of a polymer around a SWNT 

and some examples of polymers known to adopt this arrangement. 
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With regard to non-covalent functionalization of CNTs utilizing n-n stacking 

interactions, the size ofpolymers and consequently their high degree of functionality, can 

be exploited to enable multivalent binding that increases the strength of polymer-CNT 

interactions relative to structurally comparable small molecules. This is exemplified by 

polymers containing multiple polyaromatic units, such as pyrene and porphyrins. Jerome 

and coworkers reported the preparation of a methyl methacyrylate based copolymer 

containing multiple pyrene groups located upon side-chain functionalities. 117 In this work, 

the solubility of nanotubes functionalized with pyrene containing polymers in several 

organic solvents was shown to improve with increasing pyrene content. This approach 

has subsequently been extended to investigate a range of random and block copolymers 

ofvarying composition.118• 119 

In addition to polymers functionalized with small polyaromatic molecules, the use 

of n-conjugated polymers has also proven to be highly effective for the functionalization 

and dispersion of CNTs in both aqueous and organic solvents. Conjugated polymers have 

been widely studied in recent years due to their promising optical and conductive 

properties. The dispersion of CNTs within conjugated polymers has been widely 

investigated as a means of improving the conductivity of these materials. Electronic 

interaction between conjugated polymers and the n-system of CNTs has been shown to 

exist in a number of examples, allowing the occurrence of energy transfer. 120"124 Such 

behaviour is of particular significance in the development of nanotube based photovoltaic 

devices. Examples of conjugated polymers that have proven effective in the non-covalent 
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functionalization of CNTs including poly(m-phenylenevinylene) and 

poly(phenylacetylene ), which are known to adopt a helical wrapping arrangement around 

the nanotube/25"129 as well as polyphenylene, polyfluorene, poly(phenyleneethynylene), 

and poly(polphyrin) structures that align in a non-helical fashion along the tube's axis.98• 

120• 130• 131 In both cases, orientation of conjugated polymers occurs in such a way as to 

maximize polymer-CNT interactions without compromising polymer conjugation. The 

rigidity of conjugated polymers can also strongly influence the conformation that is 

adopted. 

n 
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Figure 1.8. Conjugated polymers that have been investigated for the non-covalent 

functionalization ofCNTs. 

1.1.3.5. Functionalization of CNTs with inorganic nanoparticles 

The preparation and characterization of metallic and semiconductor nanoparticles 

(NPs) has received immense attention in recent years. 132"135 It is known that the properties 

and reactivity of materials can alter radically when their physical dimensions are reduced 
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from bulk to the nanometer scale. Nanoparticles composed of various metals, alloys, and 

semiconductor materials have been shown to display unique and advantageous optical, 

electrical, magnetic and catalytic properties. This has led to their investigation in a range 

of applications including energy storage and catalysis as well as to their incorporation as 

active components within electronic devices, such as chemical sensors, light-emitting 

diodes, and solar cells. 

In 1994, Ajayan and coworkers published the first reported preparation of a CNT­

metal NP composite. 136 In this work, CNTs decorated with Ru nanoparticles were 

prepared by high temperature reduction under hydrogen of an organometallic Ru 

precursor compound, which was adsorbed upon the nanotube surface. The composite 

materials prepared were shown to display impressive and selective catalytic activity in 

liquid-phase hydrogenation reactions. The high surface area, conductivity, and stability 

of CNTs make them ideal materials for investigation as structural supports in a range of 

applications including heterogeneous catalysis and chemical sensors. It is therefore no 

surprise that, following this initial report, the deposition of inorganic nanoparticles upon 

the surface of CNTs has been widely investigated.137-140 

Literature methods for the preparation of CNT -nanoparticle composites are both 

varied and numerous, but can generally be divided into two categories. The first of these 

involves the adsorption of preformed nanoparticles, either directly upon the nanotube 

surface or to some suitable functional group introduced by chemical modification. The 

second approach involves the in-situ formation of nanoparticles on the surface of CNTs. 
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This can be achieved by using a variety of techniques, including, but not limited to, 

electrodeposition, vapour deposition, and chemical or thermal reduction of metal salts. 

Pre-formed 

NPs (e ) 

Precursor 
( ) 

Figure 1.9. Schematic representing different methodologies for functionalization of 

CNTs with metallic nanoparticles, where precursors can be either a salt, organometallic 

compound, or metal vapour. 

1.1.3.5.1. Attachment of preformed particles 

Attachment of preformed nanoparticles to CNTs has been widely investigated 

using a variety of techniques, both covalent and non-covalent. One inherent advantage to 

this approach is that it allows for the characterization ofnanoparticles prior to attachment, 

and therefore enables accurate control over the dimensions of nanoparticles, which will 

strongly influence the properties of any composite material that is formed. The simplest 

approach by which preformed particles may be attached to CNTs exploits hydrophobic 

interactions between ligands surrounding the nanoparticle and the surface of the CNT.141' 
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142 Rahman and coworkers demonstrated that alkanethiolligands forming a protective 

monolayer on the surface of Au NPs will adsorb on the hydrophobic surface of CNTs 

following mixing in dichloromethane, leading to the attachment of Au NPs in relatively 

high density.141 As an added benefit, the presence of alkyl chains on the nanotube surface 

was shown to influence the solubilities of the resulting composite material. 

Alternatively, the introduction of functional groups, through covalent and non­

covalent chemistry, to the surface of nanotubes can be used to promote strong interactions 

with a variety nanoparticles (Figure 1.10).137"140 This has been achieved using groups 

such as thiols, 143"146 thioethers,147 and amines, 148 which bind directly to the surface of 

NPs, as well groups such as carboxylic acids, which can bind indirectly through 

supramolecular interactions with ligands present upon the NP's surface. 149• 150 In cases 

where electrostatic interactions are employed to anchor nanoparticles, the density of 

nanoparticles that can be successfully attached will depend upon the charge density on the 

surface of the CNTs. One manner in which high charge density can be introduced is by 

functionalizing CNTs with a suitable polyelectrolyte. Acid treated CNTs, contain a large 

number of carboxylic acid surface functionalities, allowing adsorption of cationic 

polyelectrolytes such as poly(diallyldimethylammonium chloride) (PDDA).151"153 

Positively charged polymer modified nanotubes can subsequently bind with negatively 

charged nanoparticles, resulting in high-density coverage. CNTs modified with anionic 

polycations such as poly(styrene sulfonate) have also been investigated, where 

nanoparticles bearing a positive charge were subsequently bound to the nanotube 

surface.56 
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Figure 1.10. Schematic representing different approaches for the attachment of 

preformed nanoparticles to chemically modified CNTs. 

1.1.3.5.2. In-situ formation of nanoparticles 

The in-situ formation of nanoparticles upon the surface of CNTs has been 

reported, using a variety of techniques, including electrodeposition,154-156 vapour 

deposition, 157 and reduction of metal salts through either chemical or thermal means. 139• 
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158"161 The simplest of these approaches involved reduction of a metal salt, using a 

suitable reducing agent, in the presence of CNTs. Here, particles are adsorbed upon the 

CNT surface where they are held through weak Van der Waals interactions. Lordi and 

coworkers noted that Pt nanoparticles produced by in-situ reduction of K2PtC4 using 

ethylene glycol, adhered to the tube surface at sites where carboxylic acids or other 

functional groups had been introduced by oxidative treatment.162 A number of groups 

have similarly reported the use of covalent modification, with small molecules, 144• 163• 164 

polymers,165 and dendrimers166 as a means of introducing functional groups that can 

provide preferential sites for nanoparticle nucleation and adsorption. In many examples 

chemical modification offers the additional incentive of increasing nanotube 

dispersability within solution. The resulting debundling of nanotubes increases the 

surface area upon which nanoparticle deposition can occur. This is of particular 

significance in applications such as catalysis, where a high surface area support is 

desirable. 

In addition to covalent modification, non-covalent approaches have also been 

employed for the functionalization of nanotubes with compounds allowing the in-situ 

formation of nanoparticles. As mentioned previously, electrostatic interactions can be 

employed to functionalize nanotubes with polyelectrolytes that can subsequently bind 

with charged nanoparticles. Dong and coworkers reported a novel method for the 

preparation of CNT -Au nanoparticle composites in which polyethylene imine (PEl) 

functions as both a surfactant, allowing the dispersion of CNTs in solution, and reducing 

agent for the formation of Au nanoparticles.167 Here, acid treated MWNTs, containing 
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carboxylic acid functional groups, were functionalized with PEl by sonication in aqueous 

solution. During this process PEl, which is a polycation, was adsorbed upon the surface 

of the negatively charged nanotubes. Addition of HAuC14 followed by mild heating 

resulted in the formation of Au NPs, the size and density of which could be altered by 

adjusting the ratio ofPEl to HAuC14• 

Another particularly significant finding, with regard to the decoration of CNTs 

with nanoparticles, was the observation reported by Dai and coworkers that some metal 

salts can undergo spontaneous electro less reduction in the presence of CNTs. 168 Here, the 

authors propose that a redox reaction occurs, in which the CNTs act as an electron donor. 

Provided that the metal cation exhibits a redox potential higher than that of CNTs then 

formation of nanoparticles can occur. Qu et al. later reported the development of a 

technique dubbed Substrate-Enhanced Electroless Deposition (SEED), which allows the 

decoration of nanotubes with nanoparticles composed of metals with redox potentials 

lower than CNTs.169 This procedure operates by a galvanic displacement mechanism 

whereby nanotubes deposited upon a metal substrate function as a cathode for the 

reduction of metal cations in solution while the substrate upon which the nanotubes are 

located operates as an anode at which metal atoms are oxidized to form cations. This 

technique allows the deposition of any metallic nanoparticle upon the surface of CNTs 

provided the redox potential of the substrate is appropriately lower than the metal which 

is to be deposited 
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1.1.3.6. CNT Thin Films 

In recent years, great interest has developed within the field of nanotube research 

surrounding the fabrication and characterization of CNT thin films. These films, which 

resemble 2D interpenetrating non-woven networks of nanotubes, have been shown to 

exhibit properties making them of interest in a number of potential applications. For 

example, nanotube films display very low percolation values, a result of the nanotube's 

high aspect ratio. Consequently, films of CNTs can be prepared that, while thin enough to 

allow optically transparency, display conductivity that is suitable for device applications. 

At present devices such as light emitting diodes and solar cells typically contain 

transparent electrodes composed of either Indium-Tin-Oxide (ITO) or thin layers of 

materials such as copper or aluminium. These materials are deposited using techniques 

such as electron beam evaporation, vapour phase deposition and sputtering. In addition to 

being costly, these procedures often involve the use of high temperatures, which may 

prevent deposition upon substrates exhibiting a low melting point, such as organic 

polymers. ITO, the most commonly used material for the production of transparent 

electrodes, is also expensive, due to the limited supply of indium. The shape and 

flexibility of electronic devices is currently limited by the use of ITO, which is relatively 

brittle. 

Recently, CNT thin films have been shown to exhibit conductivity and optical 

transparency approaching that ofiT0,170 while also displaying superior flexibility.171 It is 

therefore believed that CNT thin films offer a commercially viable alternative to ITO in 

electronic device applications such as chemical sensors, light-emitters172"175 and 
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photovoltaics,176• 177 particularly in applications where a high degree of flexibility is 

required. CNT films can be fabricated using a variety of methods, including chemical 

vapour deposition, spin,l78 dip,179 and rod coating/80 casting,171• 181"183 spraying/84-189 

electrodeposition,190 layer by layer deposition, hydroentangling, 191 flash drying, 192 and 

vacuum filtration.43• 193"197 Of these techniques, it is solution based processing methods 

that display the greatest potential in the development ofnew commercial technology. Not 

only do these approaches offer significant economic advantages but the ability to 

fabricate CNT films at room temperature also allows the deposition of films upon flexible 

polymeric substrates and incorporation of temperature-sensitive materials such as 

enzymes and biopolymers. Additionally, recent work has shown that advances in the 

purification of CNTs and sorting of nanotube chiralities3946 can been applied in 

conjunction with solution based processing methods to prepare CNT films in which the 

ratio of metallic to semiconducting tubes and therefore the electronic properties of the 

film can be finely controlled.41• 44• 198"200 Doping of CNT films using post fabrication 

chemical treatments can also be employed to influence the film's conductivity. 
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Figure 1.11. Planar SEM of a SWNT thin films (A) and photograph of an optically 

transparent SWNT film supported upon a glass microscopy slide (B) 

In order for homogeneous thin films to be formed using these solution-based 

methods, CNTs must first be efficiently dispersed in solution. Generally this has been 

achieved through sonication of CNTs in aqueous solutions containing a surfactant, such 

as SDS or Triton-X, or in organic solutions containing low molecular weight amines. 

Alternatively, the functionalization of nanotubes using polymers and small molecules has 

also been employed. 201 A number of groups have reported the preparation of polymer-

CNT composite films using this approach. In addition to aiding nanotube dispersability in 

solution, chemical modification, prior to film fabrication, offers a means by which 

properties such as the functionality, surface charge, and hydrophilicity of nanotube films 

may be influenced and consequently tailored to suit specific applications. 
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1.1.3.6.1. CNT films as scaffolds 

In addition to electronics applications, several groups have investigated the use of 

CNT thin films as scaffolds for the assembly of secondary materials, including 

polymers,202 inorganic nanostructures, and biomaterials. Nanotube films exhibit a number 

of physical properties that make them suitable for such applications, displaying 

impressive strength, flexibility, and thermal stability while also possessing a high surface 

area upon which chemical modification can be conducted. 

1.1.3.6.2. Biomaterials 

Research surrounding the use of CNT films as scaffolds, is arguably most highly 

developed with regard to the support and assembly of biomaterials203 • Several reports 

have been published in recent years that detail the biocompatibility of CNTs and 

nanotube based composite materials.204 The potential ofCNTs in a range ofbio-medicinal 

applications, such as drug delivery devices, biosensors, and synthetic biomaterials, is 

currently under investigation. 203•205 

In 2000, Mattson et al. reported the growth of embryonic rat neurons upon films 

of MWNTs that were drop cast from a dispersion in ethanol upon glass substrates coated 

with poly(ethylene imine).206 This work represented the first use of CNTs in a 

neuroscience application. Nanotubes were selected as a substrate for neuronal growth 

because of their strength, flexibility, conductivity and potential for chemical modification. 

Additionally nanotubes are non-biodegradable, and display negligible change in 

conductivity under harsh conditions. Researchers have speculated that these properties 
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make CNTs potentially suitable for in vivo implants such as neural prosthetics or 

extracellular scaffolds for the treatment of brain and spinal cord injuries, where the 

conductive properties of CNTs would potentially allow for sensing of neurotransmitters 

and direct electrical stimulation of neurons.207-209 While the work of Mattson et al. 

showed that neurons could indeed be successfully grown upon films of unmodified 

MWNTs, it was also noted that neurite branching of increased complexity was observed 

upon films of MWNTs which had been modified using 4-hydroxynoneal. This work 

therefore not only identified CNT films as substrates for neuronal growth but also 

highlighted the potential advantages of chemical modification within this field. Several 

other studies have subsequently been published further characterizing the growth of cells 

upon CNT films, which were either unfunctionalized210-212 or functionalized using small 

molecules.213 

The first example of neuronal growth upon a polymer functionalized CNT 

substrate was reported by Hu et al.207 In this work, acid chloride chemistry was used to 

prepare MWNTs covalently functionalized with poly-m-aminobenzene sulfonic acid 

(PABS) and ethylene diamine. These molecules were selected for study because the 

functional groups they contain allowed the modification of nanotube surface charge. 

Studies involving hippocampal neuronal cultures indicated that MWNT films carrying a 

positive surface charge resulted in neurites grown to longer lengths, if not with increased 

density or with a higher degree of branching. These results confirmed that polymer 

functionalization of CNTs could be exploited to influence neurite outgrowth and 

branching processes. 
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Since these initial studies, several research groups have investigated the use of 

CNT thin films functionalized by covalent and non-covalent means as substrates for the 

growth of a variety of cells. Notable contributions to this field have been made by Kotov 

and coworkers who utilized non-covalent functionalization of CNTs with 

polyelectrolytes, to prepare nanotube films using layer-by-layer assembly. The authors 

speculate that this approach could be amended to allow the incorporation of drugs or 

proteins within nanotube-polymer composites, which could further aid neurite outgrowth 

and differentiation upon these substrates.214 

In addition the use of CNT films as substrates for neuronal growth there have also 

been reports of their use in bone tissue integration and tissue engineering applications.215­

218 Haddon and co-workers reported the use of SWNTs covalently functionalized with 

P ABS as a scaffold for artificial bone growth.219 The authors state that the high strength 

and low density of CNTs make them suitable for use in the fabrication of artificial bone 

materials. Additionally it is noted that the diameter of SWNTs is similar to that of a 

collagen fibril triple helix and may therefore resemble the in vivo environment of 

hydroxyapatite (HA) crystallization. As with this group's previous work, detailing the use 

ofnanotube films as substrates for neuronal growth,207 polymer functionalized nanotubes 

were prepared using acid chloride chemistry. P ABS functionalized nanotubes were 

subsequently dispersed in aqueous solutions from which thin films were prepared by 

spray coating upon a heated glass substrates. Following incubation in solutions 

containing CaCh and Na2HP04, microscopy studies revealed the formation of well­

aligned plate like HA crystals upon the surface of the nanotube films. 
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1.1.3.6.3. Inorganic materials 

The use of CNT films as scaffolds for the support of inorganic materials has also 

been investigated. The majority ofwork within this field involves the preparation of CNT 

films containing metallic, organometallic, or semiconductor nanoparticles. As mentioned 

previously, CNTs display a high surface area and exhibit exceptional thermal and 

chemical stability. These properties make CNTs excellent candidates for the structural 

support of catalytic nanoparticles. Additionally, electronic interactions between 

semiconductor quantum dots and CNTs has been shown to result in effective charge 

transfer properties.149 It is therefore believed that these materials may potentially find 

application as active components in optoelectric devices such as solar cells. 

Several approaches have been developed for the preparation of CNT films 

containing inorganic NPs. These include; (i) the deposition of CNTs from solution that 

have been decorated with NPs by some prior treatment, (ii) the co-deposition of CNTs 

and preformed NPs from solution, (iii) post-fabrication deposition of preformed 

nanoparticles upon CNT thin films, and (iv) post-fabrication formation of NPs directly 

upon the surface of a CNT film. A schematic representing these various approaches is 

shown in Figure 1.12. Table 1.3 summarizes some of the techniques previously reported 

for the preparation ofCNT-NP composite films. 
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Figure 1.12. Schematic representing different approaches for the preparation of CNT-

Inorganic NP composite films 

One of the most commonly used methods for the preparation of CNT films 

containing inorganic materials is electrophoretic deposition (EPD), a technique in which 

charged colloids or molecules are deposited from solution onto the surface of a 

conductive substrate under the influence of an electric field. Compared to other surface 

modification techniques such as electron beam evaporation and sputtering, EPD is a 

relatively cheap and simple approach. Additionally, electrodeposition can be conducted at 
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room temperature and is therefore compatible with temperature sensitive materials such 

as organic polymers and biomaterials. There are two different approaches by which CNT­

inorganic composite films can be prepared using EPD. In the first approach, CNTs are 

deposited at the same time as either preformed NPs or in the presence of an appropriate 

precursor compound that forms NPs in-situ through electrochemical reaction at the 

electrode's surface. This approach has been used for the preparation of CNT films 

containing NPs composed ofAg,220 Zn0,221 Mn0/22•223 and Prussian Blue?24 In order for 

CNTs to be deposited using EPD they must first be modified to introduce some charged 

functional group. This can be achieved through acid treatment, covalent sidewall 

coupling, or non-covalent functionalization, as outlined previously. Alternatively, CNT 

films can be fabricated through some other means, such as drop casting or vacuum 

filtration, and subsequently used as electrodes for the deposition of a secondary material 

by EPD. Composite films containing a variety of materials including Au,225"227 Sn,228 and 

nickel hexacyanoferrates229 have been prepared in this manner. Bui and coworkers 

recently demonstrated the patterning of Au NPs upon SWNT films by combining this 

approach with the use of a polymeric photoresist. 225 Several groups have also reported 

the use of EPD in the preparation of SWNT -polyaniline composite modified electrodes. It 

was shown that these materials could subsequently be utilized for the electrochemical 

reduction of H2PtCh producing Pt NP decorated films exhibiting promising 

electrocatalytic activity. 230"232 
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In addition to EPD several other approaches for the preparation of CNT-inorganic 

NP composite films has also been reported. These include layer-by-layer deposition/ 34' 235 

co-filtration,228 and thermal reduction.238 Jung and coworkers reported the preparation of 

SWNT -Au NP composite films via electro less reduction of a gold salt solution upon thin 

films of unmodified SWNTs.233 In this work thin films were fabricated by vacuum 

filtration of a SWNT dispersion in SDS solution. Following removal of SDS, by repeated 

washing with deionized water, the films were transferred to poly(ethylene terephthalate) 

(PET) substrates and immersed in a solution of HAuC14 in water/ethanol for varying 

lengths of time. Following this procedure, Au NPs were introduced to the surface of 

SWNT thin films. It was demonstrated that Au modified films displayed a two-fold 

increase in conductivity, while retaining their impressive optical transparency, making 

them excellent candidates for use as transparent electrodes in devices such as light 

emitting diodes and solar cells. The authors speculate that electron donation from SWNTs 

during Au cation reduction results in p type doping, which consequently increases the 

conductivity of the SWNT thin films. 

As mentioned previously, the vast majority of CNT -inorganic composite films 

reported in literature contain either a metallic or semiconductor component that is present 

in the form of nanoparticles. One recent exception can be found in the work of Chhowalla 

and coworkers, who reported the hydrothermal growth of zinc oxide nanowires upon a 

thin film of SWNTs.248 In this work, SWNT thin films, prepared using vacuum filtration, 

were transferred to PET substrates and immersed within nitric acid, generating 

hydrophilic functionalities upon the CNT's surface. Saturation of films with zinc acetate 
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dihydrate solution and subsequent thermal annealing treatment was employed to 

introduce ZnO NPs in high density upon the films surface. Incubation of these ZnO 

modified films within zinc nitrate hexahydrate solution at 90°C resulted in the formation 

of ZnO NWs, with diameters of between 30 and 60 nm in diameter and length of up to 

400 nm. A bulk heterojunction type device was constructed by spin coating a layer of 

poly(4-hexylthiophene) upon a SWNT-ZnO NW composite film. This device was shown 

to display a photoconversion efficiency of 0.65%. Although the authors cite the flexibility 

of CNT films as an advantage over conventional substrates, the performance of the device 

when bent was not directly addressed in this publication. 

1.1.4. Graphene 

Graphene consists of a single sheet of carbon atoms exhibiting a hexagonal lattice 

structure. A huge amount of interest has recently arisen regarding the potential of 

graphene in the development of conductive materials for use in electronic device 

applications.249 This research has been inspired by the observation that individual 

graphene sheets display impressive electronic properties that result from the confinement 

of electrons within a single two-dimensional plane. 250 Recent developments enabling 

solution based synthesis and processing of graphene has influenced the extent of research 

within this field.251 -253 Previously, graphene could only be prepared by mechanical 

cleavage of graphite, epitaxial growth, or the thermal reduction of silicon carbide. 254 

These techniques are not amenable to either large scale production or the preparation of 

chemically modified graphene. It has been shown that the chemical oxidation of graphite 
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powder can be used to produce graphene oxide (GO) containing multiple hydrophilic 

functionalities that enable dispersion and exfoliation of individual sheets within aqueous 

solution255• 256 and some organic solvents.257• 258 Thin films of GO can subsequently be 

prepared using low cost solution based techniques.259"262 Reduction of GO by chemical or 

thermal treatmenf63-267 can then be used to produce highly conductive graphene thin 

films. fu the case of chemical reduction, this step can also be conducted in solution prior 

to film fabrication. Graphene thin films exhibit several advantageous properties that are 

similar to those of CNT thin films including low resistivity, impressive flexibility, 

thermal stability and optical transparency?53 The applications for which graphene thin 

films display promise are therefore the same as those previously investigated for nanotube 

thin films. Although graphene research is still in its relative infancy and much work must 

still be conducted for properties such as conductivity and processability to be optimized, a 

tremendous amount of research has already been published detailing the use of graphene 

thin films as transparent electrode materials253• 268"271 and within electronic devices such 

as solar cells and chemical sensors.272 A number of groups have also reported the 

functionalization of GO with small molecules,273"276 polymers,277-279 and inorganic 

nanoparticles272• 280-285 using methods comparable to those discussed previously for the 

modification of CNTs. One significant advantage that graphene offers over CNTs, when 

considering electronic device applications, is the relatively low cost by which it can be 

produced. With this in mind, it is perceivable that, in coming years, the use of graphene 

will potentially surpass that of CNTs in research focusing upon the development of 

flexible electronic devices. 
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1.2. Summary 

Despite their relatively recent discovery, the immense interest surrounding CNTs 

has led to rapid development of a wide array of techniques allowing their modification 

with small molecules, polymers, and inorganic particles. The potential of CNTs has been 

investigated in many different applications. Understandably, CNT research is much better 

developed within certain fields than others. The goal of this thesis is to investigate the 

potential of CNT thin films as flexible conductive substrates for the support of inorganic 

materials. To date the majority of work within this field has focused upon the decoration 

of CNT thin films with discrete metallic nanoparticles. The development of more 

complex nanostructured architectures incorporating nanotube thin films has not been 

widely investigated. Several novel techniques are described in this work, which enable 

preparation of SWNT-inorganic composite films, where inorganic components include 

Au nanoparticle clusters, and semiconductor nanowires prepared by both gas phase 

epitaxy and solution based processes. The fabrication of functional electronic devices 

incorporating these novel composite materials and the expansion of techniques developed 

to include other carbon materials is also discussed. 
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Abstract 

A simple method for the production of carbon nanotube thin films containing Au 

nanoparticles is described. SWNTs functionalized with highly branched poly(ethylene 

imine) (Mn = 10 kDa) could be easily dispersed in aqueous solution {180 mg L"1), 

allowing for the formation of homogeneous thin films by vacuum filtration. These films 

were subsequently functionalized with Au nanoparticle clusters by in-situ reduction of 

HAuC14 under mild conditions in the absence of additional reducing agents. Using 

thermogravimetric analysis, it was determined that poly(ethylene imine) functionalized 

SWNTs contained 17 wt<'/o polymer, which amounts to one polymer chain for every 2600 

carbon atoms within the nanotubes. Incubating these films in aqueous HAuC14 solutions 

resulted in a high density, uniform distribution of Au nanoparticle clusters along the film 

surface. In addition, using transmission electron microscopy {TEM) and focused ion 

beam (Fffi) milling within a scanning electron microscope (SEM), nanoparticles were 

found to be embedded at various depths throughout the film. SEM was employed to 

determine Au nanoparticle diameter and distribution. The average diameter of the Au 

clusters could be controlled in the range of 50 to 550 nm. 
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2.1. Introduction 

In recent years, there has been immense interest surrounding carbon nanotubes 

due to the unique structure and physical properties of these nanomaterials, as well as their 

prospective applications in a wide variety of fields. 1 The conductive properties of 

nanotubes have led to the investigation of their potential in the construction of electronic 

devices such as chemical sensors,2"6 field emission devices/"9 and solar cells.10• 11 The 

formation of nanotube-nanoparticle composites represents a significant sub-discipline 

within the field of nanotube research as materials of this nature potentially offer a wide 

range of novel electronic, optical, magnetic and catalytic properties.12• 13 Preparation of 

carbon nanotube-gold nanoparticle composites has been reported by a variety of different 

methods, where interaction between the surface of carbon nanotubes and gold 

nanoparticles has been achieved by adsorption to thiol functionalities, 14' 15 hydrophobic 

interactions,16-18 and direct electro less reduction of gold cations by carbon nanotubes.19"21 

Recently, Jung and coworkers reported the electroless reduction of gold cations upon 

single-walled carbon nanotube (SWNT) thin films fabricated by vacuum filtration.22 It 

was shown that the resulting gold nanoparticle-containing SWNT films displayed good 

optical transparency and increased electrical conductivity compared to unmodified 

SWNTfilms. 

The preparation of thin, free-standing carbon nanotube films has attracted 

significant attention in recent years.23 A number of techniques for the preparation of 

nanotube films of varying thickness have been reported, including spin coating,24 
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casting,25-28 spraying,29• 30 Langmuir-Blodgett film formation,31 layer-by-layer (LbL) 

assembly with polyelectrolytes,32-34 electrodeposition/5 and vacuum filtration.3640 Of 

these, vacuum filtration offers the simplest means by which homogeneous carbon 

nanotube films may be produced with excellent and reproducible control of film 

thickness.37. 38 Typically, this procedure involves filtration of a carbon nanotube 

suspension in aqueous solution containing a surfactant, such as SDS or Triton-X, through 

a porous membrane. It has long been known that carbon nanotubes functionalized with 

polymers or small molecules can form stable dispersions in both aqueous and organic 

solvents compared to pristine nanotubes,41 which allows the formation of homogeneous 

thin films by vacuum filtration without additional surfactant.42 Considering the wide 

variety ofpolymers that can now be introduced to the surface of carbon nanotubes,41 ' 43 it 

should be possible to use the vacuum filtration approach to produce polymer 

functionalized nanotube films containing multiple reactive groups that can subsequently 

be utilized for further derivatization, such as the introduction ofmetal nanoparticles. 

Poly( ethylene imine) (PEl) is highly hydrophilic and has previously been utilized 

for the functionalization of carbon nanotubes yielding composite materials that can be 

easily dispersed in aqueous solution.44 PEl is also known to act as a reducing and 

stabilizing agent in the production of inorganic nanoparticles. 45-51 Hu and coworkers 

reported fabrication of Au/CNT composite materials in solution through in-situ reduction 

of HAuC4 by MWNTs that were non-covalently functionalized with PEl. 52 Although this 

work demonstrated high Au nanoparticle densities on the surface of MWNTs, the 

resulting composites exhibited large-scale aggregation of particles, forming a nearly 
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continuous shell around MWNTs after prolonged deposition times, which precludes any 

potential for nanoparticle addressability. In addition, thin films of these materials were 

not prepared. Here, we demonstrate a simple method for the production of SWNT films 

containing individually separated Au nano-clusters in high density. Upon covalent 

functionalization of SWNTs with PEl, sufficient dispersability was achieved to allow the 

formation of homogeneous thin films, which could subsequently be decorated with Au 

nanoparticles by in-situ reduction of HAuC14 in water. The resulting composite materials 

exhibit a high-density ofAu nano-clusters upon SWNT films, and thus differ greatly from 

previously reported examples involving non-covalently fut}ctionalized MWNTs in 

solution.52 The nanoparticle-loaded films produced using this technique may be suitable 

for a range of electronics, materials, and catalysis applications, and could potentially be 

used in conjunction with recently developed PDMS-based transfer printing techniques to 

allow controlled deposition and micropatteming of CNT/Au composite materials upon a 

number of substrates.53• 54 

2.2. Results and Discussion 

2.2.1. Preparation and characterization of PEl functionalized SWNTs 

The SWNTs used in this study were produced by the HiPCO process (Carbon 

Nanotechnologies Inc.) and were used without further purification. Benzoic acid 

functionalized SWNTs were produced using the previously reported diazotization and 

coupling reaction in water (Scheme 2.1).55 This was followed by reaction with thionyl 

chloride to produce acid chloride functionalized SWNTs that were subsequently reacted 
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with highly branched PEl (Mn = 10 kDa). To prevent crosslinking of nanotubes during 

the amidation reaction, a large excess ofPEl was used. Efficient stirring also proved to be 

crucial in preventing the crosslinking of nanotubes. Polymer functionalized nanotubes 

were washed repeatedly with water and DMF to remove all traces of unbound PEL The 

resulting functionalized nanotubes could be easily dispersed in aqueous solution yielding 

highly stable suspensions (180 mg L"1). 

Scheme 2.1. Preparation ofPEI functionalized SWNTs; (i) SWNT, 4-aminobenzoic acid, 

isoamyl nitrite, H20, 60°C, 18 h (ii) thionyl chloride, DMF, 0°C - RT, 4 h; (iii) PEl, 

dichloromethane, 0 - 55°C, 24h 

o 011 0 CI 

(I) (ii) (Iii) 
~II 

~:!!.. ~:!!..I i 9
-

Information regarding the degree of functionalization and structural integrity of 

modified SWNTs was obtained using Raman spectroscopy. The spectrum of pristine 

SWNTs, shown in Figure 2.1.A, exhibits characteristic radial breathing (cor::::: 250 cm-1) 

and tangential (rot::::: 1,590 cm-1) modes in addition to a relatively low intensity disorder 

band (rod::::: 1,290 cm-1). This latter mode is indicative of the presence of sp3-hybridized 

65 




PhD Thesis - G. Lawson- McMaster- Chemistry and Chemical Biology 

carbons within the nanotube framework. The intensity of the disorder band increased 

significantly following benzoic acid functionalization, suggesting that a number of carbon 

atoms in the nanotube framework underwent conversion from sp2 to sp3 hybridization. 

This observation confirmed that benzoic acid functionalization has proceeded 

successfully. Following reaction with PEl, there was no apparent increase in the intensity 

of the disorder band, indicating that no further hybridization of carbon atoms in the 

nanotube framework had occurred. This implies that grafting of PEl to SWNTs occurred 

only at benzoic acid groups previously introduced on the nanotube surface. 

(A) 

(B) 

(C) 

500 900 1300 1700 

Shift (cm-1) 

Figure 2.1. Raman Spectra of pristine SWNTs (A), benzoic acid functionalized SWNTs 

(B), and PEl functionalized SWNTs (C). 
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Figure 2.2. TGA plot of pristine SWNTs {A), benzoic acid fu.nctionalized SWNTs (B), 

PEl fu.nctionalized SWNTs (C), and PEl (Mn = 10 kDa) (D). 

The degree of fu.nctionalization of modified SWNTs was quantified using 

thermogravimetric analysis (TGA) (Figure 2.2). Pristine SWNTs exhibit a small mass 

loss when heated under Argon to 800°C. When heated using the same temperature 

profile, benzoic acid fu.nctionalized SWNTs displayed a mass loss of23.4%, centered at a 

temperature of 390°C. Taking the molecular weight of the benzoic acid groups into 

account, the degree of functionalization was determined to be approximately equal to 1 

functional group for every 31 carbon atoms within the nanotube. In the case of PEl 

67 




PhD Thesis- G. Lawson- McMaster- Chemistry and Chemical Biology 

functionalized SWNTs, a further mass loss of 17.4% was attributed to decomposition of 

polymer, corresponding to the introduction of approximately one polymer chain for every 

2,600 carbon atoms within the nanotube. The decomposition temperature of PEl upon 

functionalized SWNTs, taken from the point of 50% decomposition, was determined to 

be 330°C. This value agrees favorably with that obtained for pure PEl (350°C). It is 

possible that the earlier onset ofpolymer degradation observed for functionalized SWNTs 

in comparison to pure PEl may result from the high thermal conductivity of the 

nanotubes. 

2.2.2. Fabrication of PEl functionalized SWNT thin films 

PEl functionalized SWNT films were prepared using the vacuum filtration 

method. Polymer functionalization enables the preparation of stable nanotube dispersions 

and allows homogeneous films to be formed using vacuum filtration without the addition 

of surfactants such as SDS. Dilute solutions of polymer functionalized SWNTs were 

prepared by dispensing 10 mg ofPEI functionalized SWNTs in 20 mL of distilled H20 by 

sonication (20 minutes). This dispersion was then centrifuged for 20 minutes at 2570g 

and allowed to stand for 48 hours, after which the supernatant was transferred to a flask 

and diluted by addition of 80 mL of distilled water. The resulting dilute solution was 

filtered through a 200 nm pore diameter PTFE membrane, taking care to avoid the 

formation of bubbles. The film was washed with distilled water (250 mL) and diethyl 

ether (250 mL), then dried in a vacuum oven for 48 hours (55°C). For the purposes of this 

work, films were kept intact upon the filtration membranes, due to the additional 
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mechanical support that they provided. However, these films could be peeled away from 

the membrane to produce free standing thin films, or they could be transferred to a 

suitable substrate if required.37 Using 3D optical profilometry, the thickness of PEl 

functionalized nanotube films was determined to be approximately 2 J.Lm. In addition to 

PEl functionalized SWNT films, pristine SWNTs were cast into thin films by filtration of 

a nanotube dispersion in 1% SDS solution, according to literature procedures, to provide 

a control sample lacking PEl. 53· 54 As an additional control sample, SWNT films 

containing non-covalently bound PEl were prepared by filtration of pristine nanotubes 

dispersed in 5 wt% PEl solution. 

2.2.3. Reduction of HAuC4 upon PEl functionalized SWNT thin films 

Reduction of HAuC14 upon the surface of PEl functionalized SWNT thin films 

was conducted by submersing nanotube films, supported upon PTFE filtration 

membranes, in aqueous solutions of HAuC4 (0.5 - 2 mM) and heating to 60°C for 

between 30 and 120 minutes. Films were then removed from solution and washed 

repeatedly with distilled water and acetone to remove traces of residual HAuCl4, followed 

by drying under a flow of nitrogen. Following this treatment, gold could be seen 

deposited upon the surface of the polymer functionalized nanotube films. Under the same 

reaction conditions, pristine SWNT films displayed a similar change in appearance. The 

amount of gold deposited was however significantly lower than was observed for PEl 

functionalized SWNT films. When this process was repeated, using films containing PEl 

that was not covalently bound to the surface of SWNTs, the HAuC14 solution turned from 
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yellow to red shortly after heating, indicating the formation of gold nanoparticles in 

solution (Figure 2.3). When films were removed and washed, no significant change in the 

appearance of the film was observed. Under these conditions, it is believed that PEl 

leeches from the film into solution where it reduces gold cations and stabilizes the 

growth. 

c NC 


Figure 2.3. Photographs of vials containing 0.5 mM HAuC14 solution and films of 

SWNTs functionalized with PEl by covalent (C) and non covalent (NC) approaches. 

Photo (A) was taken 5 minutes after films were added to the solution. Photo (B) was 

taken following 30 min of heating at 60°C. 

It is known that carbon nanotubes may spontaneously reduce metal ions in solution by 

direct redox reaction.19•20 However, as pristine SWNT films prepared in this work contain 

no additional reducing or stabilizing agents, they were expected to display lower density 

of gold functionalization than films containing PEL SDS, the surfactant used in the 

fabrication of pristine SWNT films, is known to act as a stabilizing agent in the 

production of gold nanoparticles,56-58 and has previously been utilized in the 
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functionalization of MWNTs with gold nanoparticles in solution. 59 For the purposes of 

our control experiments, it was therefore vital that pristine SWNT films contained no 

traces of residual surfactant. 

Figure 2.4. SEM image of unmodified (A and C) and PEl functionalized (B and D) 

SWNT films following immersion and heating at 60°C in 0.5 mM HAuCl4 solution for 30 

minutes. 

Pristine nanotube films used in this work were washed with approximately 4 L ofdistilled 

water to ensure the complete removal of SDS. In addition, Jung and coworkers22 

previously reported the functionalization of pristine carbon nanotube films with gold 
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nanoparticles by in-situ reduction ofHAuC14 (0.5- 2 mM) in 50% ethanol. Under certain 

conditions, alcohols are known to act as reducing agents in the formation of gold 

nanoparticles,58• 60 and a recent report by Li et al. demonstrated that ethanol potentially 

plays an important role in the mechanism of electro less reduction of metal ions upon the 

surface of carbon nanotubes61 • We have therefore chosen to conduct our experiment in 

doubly distilled water to ensure that the effects of PEl functionalization may be observed 

without interference from any other reducing agents. 

Following treatment in HAuCl4, films were transferred from the PTFE membrane 

support to carbon tape and imaged using scanning electron microscopy (SEM). Untreated 

pristine nanotube films resemble randomly oriented two dimensional interpenetrated 

networks of nanotube bundles. Figure 2.4 shows images of pristine and PEl 

functionalized SWNTs films following immersion and heating in 0.5 mM HAuC14 

solution for 30 min. It can be seen that, in both cases, the films are covered with gold 

nanoparticle clusters. In addition, some larger aggregates are also observed in regions of 

high density. Nanoparticle clusters are located both at the surface and also appear to be 

embedded below the surface of the film. These films differ significantly from composite 

materials produced by in-situ reduction of HAuC14 in solution by non-covalently 

functionalized MWNTs as reported by Hu and co-workers. 52 
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Figure 2.5. SEM images of PEl functionalized SWNT films following immersion and 

heating at 60°C in 0.5 mM HAuC14 solution for 30 minutes (A), 60 minutes (B), and 120 

minutes (C). Images (D) and (E) correspond to samples from the same films following 

immersion and heating at 60°C for 30 minutes in 1.0 mM and 2.0 mM HAuC14 solutions 

respectively. 
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Figure 2.6. SEM images of PEl functionalized SWNT films following immersion in 0.5 

mM HAuC14 solution at room temperature for 1 min (A and D), 2 min (Band E) and 5 

min (C and F). 

In this previous example, nanowires consisting of MWNTs coated with 

interconnected Au nanoparticles were obtained. We propose that the close proximity of 

PEl functionalized nanotubes in densely packed thin films enables the reduction of gold 

ions into discrete nanoparticles that are stabilized in the form of small clusters by the 

nanotube-bound PEl, but do not coat individual nanotubes, as shown in Figures 2.4 and 

2.5 Electrodispersive X-ray Spectroscopy (EDXS) was utilized to confirm the presence 

of metallic gold (see Appendices, Figure 2.1.1 ). In the case of PEl functionalized SWNT 

films, the density ofnanoparticles was significantly greater than that observed for films of 

unmodified SWNTs. The average diameter of gold clusters was also significantly smaller 

when formed upon PEl functionalized nanotube films, relative to unmodified SWNTs 
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{Table 2.1). The effect of reaction time upon Au nanoparticle cluster size and distribution 

was also investigated. In Figure 2.5, SEM images, a, b, and c, show PEl functionalized 

nanotube films submersed in 0.5 mM HAuCl4 solution for 30 minutes, 1 hour, and 2 

hours, respectively. 

Table 2.1. Average nanoparticle cluster diameter of unmodified and PEl functionalized 

SWNT films following immersion in 0.5 mM HAuC14 solution. 

Time (Min) Temp.(OC) Pristine• (om) PEl f-SWNT6(om) 

2 

5 

30 

60 

120 

25 

25 

25 

60 

60 

60 

972± 110 

1015 ± 100 

944± 130 

53± 10 

59± 10 

140±20 

448±50 

542± 50 

407±50 

a Average values taken from a minimum of 15 measurements, b Average values taken from a minimum of 25 

measurements 

At high magnification, gold clusters that penetrate the film surface can be 

observed, which are caged and seemingly held in place by nanotube bundles running over 

the face of the clusters. Based on a visual, qualitative analysis of this SEM data, it was 

speculated that small, discrete gold nanoparticles first formed upon PEl functionalized 

SWNTs within the films, and later aggregated to form larger clusters, as shown in Figure 

2.5. D and E. It was therefore postulated that at much shorter reaction times, smaller 
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individual particles might be observed within the nanotube films. Figure 2.6 shows SEM 

images of films that were submersed in 0.5 mM HAuC14 solution at room temperature for 

periods of 1, 2, and 5 minutes. After one minute (Figure 2.6, A and D), nanoparticles 

approximately 50 nm in diameter were observed upon the surface of nanotube bundles in 

addition to some smaller nanoparticles. After two minutes (Figure 2.6, B and E), the 

average nanoparticle diameter increased to approx. 60 nm while the density of 

nanoparticles seemed to decrease. Smaller nanoparticles were no longer observable, 

suggesting that aggregation of particles had begun. In films submersed in HAuCl4 

solutions for five minutes, irregularly shaped nanoparticles were observed that resemble 

the larger clusters obtained at longer reaction times. In addition to the aggregation effect 

described above, it is possible that nanoparticles continue to grow as a result of diffusion 

and reduction of gold cations from solution. 

Films containing PEl that was not covalently bound to the surface of nanotubes 

were also characterized using SEM. Following treatment in HAuCl4 solution, films were 

shown to contain a high density of discrete Au nanoparticles, the diameter of which is 

smaller than those observed in films of covalently functionalized SWNTs. The presence 

of smaller discrete nanoparticles may be due to an increase in the percentage of PEl 

present within these films. It is, however, likely that these nanoparticles are formed by a 

different process. When films are placed in solution, unbound PEl is released from the 

film. In solution, free PEl acts to reduce HAuC14 forming Au nanoparticles that are 

subsequently deposited upon the nanotube film. Soaking these films in distilled water 
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overnight led to aggregation of nanoparticles, possibly as a result of further loss of PEl 

from the film into solution. 

Figure 2.7. SEM images (A) and (B) correspond to SWNT films containing unbound PEl 

following immersion and heating at 60°C for 1 hour in HAuC14 solution having a 

concentration of 0.5 mM. Image (C) is of the same sample following submersion in 

distilled water overnight. 

The distribution of gold nanoparticles within the nanotube films was studied using 

TEM. In samples which had undergone immersion in 0.5 mM HAuC14 solution for 1 

minute at room temperature (Figure 2.8, A and B), gold nanoparticle clusters were shown 

to be located primarily upon the films surface. The size and distribution of these clusters 

is in agreement with the images obtained using SEM. At higher magnification smaller 

gold nanoparticles can also be seen, embedded at various depths within the film. At short 

reaction times, the growth of nanoparticles within the film is likely hindered by the rate of 

diffusion of gold cations. In addition, the structure of the carbon nanotube film may also 

prevent the rapid aggregation of these nanoparticles and formation of nanoparticle 

clusters. In the case of samples which have undergone immersion in 0.5 mM HAuC14 

solution for 1 hour at 60°C (Figure 2.8, C and D) large nanoparticle clusters are located 

77 




PhD Thesis - G. Lawson- McMaster - Chemistry and Chemical Biology 

throughout the film. Few discrete nanoparticles are observed in these samples suggesting 

that clusters within the film form by aggregation in a manner similar to those upon the 

film's surface. 

Figure 2.8. TEM images ofPEI functionalized SWNT films following immersion in 0.5 

mM HAuC14 solution at room temperature for 1 minute (A and B) and at 60°C for 60 

minutes (C and D) 
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Images of the film's cross section were obtained using Focused Ion Beam- SEM. 

Figure 2.9.A shows PEl functionalized nanotube films which have undergone room 

temperature immersion in HAuC14 solution for 1 minute. In agreement with data obtained 

from TEM images, it was observed that gold nanoparticle clusters are located 

predominantly upon the surface of these nanotube films . Smaller discrete nanoparticles, 

located at various depths throughout the film, are also observed. Cross sectional images 

reveal the films to have a porous layered structure. It is proposed that the presence of free 

volume within these films allows the internal diffusion and aggregation of nanoparticles 

which is observed at longer reaction times (Figure 2.9.B). 

Figure 2.9. FIB-SEM images of PEl functionalized SWNT films following immersion in 

0.5 mM HAuCl4 solution at room temperature for 1 minute (A) and at 60°C for 60 

minutes (B). 
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2.3. Conclusion 

We have shown that polymer functionalization of carbon nanotubes allow the preparation 

of highly stable nanotube dispersions in aqueous solution, enabling the formation of 

homogeneous thin films containing multiple active functional groups that can 

subsequently be utilized for further reaction. PEl functionalized SWNT films were 

prepared by vacuum filtration in the absence of additional surfactants. Decoration of films 

with gold nanoparticle clusters was achieved by in-situ reduction of gold cations under 

mild conditions in the absence of additional reducing agents. Nanoparticle size and 

density was controlled by adjustment of reaction time. In the absence ofPEl, nanoparticle 

density was shown to be greatly reduced, indicating that the PEl tethered to the nanotube 

surface does play an important role in the formation of Au nanoparticles. The work 

reported here paves the way for further investigation of metal reduction on the nanotube 

film surface, which will lead to new composite materials that will potentially be suitable 

for a range of applications within nanotube-based electronics and catalysis. 

2.4. Experimental 

2.4.1. General 

Single-walled carbon nanotubes were purchased from Carbon Nanotechnologies, 

Inc. (Houston, TX). SWNTs were produced by the HiPCO process and were used as 

received. All other reagents and solvents were obtained from commercial suppliers and 

used without any prior treatment. Laser Raman spectroscopy was performed on a Bruker 
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RFS 100 instrument equipped with a Y AG laser and a Ge high-sensitivity detector. 

Thermogravimetric analysis (TGA) was carried out on a NETZSCH STA 409 PC 

instrument, heating from ooc to 800°C at a constant rate of 5°C per minute under argon. 

All absorbance measurements were made using a Cary 50 Bio UV-Visible 

Spectrophotometer. Optical profilometry was performed on a Veeco WYK.O NTllOO 

Optical Profiling System. SEM imaging was performed using a JEOL JSM-7000F 

scanning electron microscope, equipped with a Schottky type field emission gun filament, 

with nanotube films attached to carbon tape upon SEM stubs. Electrodispersive X-ray 

spectroscopy was conducted using an Oxford instruments INCA Energy Dispersive 

Spectrometer (EDXS) X-ray microanalysis system equipped with HKL Electron 

Backscatter( ed) Diffraction (EBSD) system. TEM imaging was performed using a JEOL 

JEM 1299 EX TEMSCAN transmission electron microscope (JEOL, Peabody, MA, 

USA) operated at an accelerating voltage of 80 kV. For cross-section analysis, pieces of 

Au-loaded SWNT films were embedded in spur resin before microtomy (60-80 nm 

thickness). The cuts were then transfer onto carbon-coated TEM grids and imaged with 

the same TEM. Filtrations were carried out using VWR filtration apparatus with stainless 

steel support screen and Sartorius PTFE membranes (4.7 em diameter, 200 nm pore size). 

Nanotube samples were dispersed in solvent using a Branson 1510 bath sonicator. 

Nanotube dispersions in solvent were centrifuged using a Beckman Coulter Allegra X-22 

Centrifuge set at 2570g for 20 minutes. 
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2.4.2. Measurement of SWNT-PEl conjugate concentration 

A vial containing poly(ethylene imine)-functionalized SWNTs (10 mg) and 

distilled water (20 mL) was sonicated for 15 minutes. The vial was then centrifuged at 

2570 g for 20 minutes and subsequently allowed to stand for 48 hours, after which the 

supernatant was removed and diluted with distilled water to appropriate concentrations 

for UV /vis absorption measurement. The specific extinction coefficient at 500 nm 

(0.0103 L mg-1 cm-1) 62 was used to calculate the concentration of the functionalized full­

length SWNTs . 

2.4.3. Preparation of Benzoic Acid functionalized SWNTs 

250 mg pristine SWNTs and 150 mL distilled water were added to a 250 mL 

round bottomed flask. Nanotubes were dispersed by sonication (45 minutes). 8.00 g of 4­

aminobenzoic acid (58 mmol, 2.8 equiv/mol. carbon) was added to the flask, followed by 

4.00 mL of isoamylnitrite (30 mmol, 1.4 equiv/mol. carbon). The flask was equipped with 

a reflux condenser and heated to 80°C for 18 hours, after which the nanotubes were 

isolated by filtration through a PTFE membrane (200 nm pore size) and washed with 

DMF until the filtrate became colorless. DMF was removed by washing with diethyl 

ether, and the product was dried in a vacuum oven (50°C) for 48 h. 

2.4.4. Preparation of PEl functionalized SWNTs 

Benzoic acid functionalized SWNTs (8.9 mg) were dispersed in 20 mL anhydrous 

DMF and stirred at 0°C under a constant flow of nitrogen. Thionyl chloride (1.5 mL, 
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20.56 mmol) was added slowly and reaction temperature was raised to room temperature 

and allowed to stir for 4 hours. Acyl chloride :functionalized tubes were obtained by 

filtration through a PTFE membrane (200 nm pore size) and washed (anhydrous DCM, 

250 mL) to remove excess thionyl chloride. Nanotubes were immediately dispersed in 50 

mL anhydrous DCM and added slowly to a solution of PEl (9.0 g, Mw = 10 kDa) in 100 

mL anhydrous DCM at 0°C. The reaction was allowed to stir overnight at room 

temperature under nitrogen, after which the temperature was slowly raised to 55°C over a 

period of 4 hours. The resulting nanotubes were isolated by filtration through a PTFE 

membrane (200.nm pore size) and washed with DMF (750 mL), water (500 mL) and 

diethyl ether (250 mL). 5.6 g (63 wt%) soluble polymer :functionalized SWNTs were 

obtained using this procedure. 

2.4.5. Fabrication of PEl functionalized SWNT thin films 

A vial containing Poly(ethylene imine)-functionalized SWNTs (10 mg) and 

distilled water (20 mL) was sonicated for 15 minutes. The vial was then centrifuged at 

2570 g for 20 minutes and subsequently allowed to stand for 48 hours, after which the 

supernatant was transferred to an Erlenmeyer flask and diluted by addition of 

approximately 80 mL distilled water. This dilute solution was filtered through a PTFE 

membrane (200 nm pore size). The SWNT film produced by this process was then 

washed with distilled water (250 mL) and diethyl ether (250 mL). The film was then dried 

in vacuo (50°C, 48 hours) during which time it remained intact upon the filtration 

membrane. 
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2.4.6. Fabrication of non-covalently functionalized PEl I SWNT thin films 

A flask containing SWNTs (20 mg) and 500 mL 5 wt<'/o PEl solution in distilled 

water was sonicated at room temperature for 30 minutes. The resulting dispersion was 

centrifuged at 2570g for 20 minutes, and allowed to stand for 48 hours after which the 

supernatant was removed and transferred to an Erlenmeyer flask. This solution was 

subsequently filtered through a PTFE membrane (200 run pore size). The film was then 

dried in vacuo (50°C, 48 hours) during which time films remained upon the filtration 

membrane. 

2.4.7. Fabrication of unmodified SWNT thin films 

A flask containing SWNTs (20 mg) and 500 mL of a 1 wt% SDS solution in 

distilled water was sonicated at room temperature for 30 minutes. The resulting 

dispersion was centrifuged at 2570 g for 20 minutes, and allowed to stand for 48 hours, 

after which the supernatant was removed and transferred to an Erlenmeyer flask. This 

process was repeated until 1 L of CNT I SDS solution was obtained. This solution was 

subsequently filtered through a PTFE membrane (200 run pore size). The SWNT film 

produced by this process was then washed with distilled water (4 L) and diethyl ether 

(250 mL). The film was then dried in vacuo (50°C, 48 hours) during which time it 

remained intact upon the filtration membrane. 
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2.4.8. Reduction of HAuCI4 upon SWNT thin films 

A section of SWNT thin film supported upon PTFE filtration membrane having 

dimensions approximately equal to 1 cm2 was placed in a 20 mL glass vial and submersed 

in 0.5 mM HAuC14 solution. The vial was heated to 60°C for a period of 30 minutes after 

which the film was removed and washed repeatedly with water and acetone to remove 

traces of excess HAuC14• Films were dried under nitrogen gas. 
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Abstract 

Poly(ethylene imine) functionalized carbon nanotube thin films, prepared using the 

vacuum filtration method, were decorated with Au nanoparticles by in-situ reduction of 

HAuCl4 under mild conditions. These Au nanoparticles were subsequently employed for 

the growth of GaAs nanowires (NWs) by the vapor-liquid-solid process in a gas source 

molecular beam epitaxy system. The process resulted in the dense growth of GaAs NWs 

monolithically integrated across the entire surface of the single-walled nanotube (SWNT) 

films. The NWs, which were orientated in a variety of angles with respect to the SWNT 

films, ranged in diameter between 20 to 200 nm, with heights up to 2.5 J.Ull. Transmission 

electron microscopy analysis of the NW -SWNT interface indicated that NW growth was 

initiated upon the surface of the nanotube composite films. Photoluminescence 

characterization of a single NW specimen showed high optical quality. Rectifying, 

asymmetric current-voltage behavior was observed from contacted NW ensembles and 

attributed to the core-shell pn-junction within the NWs. 
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3.1. Introduction 

Compound semiconductor nanowires have generated significant interest in recent 

years, due in part to their active role in electronic devices such as single-electron 

transistors, light-emitting diodes1' 2 and biosensors. It has been predicted that the use of 

111-V NWs in solar cell applications will result in improved photoconversion efficiency 

several times greater than that of current commercial technology, due to the high carrier 

efficiency afforded by these materials. 

There are a number of different approaches by which semiconductor NW s can be 

produced,3' 4 of which the most popular and well established is perhaps metal particle 

assisted nanowire growth. This technique is extremely versatile, having been used in 

conjunction with a variety of source materials and substrates as well as numerous growth 

techniques including chemical vapor deposition,5• 6 molecular beam epitaxy7• 8 and laser 

assisted catalytic growth.9"12 Metal assisted nanowire growth is generally accepted to 

proceed via the vapour-liquid-solid (VLS) mechanism8• 13• 14 which was first proposed in 

1964 by Wagner and Ellis for the growth of micrometer sized Si whiskers by chemical 

vapour deposition.14 The mechanism has subsequently been applied to a range of systems 

including the growth of III-V semiconductor nanowires.12• 15 Following this mechanism, 

gas species impinging upon the substrate are selectively adsorbed upon the surface of 

metal nanoparticles, which exhibit a large accommodation coefficient in comparison to 

the substrate material. Diffusion of gas species into the metal particles results in the 

formation of a eutectic metal alloy which is a liquid at the NW growth temperature. 

Following supersaturation of the seed particle, nucleation of growth species subsequently 
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occurs at the liquid-solid interface resulting in localized epitaxial film growth and, under 

a continuous supply of growth species from the vapour phase, the formation of single­

crystal nanowires. In recent years, there has been some discussion as to whether or not 

metal alloy particles exist in the liquid phase at the temperatures employed for nanowire 

growth. It has been argued that under certain conditions metal-alloy nanoparticles remain 

solid during the growth process and that nanowires are therefore formed through a 

vapour-solid-solid mechanism.16 At present, the exact mechanism by which several 

species ofnanowire are formed remains a topic of ongoing discussion. 8• 16-18 

Molecular beam epitaxy (MBE) is an ultra-high vacuum technique in which 

evaporated atoms or molecules are provided in the vapor phase from multiple sources 

directed towards a heated substrate.19 The adsorption of these species upon the substrate 

and their subsequent interactions results in nucleation and epitaxial film growth. The use 

of ultrahigh vacuum in MBE ensures that the growth chamber is free of species which 

may contaminate the film. MBE is therefore a suitable technique for the fabrication of 

high purity crystalline films. A number of different sources are used in modem MBE 

systems including resistively heated effusion cells and organometallic or hydride gas 

sources. These sources are equipped with shutters which allow the molecular beam flux to 

be switched 'on' and 'off rapidly by physically blocking the source, preventing growth 

species from reaching the substrate. By controlling the flux from each individual effusion 

cell in this manner the composition of films prepared by MBE may be carefully 

controlled with a high degree of accuracy. This allows for the deposition ofultrathin films 

and incorporation of abrupt changes in film composition such as variations in dopant type 
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or concentration. With respect to semiconductor NWs, the use of MBE in conjunction 

with metal particle assisted nanowire growth provides a means by which nanowire 

architecture can be controlled with a high degree of accuracy. This allows for the 

fabrication of nanowires exhibiting hetero-epitaxial and core shell arrangements20 that 

have been shown to display promise with regard to obtaining high charge carrier 

efficiency.21 

Growth of semiconductor NWs using GS-MBE is typically conducted upon single 

crystalline substrates, such as wafers composed of Si or GaAs. 20 The long range order 

present in materials of this kind provides a template for nucleation of growth species, and 

as such can promote the establishment of an epitaxial relationship between NWs and the 

underlying substrate, enabling the preparation of aligned NW arrays. Additionally, these 

materials are stable at the high temperatures required for NW growth. For GaAs, NW 

growth is generally conducted within the range of 470 to 570°C. 22 The high temperatures 

required for NW growth using MBE rules out the use of substrates such as organic 

polymers which undergo thermal degradation at elevated temperatures. 

As mentioned previously, CNTs are known to exhibit exceptional thermal 

stability?3-25 Additionally, CNTs display excellent flexibility, can be prepared using low 

cost techniques, and have been shown to display low resistivity, making them of interest 

in the fabrication of electronic devices. Previously, it has been reported CNT thin films 

can be employed asp-type Ohmic contacts within GaN-based LEDs resulting in contact 

resistances lower than that observed using conventional metallic contacts.26 CNT thin 

films are therefore excellent candidates for use as flexible conducting substrates for 
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growth of semiconductor NW s. Although CNTs have been demonstrated as templates for 

the assembly of various supplementary nanostructures,27-29 little consideration has been 

made to date with regard to their integration with single crystal semiconductor NW s, over 

macroscopic scales. 

In the previous chapter, we described a simple method for the preparation of 

single-walled nanotube (SWNT) thin films decorated with Au nanoparticle clusters. 30 

Here, we report that these composite films may be employed as conductive substrates for 

the formation oflli-V semiconductor NWs by metal-particle assisted nanowire growth in 

a gas source molecular beam epitaxy (GS-MBE) system. Although several groups have 

previously reported the use of carbon nanotubes as scaffolds for the assembly of 

nanomaterials, at the time this work was originally published the growth of compound 

semiconductor nanowires upon carbon nanotube thin films had, to the best of our 

knowledge, never been investigated. This work therefore represented the development of 

a truly novel nanohybrid material combining the optoelectronic properties of GaAs NW s 

with the impressive flexibility and conductivity of CNT films. 

3.2. Results and Discussion 

SWNTs used in this work were purchased from Carbon Nanotechnologies, Inc. 

(Houston, TX). The SWNTs were produced by the HiPCO process and used as received. 

SWNT films decorated with Au nanoparticles were prepared using the procedure 

described in the previous chapter. 30 To obtain nanoparticles having diameters suitable for 

NW growth, films were submersed in 0.5 mM HAuC14 solution for one minute at room 
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temperature. After films had been washed to remove traces of HAuC14, they were dried 

under nitrogen and removed from the Teflon membrane support. Films were subsequently 

transferred to Si wafers having dimensions of approximately 1 cm2, using methods 

previously detailed in literature31 and subjected to a rapid thermal anneal {RTA) treatment 

at 550°C for 10 minutes, under nitrogen ambient. 

Following thermal annealing, the Si substrate upon which the Au-SWNT 

composite film was attached, was indium mounted to a sample holder and transferred to 

the GS-MBE growth chamber. Prior to growth initiation, the samples were heated to the 

growth temperature of 550°C under an As2 overpressure. In the GS-MBE system, group 

III species (Ga) were supplied as monomers from a heated solid elemental effusion cell 

while the group V species were supplied as dimers (As2) from a hydride (AsH3) gas 

cracker operating at 950°C. NW growth was initiated by opening the Ga effusion cell 

shutter, preset to yield a nominal two-dimensional film growth rate of 1 J..l.m/hr under a 

constant VIlli flux ratio of 1.5. For the purposes of this study, two distinct NW 

architectures were studied (groups A and B). Group A NWs were strictly composed of 

nominally undoped GaAs, while group B NWs were composed ofpn-junction core-shell 

heterostructures. The core-shell structures consisted of an n-doped GaAs core surrounded 

by a p-doped GaAs shell. For the group A sample, nominally undoped NWs were grown 

for 30 minutes. In the case of the group B sample, a primary GaAs layer was grown over 

a 15 minute period, nominally n-doped with Te to a concentration of 1018 cm·3. Next, a 

secondary GaAs layer was deposited for 15 minutes, nominally p-doped with Be to a 

concentration of 1018 cm"3. Doping concentrations were calibrated using previous 
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depositions of GaAs epilayers on GaAs (100) substrates. For both group A and group B 

NW s, the growth was terminated, after a total period of 30 minutes, by closing the shutter 

to the Ga cell and allowing the samples to cool down from the growth temperature under 

an As2 overpressure. 

Figure 3.1 shows planar SEM images of SWNT-Au composite films before and 

after the RTA annealing treatment. Covalent modification of SWNTs by PEI­

functionalization results in the conversion of numerous carbon atoms within the 

framework of nanotubes to sp3 hybridization. Thermal annealing of PEI-functionalized 

SWNT films induces decomposition of the functional groups attached to the surface of 

the nanotubes and results in partial restoration of the nanotube electronic structure and 

conductivity.32 Furthermore, an annealing treatment ensures removal of volatile organic 

matter that might otherwise contaminate the MBE chamber used for semiconductor NW 

growth. Following this treatment, irregularly shaped Au-nanoparticle clusters were 

found to re-form into smaller, discrete nanoparticles having an average diameter of 

approximately 38 nm as shown in Figure 3.1.B. Typically, following thermal annealing 

an increase in nanoparticle diameter may be expected due to migration and aggregation of 

individual nanoparticles. It was speculated that irregularly shaped Au clusters exhibit 

fractal like structures containing some free volume. These clusters are sufficiently large 

that migration does not occur to any significant degree during high temperature annealing 

and clusters instead re-form, with the exclusion of free volume, to yield compact 

spherical particles that exhibit smaller diameters than the starting clusters. 
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Figure 3.1. Planar SEM image of SWNT-Au composite film (A) before and (B) after 

annealing treatment. Bright spots indicate Au particles. 

SEM analysis in Figure 3.2 indicated that the as-grown samples from group A 

exhibited dense NW growth over the entire span of the Au-functionalized SWNT films. 

Similar results were obtained from the group B sample. In comparison to the vertically 

oriented growth of NWs on Si (111) or GaAs (lll)B substrates,20• 33 NWs grown on 

SWNT substrates were observed to be oriented in a variety of angles with respect to the 

growth surface. This can be understood by considering the well-established premise that 
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NWs preferentially assemble in the thermodynamically favorable <0001> or <111> 

directions, for wurtzite and zincblende crystal structures, respectively.20• 34 However, in 

the case of the present study, the growth surface lacks long range spatial periodicity, 

which is necessary for epitaxial orientation of the NW s, due to the random stacking 

arrangement of single-walled CNTs in the composite film. 

Predominantly, both group A and group B NWs were of characteristic tapered or 

"pencil-shaped" morphologies, with heights up to 2.5 Jlm and average full-width at half­

maximum diameters of roughly 100 nm. The tapered NW morphology is attributed to 

sidewall diffusion-limited radial growth, as previously reported.33 The simultaneous 

occurrence of layer-by-layer radial deposition and Au-nanoparticle-based axial growth 

results in the core-shell architecture of the NWs.20 A two-dimensional GaAs film, formed 

concurrently with the NWs, is evident in Figure 3.2.B above the SWNT substrate. Prior 

growths on single crystalline Si substrates indicated two-dimensional film thicknesses of 

120 nm.20 In comparison, the present growth resulted in deposition of a thicker film layer 

of approximately 450 nm on average, probably as a consequence of shorter adatom 

diffusion lengths on the rough surface of the SWNT films. 

Figure 3.2.C shows a tilted SEM view of an area specifically manipulated to 

demonstrate the flexibility of a SWNT film containing NW s. It is particularly remarkable 

that the NW s studied in this project maintained their structural integrity after bending, 

contorting, rolling, and folding of the underlying flexible substrate, over macroscopic 

scales. 
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Figure 3.2. (A) Planar, (B) cross-sectional, and (C) tilted view SEM images of as-grown 

samples containing GaAs NWs on CNT composite films. 
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Structural analysis of nwnerous single NW s from both group A and group B 

samples was carried out by TEM. Figure 3.3.A shows a TEM image of a Group A NW 

that is representative of the structure and morphology ofpractically all NWs grown on the 

CNT films. Figure 3.3.B reveals a magnified image of the identical NW in Figure 3.3.A. 

Contrast stripes intersecting the NWs indicated the presence of intermittent stacking 

faults. A selective area diffraction pattern obtained on the <2-1-10> zone axis of a 

defect-free NW segment, shown in the inset of Figure 3.3.A, confirmed a wurtzite crystal 

structure with wires growing along the <0001> direction. Consistent with previous 

experiments involving hetero- and homo-epitaxially grown NW s, 20• 35 the stacking faults 

studied in the present case appeared as atomic layers arranged in a zincblende structure, 

amongst defect-free wurtzite segments. The Au-nanoparticle at the NW tip provides 

evidence for growth according to the VLS mechanism. 
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Figure 3.3. (A) TEM image of a single NW. Inset shows the SAD pattern, indicative of 

the wurtzite structure and <0001> growth direction. (B) Magnified TEM view of 

stacking faults visible along the NW length. 

A point of interest is the nature of the growth surface. Due to the simultaneous 

deposition of a GaAs film during NW assembly, the NW/CNT interface becomes buried 

during the growth process. To investigate the NW/CNT interface, thin lamellae were 

prepared via Fill, allowing for the analysis of small cross-sectional windows where the 

internal NW structure, GaAs film, and CNT -composite substrate can be examined in a 

single specimen. In Figure 3.4.A TEM image is shown of a lamella removed from the as­

grown sample. The coating surrounding the NW in Figure 3.4 is simply a carbon layer 
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deposited during the sample preparation, as a protective envelope. Stacking faults can be 

seen throughout the entire length of the NW including the portion buried within the 2-D 

GaAs film. This observation leads to the argument that the initial NW nucleation process 

occurred at the CNT/Au interface. As the diameter of the Au nanoparticles is 

considerably greater than that of a single CNT, each nanoparticle is located upon a unique 

site which spans several randomly oriented underlying CNTs. Although the initial GaAs 

island nucleation can occur over a single CNT, the formation of the initial GaAs layer at 

the CNT/Au interface, nonetheless, extends over multiple CNTs. Therefore, it remains 

unclear, at present, whether growth is epitaxially initiated. Additionally, a GaAs film 

grows simultaneously between the NWs, but appears to play a negligible role in the NW 

growth process. Due to the intimate contact between the NWs, 2-D film, and CNTs, the 

role of the planar GaAs layer is of importance to the electrical conduction pathways of 

this system, as discussed later. 
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Figure 3.4. Cross-sectional TEM image of interfaces between NW, GaAs film, and CNT 

substrate. The extension of stacking faults within the GaAs film, localized to the lateral 

extent of the visible NW, indicates NW growth from the CNT surface. 

Micro-photoluminescence studies were conducted on single NWs placed on Si02 

substrates. A typical Jl-PL spectrum is shown in Figure 3.5 for a group A NW. Here, a 

single peak with 12.5 meV linewidth is obtained at 7 K, centered at 1.51 eV. The inset of 

Figure 3.5 shows a plot of the experimental shift in Jl-PL peak energy with increasing 

temperature. The expected temperature dependence of the bandgap is plotted in the inset 

as a solid line according to the Varshni curve of bulk GaAs. 36 The agreement between 

the measured values and the V arshni expression indicates that the PL emission may be 

attributed to band-related recombination transitions within the undoped GaAs NW. 36 

Agreement between the measured values and the expected trend also illustrates the high 

crystallinity, purity, and optical quality of the NWs, making these materials promising for 

use in optoelectronic device applications. 
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Figure 3.5. Single NW !l-PL spectrum at 7 K. Inset plots the measured PL peak energy 

with increasing temperature as compared to the theoretical bulk GaAs Varshni curve. 

The group A and B samples were further processed for electrical characterization. 

The main intent in the processing procedure was to ensure intimate electrical contact with 

the Au-capped NW tips, while avoiding a possible short-circuit pathway through the 

planar growth region. SEM images of the sample, at various processing steps employed 

in the device fabrication, are shown in Figure 3.6. First, the entire sample was coated 

with a SiOx layer (step A) formed through plasma-enhanced chemical vapor deposition 

(PE-CVD). This layer provides a conformal insulating shell across all NWs and the 

surface of the GaAs film, approximately 100 nm in thickness. Next, a polymer layer (S­

1808 photoresist) was spin-cast over the oxide-coated NWs (step B). After a 1 min 

oxygen-plasma reactive ion etching (RIE) treatment, the top-most layers of the spin-on­

polymer were removed to expose the oxidized NW tips (step C). At this point, the sample 

underwent a wet etch in a 10:1 buffered HF solution to remove the thin SiOx cap at the 
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NW tips (step D). A second, more prolonged, RIE treatment occurred next, etching the 

remaining photoresist from the surface of the NWs. As seen in Figure 3.6.E, after this 

processing step, the planar GaAs layer and the body of the NWs remained insulated by 

the oxide layer, while the NW tips are exposed. Thus, once a Ti/Pt/Au top contact layer 

was deposited (step F), the intended pathway for electron flow is through the NWs to the 

SWNT film. 

Figure 3.6. Processing steps in device fabrication: (A) PE-CVD deposition of 100 nm 

SiOx layer to coat NWs and planar growth layer. (B) Coating of oxidized NWs with spin-

cast polymer (S 1808 photoresist) layer. (C) Partial 0 2-plasma RIE of polymer layer for 

exposure of oxidized NW tips. (D) Buffered HF wet etch treatment for the exposure of 

bare NW tips. (E) Full 02-plasma RIE for the removal of remaining polymer layer. (F) 

Deposition of Ti/Pt/ Au top contact, followed by R TA treatment. 
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To study the electrical behavior of the fabricated devices and to establish the role 

of Be and Teas dopants, a Ti/Pt/Au layer was deposited by electron-beam evaporation on 

both group A (undoped GaAs NWs) and group B (pn-junction core-shell NWs) samples. 

Prior to measurement, the samples were treated at 400°C for 30 seconds, to produce an 

Ohmic contact at the contact/NW interface. Figure 3.7 shows the current-voltage (I-V) 

characteristics of a bare SWNT film (post RTA), a device fabricated using group A NWs, 

and a device fabricated using group B NWs, under an applied bias of -2 V to 2 V. 
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Figure 3.7. I-V characteristics of purified CNT film, prior to NW deposition (squares), 

fabricated devices containing undoped NW s (circles), and fabricated devices containing 

pn-junction NWs (triangles). Asymmetric rectification in group B devices is indicative of 

diode-type behaviour from the pn-junction NW s. 

It is worthy to note that the SWNT film exhibited a conductive behavior prior to 

growth. From the I-V curve (square data points), SWNT films revealed a sheet resistance 

of roughly 68 .Q/sq (resistivity of 6.81 x 10-3 .Q·cm) after being subjected to an annealing 
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process. This value is in agreement with SWNT composite film resistances previously 

reported31• 37• 38 and is comparable to sheet resistances measured in commercial ITO 

films . 37 The observed rectifying behaviour is attributed to Schottky barriers formed 

between the CNT film and probe tips.39 The undoped NWs (group A samples, circular 

data points) demonstrated a high resistivity of roughly 5900 .O.·cm. In contrast, the curve 

obtained from sample B containing pn-junction NWs (triangular data points) exhibited 

asymmetric rectification. Although the specific contribution of the CNT/GaAs interface 

quality to the electrical behaviour observed remains a matter of continued investigation, 

the observation of diode-type behavior in group B devices, while not in group A devices, 

demonstrated the rectifying properties exhibited by the pn-junction NWs. Similar results 

were reproducibly obtained from at least 15 different contacts on each sample. 

Furthermore, pn-junction GaAs NW s grown on GaAs and Si substrates, processed and 

contacted in same approach discussed above, yielded forward bias currents within the 

same order of magnitude as those grown on CNT composite films. This behavior opens 

the door to possible applications of these hybrid device architectures in a variety of 

applications, including photovoltaics, light-emitting diodes, and sensors. 

3.3. Conclusions 

In summary, a novel material combination involving GaAs NWs grown on Au­

functionalized SWNT composite films is reported. Au-nanoparticles on the surface of the 

SWNT sheets act as atomic sinks, collecting gas-phase adatoms supplied in a GS-MBE 

system and accommodating NW growth according to the VLS mechanism. As-grown 
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NWs were oriented in a variety of angles on the SWNT surface and grew along the 

<0001 > direction with wurtzite crystal structure. TEM analysis conducted on the 

NW/SWNT interface confirmed initiation of growth on the SWNT surface. Micro-PL 

characterization of a single NW specimen confirmed high optical quality. Electrically 

contacted pn-junction NWs exhibited rectifying behaviour, while undoped NW s showed 

high resistivity. Thus, a proof-of-concept potential for an emerging class of 

optoelectronic devices integrated with a conductive, flexible, and low-cost substrate as an 

alternative to conventional ITO is demonstrated. Similarly, CNT films are expected to 

accommodate VLS growth of alternative compound semiconductor material groups. 

Future efforts will focus on large-scale core-shell NW -based photovoltaics on carbon­

nanotube composite fabric. 

3.4. Experimental 

3.4.1. General 

SWNT-Au composite films were prepared usmg procedures outlined in the 

previous chapter. To obtain nanoparticles having diameters suitable for NW growth, PEl 

functionalized SWNT thin films were submersed in 0.5 mM HAuC14 solution for one 

minute at room temperature. After films had been washed to remove traces of HAuC14, 

they were dried under nitrogen and removed from the Teflon membrane support. 

Absorbance measurements were made usmg a Cary 50 Bio UV-Visible 

Spectrophotometer. Filtrations were carried out using VWR filtration apparatus with 
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stainless steel support screen and Sartorius PTFE membranes (4.7 em diameter, 200 nm 

pore size). Nanotube samples were dispersed in solvent using a Branson 1510 bath 

sonicator. Nanotube dispersions were centrifuged using a Beckman Coulter Allegra X-22 

Centrifuge. The orientation, morphology, and density of the as-grown samples were 

investigated using a JEOL JSM-7000 scanning electron microscope (SEM) and a Carl 

Zeiss SMT NVision 40 dual-beam microscope, in secondary-electron mode. The latter, 

equipped with focused ion beam (Fill) capability, was used in the preparation of lamellae 

for cross-sectional transmission electron microscopy (TEM) using a Philips CM12 

microscope and a JEOL 201 OF high-resolution transmission electron microscope (HR­

TEM). For analysis of a single NW specimen, the as-grown samples were subjected to a 

60 second ultra-sonication process in a small volume of de-ionized water after which 

suspended NWs were deposited on a holey carbon-coated copper grid. Similarly, single 

NWs were dispersed on an oxidized-Si substrate for micro-photoluminescence (J.L-PL) 

characterization in a continuous flow helium cryostat at 7 K. Excitation was provided 

using a laser centered at 532 nm at a power of 80 J.LW. Excitation and J.L-PL collection 

were achieved through an objective allowing for an excitation spot of roughly 2 11m 

diameter. PL was resolved by a 75 em grating spectrometer and detected by a liquid 

nitrogen-cooled Si charge-coupled device camera. 

3.4.2. Transfer of SWNT -Au composite film to Si substrate 

The surface of a (111) silicon wafer, having dimesions of approximately 1 cm2, 

was wet using distilled water. A SWNT -Au composite film was placed upon the wet 
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surface and a teflon fitration membrane subsequently placed on top of the film. This 

assembly was transferred to a vice and pressure was applied, taking care not to crack 

the silicon substrate. The sample was then heated at 50°C under vacuum for 15 

minutes after which the sample was removed from the vice and the teflon filter 

carefully peeled back, leaving the nanotube film firmly attached to the substrate. 

Films were subsequently treated using a rapid thermal annealling process (550°C, 10 

minutes, N2 atmosphere). 

3.4.3. Growth of GaAs nanowires 

A GS-MBE system was employed for NW growths in which Ga monomers were 

supplied from a solid elemental effusion cell and a hydride (AsH3) gas cracker operating 

at 950°C acted as a source of As2 dimers. Prior to NW growth, a degas procedure was 

performed within the MBE chamber, heating to 300°C for 15 minutes under vacuum 

followed by an inductively coupled hydrogen plasma treatment (1 0 minutes, 550°C), 

under As2 overpressure. NW growth was initiated by opening the Ga cell shutter. During 

the growth process, the substrate temperature and V/III flux ratio were maintained at 

550°C and 1.5 respectively yielding a nominal GaAs growth rate of 1 11mhr-1. NW 

growth was terminated by closing the shutter of the Ga effusion cell, following which 

samples were cooled under As2 overpressure. 

In this study, two different groups of GaAs NW s were prepared. Group A NW s 

were prepared to exhibit a pn-junction within a coaxial architecture, containing a Te 

doped n-GaAs core and Be doped p-GaAs shell. Each segment of the group A wires was 
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grown over a period of 15 minutes, resulting in a total growth time of 30 minutes. NW s 

in group B were, in contrast, composed entirely of Te doped n-GaAs. Again, the total 

growth time for these wires was 30 minutes. In both growths, nominal dopant 

concentrations were maintained at 4 x 1018 cm·3 forTe in both group A and group B wires 

1018 and at 5 x cm·3 for Be in group A wires. These values were based upon previous 

calibrations of epitaxial films on GaAs (1 00) substrates. 
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Chapter 4: Hybrid GaAs-nanowire carbon nanotube flexible photovoltaics 

Copyright 2010 IEEE. Reprinted, with permission, from Selected Topics in Quantum 

Electronics, Hybrid GaAs Nanowire-Carbon Nanotube Flexible Photovoltaics, Parsian K. 

Mohseni, Gregor Lawson, Alex Adronov and Ray R. LaPierre. 
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Parsian K. Mohseni contributed equally to the experimental planning and writing of this 

work. Composite film preparation and characterization was conducted by Gregor Lawson. 

Nanowire growth, device fabrication and characterization was conducted by Parsian K. 

Mohseni . 
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Abstract 

A simple method is described for the preparation of carbon nanotube (CNT) composite 

films containing Au nanoparticles, which act as adatom collection agents promoting the 

growth of core-shell pn-junction GaAs nanowires (NWs), according to the vapour-liquid­

solid mechanism. This approach for composite film formation requires no covalent 

modification, and therefore ensures that the electronic properties of CNTs are not 

compromised. GaAs NWs obtained are randomly aligned with respect to the CNT 

substrate in a densely packed arrangement. Nano-hybrid films, incorporating coaxial 

GaAs NWs as the active, light-harvesting medium are used in the fabrication of 

photovoltaic cells, exhibiting conversion efficiencies up to 0.32%. Doping experiments 

confirm that conduction is not dominated by Schottky barriers at contact interfaces. The 

NW /CNT solar cells are shown to retain function following bending up to a curvature 

radius of 12.5 mm, illustrating the potential of these novel materials in flexible device 

applications. 
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4.1. Introduction 

One-dimensional structures play a unique role in the landscape of nanometer­

scale science and engineering. In this realm, semiconductor nanowires (NW s) and 

carbon nanotubes (CNTs) have attracted interest by demonstrating quantum 

mechanical phenomena and integration within a new generation of electronic and 

photonic devices. 1 Furthermore, the combination of semiconducting nanowires or 

carbon nanotubes with more mature functional materials, such as thin films and 

polymers, has demonstrated enhanced functionality and improved device 

performance. 2-6 

Of particular significance is the solar energy conversion potential possessed by 

semiconductor NWs. This stems from a variety of factors including their inherent light­

trapping capabilities, as NW ensembles allow for improved optical absorption, in 

comparison to their thin film or textured-surface counterparts. 7 There is particular interest 

in coaxial pn-junction nanowires where, for example, a p-doped core is surrounded by an 

n-doped shell. With this geometry, charge carriers are efficiently separated by the coaxial 

pn-junction across the nanowire diameter, d, which can be smaller than the carrier 

diffusion length, thereby promoting high efficiency collection of photogenerated carriers. 8 

Recently, numerous efforts have demonstrated the photovoltaic (PV) capabilities of 

9-12 14 17semiconductor NWs, based on Si, III-V,13' and II-VI15- materials. As NWs can 

easily be integrated with a variety of functional substrates, fabrication of mechanically 
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flexible, NW-based optoelectronic devices has attracted considerable attention18 and 

remains a matter ofcontinual importance. 

In Chapter 3 we reported that single walled carbon nanotube (SWNT) composite 

films decorated by Au nanoparticles can be employed as substrates for the assembly of 

111-V semiconductor NWs/9 according to the vapour-liquid-solid (VLS) mechanism.20"22 

In this prior work, thin films of poly(ethylene imine) (PEl) ftmctionalized carbon 

nanotubes (CNTs), prepared using the vacuum filtration method,23"25 were decorated with 

Au nanoparticles by in-situ reduction of HAuCl4 under mild conditions. 26 These SWNT­

Au composite films were subsequently used as substrates for the growth of GaAs NW s in 

a gas source molecular beam epitaxy (GS-MBE) system. Following this procedure, 

randomly aligned NW s were obtained in high density across the entire surface of the 

SWNT substrates. Characterization of these NWs, using TEM and micro­

photoluminescence, revealed them to be of high purity and optical quality. This work 

therefore represented the development of a novel nano-hybrid material that combines the 

optoelectronic properties of GaAs NWs with the impressive flexibility and conductivity 

of CNT films and, as such, displays apparent potential in the development of flexible, 

lightweight electronic devices such as photovoltaics, light emitting diodes, and sensors. 

In this chapter it is demonstrated that these hybrid nano-materials can indeed be 

used in the fabrication of photovoltaic cells, wherein coaxial pn-junction GaAs NW s act 

as the active medium for energy conversion, while the underlying CNT films 

simultaneously serve as robust, flexible electrodes. Additionally, we outline a simplified 

method for the preparation of SWNT -Au composite substrates which requires no covalent 
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modification of CNTs, greatly reducing the time required for composite film fabrication 

and also ensuring the retention of the CNTs electrical properties. 

4.2. Results and discussion 

Single-walled carbon nanotubes were purchased from Carbon 

Nanotechnologies, Inc. (Houston, TX). SWNTs were produced by the HiPCO process 

and were used as received. Full details of procedures employed for the preparation of 

SWNT-Au composite films are included in the Experimental section of this chapter. 

The Au nanoparticles were prepared using the well established citrate reduction 

method,27"29 which results in near mono-disperse particles. Deposition of Au 

nanoparticles was achieved by filtration of a dilute nanoparticle solution through a 

thin film of unmodified SWNTs, prepared by vacuum filtration of a SWNT dispersion 

in aqueous surfactant solution. CNT thin films, such as those prepared in this work, 

resemble a random finely-interpenetrating network of nanotube bundles. The porous 

microstructure of these films makes them ideal candidates for use as high efficiency 

fibrous filtration membranes. Several groups have investigated the potential of CNTs 

in separation and filtration applications. 30"37 Although much of this work has focused 

upon the use of aligned CNT arrays, Lipowicz and coworkers reported the effective 

removal of fine airborne particulate, having dimension as small as 50 nm, using thin 

films composed solely of randomly aligned multi-walled CNTs.32 

The current approach for the fabrication of SWNT -Au substrates offers several 

advantages over the previously reported in-situ reduction method.26 Covalent 
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modification of carbon nanotubes, which was necessary in our previous work, results 

in conversion of numerous carbon atoms within the framework of the CNTs to sp3 

hybridization, disrupting the 1t system of the CNTs and significantly diminishing their 

electrical conductivity. 38 It is expected that the use of unfunctionalized SWNTs, in our 

modified procedure, will allow for the structure and electronic properties of the CNTs 

to not be compromised in any way during film fabrication. As the modified approach 

requires few synthetic steps, the time required for the preparation of each composite 

film is greatly reduced. In addition, the current procedure allows for fine control over 

the size and polydispersity of Au nanoparticles deposited on the nanotube surface. 

Following fabrication, composite films were cut into small sections having 

dimensions of approximately 5 x 10 mm, removed from the filtration membranes and 

transferred,23 Au nanoparticle side up, to copper substrates. Copper was arbitrarily chosen 

as a rigid, conductive, and GS-MBE compatible support material to which the CNT films 

could easily be transferred for subsequent NW growth or later removed. These samples 

were then thermally annealed at 550°C for 10 minutes in nitrogen ambient, ensuring the 

removal ofvolatile organic matter which could potentially contaminate the MBE chamber 

during NW growth. 

Figure 4.1 shows planar SEM images of SWNT -Au composite film samples 

before (A) and after (B) thermal annealing at 550°C for 10 minutes in nitrogen 

ambient. Prior to the thermal anneal, Au nanoparticles have an average diameter of 30 

± 5 nm. This value increases to 38 ± 6 nm following the annealing procedure, as a 

result of the migration and coalescence of a small fraction of Au nanoparticles at 

119 




PhD Thesis- G. Lawson- McMaster- Chemistry and Chemical Biology 

elevated temperatures. It can however be seen, from the SEM images in Figure 4.1, 

that large scale aggregation of Au nanoparticles does not occur during this process. 

The density of Au nanoparticles upon the surface of annealed composite films, which 

was also determined using SEM, ranged between 20 and 86 nanoparticles per 1 J..Lm 2, 

with an average density of 50 nanoparticles per 1 J..Lm2 (Appendices, Figure 4.1.1 ). 

Cross-sectional images of these films were obtained after focused ion beam (FIB) 

milling. A trench cut within a SWNT -Au composite film, which has not undergone 

thermal annealing, is shown in Figure 4.1.C. In this image, Au nanoparticles are observed 

to be located predominantly upon the film's surface. Some Au nanoparticles can also be 

seen in low density within the structure of the nanotube film. The presence of Au 

nanoparticles within the film is not unexpected, given the film's porous microstructure 

and the dimensions of Au nanoparticles used in this work. In addition to Au 

nanoparticles, clusters of iron were also detected, embedded within the nanotube film . 

. These clusters, which appear as bright regions in the SEM image having dimensions on 

the scale of 1Os to 100s of nanometers, are impurities present in the commercially­

purchased nanotube sample used in this work (Fe catalyst from SWNT synthesis). Figure 

4.1.D illustrates a similar trench produced by FIB milling of a sample that has been 

annealed at 550°C. From these images it was determined that the distribution of Au 

nanoparticles throughout our SWNT -Au composite films is not significantly altered by 

the annealing process. 
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Figure 4.1. Planar SEM images of a SWNT-Au thin film, before (A) and after (B) rapid 

thermal annealing at 550°C for 10 minutes under nitrogen, and tilted SEM cross-sectional 

images of trenches milled within SWNT -Au films before (C) and after (D) the same 

annealing procedure. 
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The SEM images of group A NWs, shown in Figure 4.2, reveal dense NW growth with 

no preferred NW orientation (similar results were obtained from group B NWs). The 

random alignment of NWs relative to the substrate surface was previously attributed to 

the random manner in which SWNT bundles comprising the underlying film are 

situated.19 As determined from sample sets of over 100 single specimens, the NWs have 

an average full-width at half-length diameter of roughly 100 nm and heights up to 3.5 f..Lm. 

The highly tapered morphology is a trademark of diffusion limited sidewall growth and is 

anticipated for GS-MBE growths under the growth conditions employed.19' 39 

As outlined in the Experimental section, solar cell fabrication was carried 

out through a process designed to effectively exploit NWs as the active, energy 

conversion medium. A schematic representation of the final device structure, showing a 

single NW for clarity, is depicted in Figure 4.3. In light of recent reports on the 

inhomogeneity of dopant profiles in semiconductor NWs40' 41 and the anticipated 

incongruity in dopant incorporation between the (1 00) surface of the doping calibration 

sample and the (111) surfaces of the nanowires, the degree of uniformity in the dopant 

distributions within the samples discussed here remains a matter for further scrutiny. 

Nonetheless, a clear distinction can be made between group A NWs (those containing a 

pn-junction in a core-shell homostructure) and group B NWs (those intentionally highly 

n-doped). 
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Figure 4.2. 45° tilted view (A) and cross-sectional (B) SEM image of as-grown group A 

NW samples. Densely packed NWs are grown at various orientations with a highly 

tapered morphology. Similar results were obtained from group B NW samples. 
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Figure 4.3. Schematic representation of group A NW solar cell, showing biasing 

conditions. The NW bases and planar GaAs film are electrically isolated from the ITO top 

contact. The CNT substrate simultaneously serves as the growth surface and backside 

contact. 

Upon fabrication, the photovoltaic response of the NW solar cells was measured. 

Figure 4.4 shows the fourth quadrant current-voltage characteristics of an ensemble of 

ITO contacted group A NWs, under dark (black, circular data points) and 2.6 Sun 

illumination (red, square data points) conditions. A clear photovoltaic response is evident, 

attributed to the sum contribution of all contacted NWs in the contact area. Although 

varying efficiency values were measured from different contact dots, likely due to 

different numbers ofNWs contacted by each dot and small growth temperature variances 

across the sample leading to slightly dissimilar NW structures, each contact dot exhibited 

reproducible efficiencies. The optimal efficiency curve, shown in Figure 4.4, was 
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characterized by a short circuit current, Isc = 43.1 )lA (equivalently, Jsc = 8.57 mA/cm2 

for the 800 )lm diameter contact dot), an open circuit voltage, Voc = 0.32 V, a maximum 

power, Pmax = 42.3 )lW, a fill factor of 30.8%, and a maximum conversion efficiency of 

0.32%. No such conversion response was evident in group B NWs (n-doped NWs) 

contacted with the transparent conductive oxide layer, indicating that the PV effect was 

due to the pn-junctions in group A NW s . 
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Figure 4.4. Current-voltage curve of group A NWs, with ITO top contacts, under dark 

and 2.6 Sun illumination. Group B NWs demonstrated no such photo-response. 

In comparison, previously reported ensemble contacted NW -based solar cells 9• 10• 

13• 14• 42• 43 have demonstrated maximum measured conversion efficiencies ranging 

between 0.1 % to 4.5%. For example, coaxial p-n Si nanowire cells grown by the vapor­

liquid-solid (VLS) process gave an efficiency of 0.1% on stainless steel substrates.9 Si 

nanowire cells on glass substrates formed by wet electroless etching yielded efficiencies 

of 4.4%.1 °Coaxial p-n Si nanowire cells grown by the vapor-liquid-solid (VLS) process 

gave an efficiency of <1% on Si substrates.42 An efficiency of 0.1 % was reported for 
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VLS-grown Si nanowires on multicrystalline Si thin films on glass. 43 A single GaAs 

nanowire cell was recently reported with an efficiency of 4.5%.14 The design most 

comparable to that of the current study is detailed in Ref. 13, where a photovoltaic effect 

was measured from vertically oriented GaAs NWs grown on n-GaAs (lll)B substrates 

with a photoconversion efficiency of 0.83%. The lower efficiency values achieved on our 

CNT films, in comparison to the vertically oriented NWs, may be attributed to two main 

features. First, growth on CNT films results in NWs grown at a variety of dissimilar 

angles with respect to the film surface. During the contacting procedure, NW s oriented at 

more acute angles relative to the CNT film are likely to remain encapsulated by the 

photoresist layer used during the device processing. Consequently, only the NWs grown 

at relatively large angles to the substrate will be contacted, meaning that only an 

undetermined fraction of all NW s will have conductive pathways allowing for their 

photogenerated holes to be collected. Thus, the total contribution towards the quoted 

conversion efficiency is not necessarily a reflection of all NWs in the ensemble, but rather 

only the ones in contact with the ITO film. 

Based on previous analysis, 19 we believe that an intimate, atomically abrupt 

interface exists between the carbon nanotube film and overlaying GaAs NW s. The 

distinct Au-nanoparticle decoration technique used in the present study is not expected to 

dramatically alter the atomic nature of the NW/CNT interface, since, in both cases, high 

temperature annealing results in removal of organic contaminants prior to growth. 

However, in view of the fact that the CNT film in the present study not only serves as the 

substrate, but also the electrical contact for the emitter layer of the solar cell, the 
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conduction pathway at this junction requires further consideration. In fact, the second 

factor contributing to the noted efficiency degradation is the additional series resistance as 

a result of a barrier at the n-GaAs/CNT interface. Figure 4.5.A shows a one-dimensional 

band diagram, with respect to axial distance along a single group A NW, assuming a NW 

length of 2 Jlm, and derived using a SWNT film workfunction of 4.5 eV.44 The band 

diagram was calculated using a one-dimensional Poisson-Schrodinger equation solver, 

based upon a fmite-difference method, and is described in Ref. 46.45 Here, the p-type 

GaAs segment is shown on the left side, the n-type GaAs segment in the middle, and the 

CNT substrate on the right. Conduction band and valence band energies are depicted by 

black and red lines, respectively, while the Fermi level is shown as a solid blue line. The 

solid lines represent the band structure anticipated from layers with the nominal doping 

concentrations, discussed previously. The dotted lines, on the other hand represent the 

energy bands that would result from acceptor and donor concentrations of 1 x 1017 cm-3• 

This doping concentration is over one order of magnitude less than the quoted nominal 

level, and is shown as an expected lower limit of dopant incorporation within the 

nanowire core, according to Perea et al.40 Figure 4.5.B shows a magnified view of the 

energy barrier present at the n-GaAs/CNT interface. The collection of photogenerated 

electrons is, therefore, preceded by either carrier tunneling from the n-GaAs NW segment 

to the underlying CNT film or by thermionic emission, dependant upon the concentration 

of dopants incorporated within the NW bulk. 
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Figure 4.5. (A) One-dimensional energy band diagram as a function of axial position 

along a single, ~-tm long group A NW. The p-type segment, n-type segment, and CNT film 

are shown from left to right. Black and red lines denote the conduction and valence 

bands, respectively. The solid lines represent the band energies according to nominal 

doping levels quoted in the manuscript, while the dashed lines represent energies at a 

reduced dopant concentration of 1 x 1017 cm·3. The solid blue line represents the Fermi 

energy, Ef. (B) Magnified view of (A) at the n-GaAs/CNT interface, showing the 

presence of a small energy barrier. 
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We previously showed that the current-voltage characteristics of a collection of 

group A-type NWs exhibited asymmetric rectifications, and had attributed this diode-type 

behaviour directly to the pn-junctions incorporated within the NW structures.19 

Characterization of electrical junctions within composite films has subsequently been 

conducted to determine the electrical quality of the junctions and whether ideal current 

flow is inhibited by Schottky effects at the interfaces. In Figure 4.6, the current-voltage 

characteristics of group A and B NWs, contacted by opaque contacts, are compared. As 

seen here, the present study shows a similar current rectification from the group A NWs, 

while group B NWs exhibit a linear behaviour over the same voltage range. Similarly, 

group B NWs contacted with ITO also exhibited linear current-voltage characteristics. 

We present this distinguishing feature (rectifying behaviour of pn-junction NWs in 

sample A versus Ohmic behaviour of n-doped NWs in sample B) as the defining 

trademark of the desired dopant activation in our NWs, and evidence that the diode-type 

behaviour previously presented is not merely a manifestation of Schottky barriers at the 

n-GaAs/CNT interface. The low forward bias currents evident in the group A curve may 

be attributed to the partial depletion of the NWs. Furthermore, the aforementioned doping 

levels and NW density under each contact dot should exhibit resistance values on the 

order of tens of milli-Ohms, while the measured resistance is on the order of one hundred 

Ohms. This discrepancy may be ascribed to contact resistances suffered during the 

measurement process, as well as the effect of the GaAs/CNT interface. 
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Figure 4.6. Comparison of current-voltage charactetistics of group A (black curve) and 

group B (red line) NWs, contacted with opaque Ti/Pt/Au and Ni/Ge/Au layers, 

respectively. Rectification is exhibited by the pn-junction NWs while Ohmic behaviour is 

exhibited by the heavily n-doped NWs. 

The influence of the planar GaAs layer, deposited alongside the NWs, upon the 

observed photovoltaic effect was also studied. As a lateral pn-junction exists in this 

layer, it is important to distinguish whether this element contributes to the measured 

conversion efficiency. To this end, the group C control samples were prepared with 

total film thickness chosen to mimic the average thickness of the planar GaAs layer in 

group A NW samples, as determined through cross-sectional transmission electron 

microscopy analysis. This film was subsequently contacted with ITO dots, equal to 

the thickness of that situated atop the processed group A NWs (as revealed through 

SEM inspection), such that optical absorption would be comparable between the 

control and test samples. Under the illuminated solar cell testing conditions described 

above, the group C control sample reproducibly exhibited an open circuit voltage of 
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V oc < 25 J.1V and a short circuit current of lsc < 20 nA, from all contact dots tested, 

representing negligible photovoltaic behavior. The lack of a photovoltaic response in 

the control sample is chiefly attributed to a high concentration of grain boundaries in 

the polycrystalline GaAs film, which act as sites for the recombination of any 

photogenerated electron-hole pairs. Thus, the planar GaAs layer makes no 

photovoltaic contribution and the energy conversion efficiency observed in group A 

samples can be attributed to the pn-junction NW s grown atop the CNT composite 

films. Similarly, the potential for photocurrent generation resulting from a Schottky 

contact at the ITO/p-GaAs NW interface can be dismissed. Havard et al. have shown 

that, under high temperature annealing conditions, the formation of Be-0 complexes 

resulting from oxygen diffusion can compromise an Ohmic contact at the associated 

interface.46 In the current study, however, the annealing temperatures are not 

sufficiently high to allow for significant oxygen inter-diffusion. Therefore, Ohmic 

behaviour is anticipated at the ITO/p-GaAs NW interface. 

A final point of added interest is the degree of flexibility and operable range of the 

group A NW solar cells. The conversion efficiency of the fabricated devices was 

measured while being subjected to mechanical bending at various radii of curvature. 

Figure 4.7.A plots measured efficiency as a function ofbend radius between 82.5 mm and 

5 mm, for 4 particular contact dots. As the curvature of the devices increased (from right 

to left in Figure 4. 7), it was noted that conversion efficiencies were stable to a bend radius 

of 30 mm. Increasing curvature, to a bend radius of 12.5 mm, resulted in the degradation 

of efficiency by approximately 25%. Further flexure beyond this point led to the onset of 
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full device failure. Based on SEM analysis of samples intentionally curved past the 

critical radius of failure (Figure 4.7.B), we attribute the breakdown mechanism to fracture 

of the polycrystalline GaAs film and its detachment, along with the NW s, from the 

conductive substrate. Thus, beyond the critical curvature, the photogenerated carriers are 

no longer effectively collected. 
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Figure 4.7. (A) Measured conversion efficiency as a function of device flexure at various 

bend radii (curvature increasing from right to left). A 25% decrease in efficiency is 

observed at a radius of 12.5 mm. Additional bending beyond this point results in device 

failure. (B) SEM image of sample curved beyond the critical radius of failure. The white, 

dotted line indicates the fracture plane where the GaAs NW s are separated from the CNT 

substrate. 

4.3. Conclusions 

In summary, a modified regime for the fabrication of Au nanoparticle-decorated 

SWNT films has been presented that requires no covalent functionalization and ensures 
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the retention of the CNTs' electrical properties. Coaxial pn-junction GaAs NWs were 

grown upon these flexible, conductive substrates and subsequently employed in the 

fabrication of photovoltaic cells. Thus, the light harvesting potential of GaAs NWs on 

flexible CNT films has been demonstrated. The devices demonstrate photovoltaic 

behaviour when curved, up to a bend radius of 12.5 mm. Further curvature leads to failure 

due to mechanical fracture and detachment of the GaAs film deposited simultaneously 

between the NWs. We predict that the vacuum filtration method for SWNT composite 

film fabrication outlined in this work will be applicable to any nano-material having 

dimensions that enable their capture and immobilization upon the surface of SWNT 

membranes. We therefore envision that this scheme can lend itself to the deposition of a 

variety of inorganic nanoparticles and consequently to the incorporation of NWs 

composed of a wide range of semiconducting materials, and containing sophisticated 

heterostructures. This approach may be employed for the production of next generation 

flexible optoelectronic devices. 

4.4. Experimental Section 

4.4.1. General 

Single-walled carbon nanotubes were purchased from Carbon Nanotechnologies, 

Inc. (Houston, TX). SWNTs were produced by the HiPCO process and were used as 

received. All other reagents and solvents were obtained from commercial suppliers and 

used without any prior treatment. Absorbance measurements were made using a Cary 50 
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Bio UV-Visible Spectrophotometer. Filtrations were carried out using VWR filtration 

apparatus with stainless steel support screen and Sartorius PTFE membranes (4.7 em 

diameter, 200 nm pore size). Nanotube samples were dispersed in solvent using a 

Branson 1510 bath sonicator. Nanotube dispersions were centrifuged using a Beckman 

Coulter Allegra X-22 Centrifuge. 

4.4.2. Preparation of SWNT dispersion in SDS solution 

In a typical experiment, pristine SWNTs (10 mg) were added to a 125 mL 

Erlenmeyer flask containing sodium dodecyl-sulfate (SDS) solution (100mL, 1 wt%) 

and dispersed using sonication (20 minutes). Following sonication, the dispersion was 

subjected to centrifugation (2570 g, 20 minutes) after which the supernatant was 

removed and transferred to a 500 mL Erlenmeyer flask. The precipitate obtained 

during centrifugation was redispersed in 1 wt% SDS solution and this procedure was 

repeated until 500 mL of a dilute nanotube dispersion was obtained. This dispersion 

was then subjected to a second round of centrifugation (2570 g, 20 minutes). The 

supernatant was again removed and transferred to a clean Erlenmeyer flask. The 

concentration of SWNTs dispersed in solution using this procedure was determined to 

be approximately 10.5 mg L-1• This value was obtained from UV-spectroscopy 

measurements for which a specific extinction coefficient at 700 nm (0.0235 L mg·1 

cm-1) was employed.47 
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4.4.3 Synthesis of Au Nanoparticles 

Gold nanoparticles were prepared by citrate reduction of HAuCl/7"29 using the 

following procedure: HAuCl4 solution (1 00 mL, 0.5 mM) in deionized water was added to 

a round bottomed flask equipped with a magnetic stir bar and condenser. The solution 

was heated to reflux while stirring rapidly. Upon reflux, a solution containing tri-sodium 

citrate {36.75 mg, 0.125 mmol) in deionized water (3 mL) was added rapidly to the 

solution. The solution was stirred at reflux for 10 minutes. The reaction flask was then 

allowed to cool to room temperature while stirring was continued. The nanoparticle 

solution was subsequently stored in a glass bottle at 4°C. Using scanning electron 

microscopy, the diameter of particles prepared using this procedure was determined to be 

30±5nm. 

4.4.4. SWNT -Au composite film preparation 

SWNT films were prepared by vacuum filtration of SWNT dispersion in SDS 

solution through a PTFE membrane having pore size of 200 nm. 400 mL of nanotube 

dispersion, having concentration of approximately 10.5 mg L-I, was filtered to 

produce each film. Deposition of Au nanoparticles was achieved by filtration of dilute 

nanoparticle solution through these SWNT thin films. For successful deposition of Au 

nanoparticles it is vital that the SWNT film does not become dry at any point during 

the filtration process. If this is allowed to occur, Au nanoparticles become localized in 

regions of high density and uniform coverage of nanoparticles across the film's 

surface is not obtained. The formation of SWNT films and deposition of Au particles 
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must therefore be carried out as part of one continuous process. This was achieved by 

filtering four separate solutions in sequence. These solutions, in order of addition, 

were SWNT dispersion in SDS solution (400 mL), SDS solution containing no 

SWNTs (100 mL), pure distilled water (2 x 250 mL), and dilute Au nanoparticle 

solution (1 00 mL, 2 mM). Each solution was added when approximately 5 ml of the 

previous solution remained in the filtration apparatus, ensuring that the nanotube film 

remained submersed under solution at all times. Washing the nanotube film with 

distilled water, prior to Au nanoparticle deposition, ensures the removal of excess 

surfactant. The purpose of adding SDS solution between SWNT film formation and 

washing with distilled water is to prevent precipitation of SWNTs from the small 

volume of solution remaining in the filtration apparatus. In the final stage of 

composite film formation, the Au nanoparticle solution was allowed to pass 

completely through the filtration membrane. The SWNT -Au composite film was then 

dried, first overnight under air and subsequently in vacuo (24 hours, 50°C), during 

which time the film was kept intact upon the filtration membrane due to the 

mechanical support which this provided. Films were subsequently cut into small 

sections having dimensions of 5 x 10 mm and transferred, Au nanoparticle side up, to 

copper substrates. The samples were then subjected to a rapid thermal anneal (RTA) 

treatment (550°C, 10 minutes) under nitrogen atmosphere. The density of Au 

nanoparticles upon the surface of annealed SWNT -Au composite films, determined 

using SEM, ranged from between 20 and 86 nanoparticles per 1 J.tm2, with an average 

value of 50 nanoparticles per 1 J.1m2• These values were obtained from a total of 100 
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measurements made over 6 randomy selected regions in two sepearate composite film 

samples. 

4.4.5. Growth of GaAs nanowires 

The GS-MBE system used for NW growths was equipped with a solid elemental 

effusion cell, for the supply of Ga monomers, and a hydride (AsH3) gas cracker operating 

at 950°C, for the supply of As2 dimers. Prior to the commencement of the growth 

sequence, a degas procedure (15 minutes, 300°C) was performed, followed by an 

inductively coupled hydrogen plasma treatment (10 minutes, 550°C), under an Asz 

overpressure. This procedure allowed for NW growth conditions that were consistent with 

prior growth experiments. A significant influence on the properties of the CNT film is 

not anticipated following this treatment. At a growth temperature of 550°C, NW growth 

was instigated by opening the shutter of the Ga cell. All growths were kept at a constant 

V /III flux ratio of 1.5 and nominal GaAs growth rate of 1 J..lmhr-1• Upon the completion of 

growth, prompted by the termination of Ga flux, the samples were cooled under an As2 

overpressure. 

For the purposes of investigations presented in this work, two NW groups were 

grown on CNT composite sheets, henceforth referred to as groups A and B. Group A 

NWs were designed to contain a pn-junction within a coaxial architecture, based upon 

diffusion-limited nucleation on the lateral NW facets, wherein an n-GaAs core segment 

was doped with Te, while a p-GaAs shell was doped with Be. Each segment of the group 

A NWs was grown for a duration of 15 minutes, resulting in a total growth period of 30 
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minutes. Group B NWs, in contrast, were entirely n-type doped with Te, also over a 

growth period of30 minutes, yielding n-GaAs NWs. Nominal dopant concentrations were 

maintained at 4 x 1018 cm"3 and 5 x 1018 cm"3, for Te and Be levels, respectively, based 

upon previous calibrations ofepitaxial films on GaAs (1 00) substrates. The group A NWs 

were primarily used to assess the photovoltaic potential of such NW-CNT hybrid 

materials, while the group B NW s were employed in investigations into the nature of the 

photovoltaic response and the conduction pathways between the NWs and their 

underlying CNT substrates. 

Additionally, a third growth was carried out, referred to as group C, wherein a 

planar pn-junction was incorporated into a thin film deposited upon a CNT composite 

film containing no Au-nanoparticles. This control sample was grown with the 

intention of mimicking the structure of the planar GaAs film deposited during the 

growth of, and situated adjacent to, the nanowires of the group A and B samples. The 

group C samples were prepared consisting of a 150 nm thick Be-doped GaAs layer 

overlaying a 150 nm thick Te-doped GaAs layer. Identical CNT film processing 

(surface decoration of Au-nanoparticles, notwithstanding) and GS-MBE growth 

parameters including temperature, nominal growth rate, IIVV flux ratio, and nominal 

doping concentration where employed in the case of the thin film deposition and NW 

growths. Thus, the GaAs film of sample C was designed to duplicate the properties of 

the planar film concurrently deposited during NW growth. 
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4.4.6. Solar cell fabrication and contacting procedure 

To prevent potential short circuit pathways between top contacts and the bottom 

CNT electrode, a previously reported processing method was employed.13• 19 Starting with 

as-grown samples, SiOx layers, approximately 1300 A in thickness, were deposited 

through plasma-enhanced chemical vapor deposition (PE-CVD), to conformally coat the 

NW s (and the exposed surface of the GaAs films growing between the NW s) atop the 

CNT substrate. Subsequent spin-coating of S-1808 photoresist was carried out to 

encapsulate the oxidized NWs and GaAs film. Next, a 0 2-plasma reactive ion etching 

(RIB) treatment (60 seconds) allowed for the removal of a thin photoresist film, thereby 

exposing the tips of the oxidized NWs. The oxidized tips were then chemically etched in 

a buffered-hydrofluoric acid solution and the remaining photoresist layer was removed in 

an acetone bath lift-off procedure. At this stage, the NW bases and adjacently situated 

GaAs film remained encapsulated by the previously deposited SiOx layer, while NW tips 

were exposed as the sole semiconductor surface upon which electrical contacts could be 

deposited. 

Two different conductive materials were employed as top contact layers in the 

present study. For experiments aimed towards investigations into photovoltaic behaviour, 

a 1000 A thick transparent conductive film of indium tin oxide (ITO) was deposited via 

sputter coating. For direct comparison of the conductive behaviour of group A and B 

NWs, where optimal Ohmic contacts are required, opaque contacts were deposited on the 

processed samples. In this case, the commonly used Ti/Pt/ Au and Ni/Ge/ Au layers were 

deposited on group A and B samples, respectively, via electron-beam evaporation. In all 
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cases, the depositions were made through shadow masks allowing for contact dots 

roughly 800 Jlm in diameter. Inspection of plan view scanning electron microscopy 

(SEM) images (not shown) indicated that each contact dot yielded the ensemble 

contribution of approximately 1.5 x 106 individual NWs. After the deposition of 

ITO or opaque contacts, the samples were subjected to a rapid thermal annealing {RTA) 

treatment (30 seconds, 400°C) for Ohmic contact formation. 

SEM imaging was performed during pre-growth inspection of Au-decorated CNT 

films, during analysis of orientation and morphology of as-grown NWs, and during each 

stage of the device fabrication procedure. The SEM imaging was performed using a JEOL 

JSM-7000F SEM, equipped with a Schottky-type field emission gun filament. In addition, 

inspection of the CNT films were performed by focused ion beam {Fffi) cross-sectioning 

using a Zeiss NVision SII Cross-Beam instrument. 

4.4.7. Current-voltage characterization under dark and illuminated conditions 

The current-voltage characteristics of the various samples were evaluated using a 

Keithley 2400 source meter. A Newport 96000 solar simulator with an A.M. 1.5 G filter 

yielding an incident power of roughly 2.6 Suns was used as the illumination source in 

measuring photovoltaic response. Conversion efficiencies and fill factors were calculated 

according to standard techniques.48 
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Chapter 5: Growth ofiii-V Semiconductor NWs upon ffighly Ordered Pyrolytic 

Graphite 

Gregor Lawson, ParsiaJ;l K. Mohseni, Alex Adronov and Ray R. LaPierre, 

Work detailed in this chapter was carried out in collaboration with Parsian K. Mohseni 

and Dr. Ray LaPierre (Department of Engineering Physics and Centre for Emerging 

Device Technology, McMaster University, Hamilton, Ontario). Both Gregor Lawson and 

Parsian K. Mohseni contributed equally to the experimental planning of this work. 

Synthesis of Au nanoparticles, preparation of modified HOPG substrates and scanning 

electron microscopy analysis was conducted by Gregor Lawson. NW growth and 

characterization, including scanning electron microscopy, was conducted by Parsian K. 

Mohseni. 
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Abstract 

Studies were conducted to determine whether epitaxial growth of GaAs nanowires 

(NWs) upon a highly ordered carbon substrate was possible. In this work, Highly Ordered 

Pyrolytic Graphite (HOPG), both unmodified and decorated with Au nanoparticles (NPs), 

was employed as a growth substrate. Under the conditions investigated, epitaxially 

initiated NWs, aligned normal to the substrate, were obtained in very low density. 

Analysis by electron microscopy and energy dispersive x-ray spectroscopy indicated that 

growth of orthogonally oriented NWs was Ga assisted. This observation was confirmed 

by growth of GaAs NW s in the absence of Au NPs. Attempts to improve nanowire 

density, using surface treatment techniques and modification of growth conditions proved 

unsuccessful. Based on the results of these studies, a mechanism for Ga assisted NW 

growth is outlined and additional experiments, that could help to confirm and refine this 

mechanism, are proposed. 
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5.1. Introduction 

In the preceding chapters, procedures were developed for the preparation of single 

walled carbon nanotube (SWNT) composite films decorated by Au nanoparticles (NPs). 

These films were shown to be suitable substrates for the assembly of III-V semiconductor 

NWs using gas source molecular beam epitaxy (GS-MBE). As discussed, GaAs NWs 

obtained following these procedures were oriented at a variety of angles relative to the 

growth substrate, due to the disordered nature of the SWNT film, which resembled a 

network of randomly oriented nanotube bundles. Although it was speculated that the 

initial nucleation of GaAs could have occurred upon the sidewall of an individual CNT, 

the interfacial region at the base of several NWs, examined using TEM, was shown to 

extend over multiple SWNTs. It was therefore not possible to determine whether the 

initial nucleation had occurred via an epitaxial process. 

The random orientation of NWs is problematic if the full potential of these 

materials as active components within functional electronic devices is to be developed. In 

work described in the previous chapter, the decreased efficiency of a solar cell device 

incorporating our SWNT-NW composite material relative to a similar device 

incorporating vertically aligned NWs, was explained, in part, by the observation that a 

percentage of wires, oriented at acute angles to the substrate, could not be effectively 

contacted. Consequently, these wires did not contribute to the overall photovoltaic 

response of the device. Additionally, non-orthogonal growth results in an increased 

number of defects, resulting from the merging of wires growing in close proximity to one 
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another. Such defects may also have a detrimental effect upon the efficiency of devices 

and are therefore undesirable. 

One manner by which orthogonally oriented NWs can be obtained is if growth 

occurs by an epitaxial process whereby a crystalline material acts as a template for the 

initial nucleation of adatoms. This can be promoted through the use of a highly ordered 

substrate which exhibits order extending over suitably sized area. In the case of carbon 

based substrates, the planar hexagonal array of carbon atoms found in graphite would 

provide the highest possible degree of order. Highly Ordered Pyrolytic Graphite (HOPG) 

is a high-purity grade of graphite which is widely used as a substrate for scanning 

tunneling microscopy. Given the lamellar nature ofgraphite, layers may be easily cleaved 

from an HOPG wafer to produce a relatively smooth substrate that will ideally contain 

very few defects or adsorbed contaminants. HOPG is also conductive, chemically inert 

and exhibits good stability at elevated temperatures. These properties make HOPG a 

potential candidate for investigation as a substrate for III-V semiconductor NW growth. 

If aligned arrays of nanowires can be obtained upon HOPG it is possible that the 

approach could also be extended to graphene thin films. Significant interest has arisen in 

recent years regarding the potential of graphene in the development of novel conductive 

composite materials for use in electronic device applications.1-6 Using aqueous 

suspensions of graphene oxide, films can be prepared by a variety of low cost room 

temperature techniques.7-10 Subsequent reduction of graphene oxide by chemical or 

thermal means results in the formation of graphene thin films which exhibit a number of 

impressive properties similar to those of CNT thin films including low resistivity, high 
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thermal stability and excellent flexibility.5 Recently, a number of groups have reported 

improved methods for the production of highly pure graphene films by solution based 

methods. The investigation of high-purity graphene-based films as substrates for the 

growth oforthogonally aligned semiconductor NWs could therefore potentially enable the 

development of a new generation of flexible low-cost optoelectronic devices. 

HOPG has previously been employed as a substrate for the deposition of a variety 

of materials. It has, for example, been used in the preparation of nanowires by step-edge 

decoration,11"13 a technique by which a metallic or crystalline material is selectively 

deposited at the atomic step edges of a substrate to produce arrays of nanowires aligned 

parallel to the surface. Several groups have also reported the growth of vertically oriented 

NWs upon HOPG including those composed of Zn0/4 In20 3/ 5 InN/6 and SiC,17 as well 

as CosGe718 nanobelts. In the case of Zn014 and Co5Ge718 nanocrystals, an epitaxial 

relationship was shown to exist with the HOPG substrate, allowing the preparation of 

highly aligned nanocrystal arrays. In both examples, the authors attribute vertical growth, 

in part, to good epitaxial lattice match between HOPG and the material under 

investigation. 

GaAs NWs grown in our previous work were shown to display a wurtzite crystal 

structure. The lattice parameter of wurtzite GaAs in the <1000> direction (3.912 A)19 is 

related the lattice constant ofgraphite (a= b = 2.46 A) by a factor of 1.59 and has a lattice 

mismatch of+ 8.92%. The corresponding lattice parameter in the <1120> direction (3.388 

A) is related to the carbon-carbon bond length (1.42 A) by a factor of 2.38, resulting in a 

lattice mismatch of+ 8.97%. For epitaxially grown films having thicknesses below a 
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specific critical value, lattice mismatch values ofup to 9% can be accommodated.13 In the 

case of NW s, lateral constraints which are experienced by thin films are reduced 

considerably at narrow diameters, allowing NWs to relieve strain induced by lattice 

mismatch via lateral relaxation. 20• 21 This enables the epitaxial growth of NW s upon 

lattice mismatched substrates, provided that their diameter lies below a certain critical 

value. Previously, the heteroepitaxial growth of m-V NWs by MBE upon substrates with 

lattice mismatch values exceeding 11% has been reported?2• 23 It is therefore feasible that 

epitaxial growth of GaAs NWs upon HOPG could potentially be achieved under the 

correct growth conditions. 

At the time of writing, no examples could be found in literature describing the 

growth ofGaAs NWs upon a graphitic substrate. Chu et al. previously reported the use of 

graphite as a substrate for deposition of GaAs thin films by chemical vapor deposition.24• 

25 In this work, graphite was selected as a substrate of interest, as it was chemically inert 

under the conditions used for film deposition and exhibited a thermal expansion 

coefficient similar to GaAs. Films prepared in this work were composed of crystallites 10 

to 15 J.tm in diameter which displayed no preferred orientation. Authors cite the 

reversibility of the chemical reaction resulting in GaAs nucleation for the lack of 

observed order. 

Here, we report the results of a model study designed to determine whether 

epitaxial growth of GaAs NWs upon an ordered carbon substrate is indeed possible. 

HOPG, both unmodified and decorated with Au NPs, was used as the substrate for 

nanowire growth under a range of different conditions. Although vertically aligned NW s 
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were obtained, their density was very low. Data obtained using transmission electron 

microscopy (TEM) and energy dispersive X-ray spectroscopy (EDXS), indicate that NW 

growth was self-assisted, and these observations were confirmed by NW growths 

conducted with the absence of Au NPs. Subsequent attempts to promote nanowire 

formation using surface treatment techniques proved unsuccessful, indicating that 

epitaxial growth was not favored under the conditions investigated. Some discussion is 

provided as to the mechanism of GaAs NW growth upon HOPG, which may in part 

explain the low density of NW s which was obtained. Additionally, suggestions are made 

for future experiments that could be conducted to investigate the growth of 111-V NWs 

upon HOPG and other carbon based substrates. 

5.2. Results and Discussion 

5.2.1. Preparation of Au NP modified HOPG substrates 

HOPG samples used in this work were purchased from SPI supplies. Au NP 

decorated substrates were prepared by drop casting from a dilute solution (0.05 mM) of 

colloidal Au NPs in either water or ethanol. Prior to NP deposition, HOPG substrates 

were cleaved using the adhesive tape method, to produce a clean, uncontaminated 

surface. Following drop casting, samples were allowed to dry under air at room 

temperature for approximately 30 minutes or until no droplets were visible. The samples 

were then transferred to an oven and dried in vacuo overnight at 50°C. 

Nanoparticle density upon modified substrates was evaluated using scanning 

electron microscopy (SEM). For samples prepared by drop casting from water, the outline 
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of evaporated Au NP solution droplets, several hundreds of microns in diameter, were 

observed at low magnification. The density of Au NPs within these areas was not 

homogeneous and varied with their distance from the centre of each droplet. These areas 

did however contain regions in which a high density of NPs was observed. Figure 5.1.A 

shows a planar SEM image of one such region. Here it can be seen that discrete NPs are 

present upon the substrate, along with clusters of various sizes, which are composed of 

multiple NPs. The effect of pre-growth annealing conditions upon NP density and 

diameter was subsequently evaluated. In this study, Au modified substrates were 

subjected to conditions identical to those used prior to nanowire growth. Within the MBE 

system, a degas procedure under ultrahigh vacuum (15 minutes, 300°C) was first 

performed followed by treatment with an inductively coupled hydrogen plasma under As2 

overpressure (10 minutes, 550°C), the purpose of which was to remove possible surface 

contamination. The system was then cooled under As2 overpressure. A planar SEM 

image of a Au modified HOPG substrate which has undergone this annealing procedure is 

shown in Figure 5.l.B. From this image it can be seen that some aggregation ofNPs does 

occur under the annealing conditions described. It was however difficult to quantify the 

effect of this treatment on NP density, given the variability that existed in the sample 

prior to annealing. Regions could however be located exhibiting optimum density for 

NW growth within which the diameter of particles was measured to range between 

around 20 and 100 nm. In regions of higher density, large Au NP clusters with diameters 

of over 100 nm were also observed. If the purpose of this work were to prepare a highly 

ordered array ofNWs, the polydispersity ofAu NP diameters and inhomogeneous density 
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would be problematic. However, as this was an initial study and the objective was to 

obtain a proof-of-concept result, confirming epitaxial growth of NW s upon an ordered 

carbon substrate, these samples were deemed suitable for use in subsequent experiments. 

Figure 5.1. Planar SEM images of Au NP modified HOPG substrates, prepared by drop 

casting from dilute solution in water, before (A) and after (B) high temperature anneal 

within the GS-MBE system. 

5.2.2. Nanowire Growth 

NW growths were conducted using the same GS-MBE system described in 

previous chapters. Over the course of this study, a total of 5 different NW growths were 

conducted. The conditions employed for each growth, in addition to the substrates 

investigated are outlined in Table 5.1. 
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5.2.2.1. Initial study 

The conditions of Growth A were selected to mirror those of previous studies, in 

which p-n junction nanowires exhibiting a co-axial architecture were grown upon SWNT­

Au NP composite films.26 Figure 5.2 shows SEM images of a Au NP modified HOPG 

substrate, obtained at a tilt angle of 45°, following NW growth under these conditions. 

From the low magnification image (Figure 5.2.A) it can be seen that the majority of the 

surface was covered by islands of polycrystalline GaAs. Smooth features resembling 

droplets were also observed upon the sides of these islands and isolated upon the HOPG 

substrate. These features were determined using Energy Dispersive X-Ray Spectroscopy 

(EDXS) to be composed primarily of Ga (Appendix I, Figure 5.1.1). At higher 

magnification, GaAs NWs were also observed. While these wires were present in very 

low density and were surrounded by islands of GaAs, it can be seen from the images in 

Figure 5.2.C that these wires are aligned normal to the substrate and display a columnar 

structure typical of NWs grown via the standard bottom-up NW growth mechanisms. 

Additionally, it can be seen that these wires are growing directly from the surface of the 

HOPG substrate and not from islands of crystalline GaAs. 
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Figure 5.2. Tilted SEM images of Au modified HOPG substrate following NW growth 

A. hnage (C) shows a typical example of a GaAs NW which was observed in low density 

upon the substrate. 

Using focused ion beam (Fill) milling, an electron transparent lamella was 

prepared from this sample in which two NWs were embedded. The lamella was 

subsequently imaged using transmission electron microscopy (TEM), allowing 

investigation of the NW structures and the nature of the interface between the NW and 
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the substrate. In Figure 5.3.A, a TEM image of one of these wires is shown. Material 

surrounding the nanowire in this image is carbon which was deposited during lamella 

preparation, to provide mechanical support preventing the NW from becoming detached 

during transfer of the lamella to the TEM grid. This image clearly shows that NW growth 

did indeed occur normal to the substrate. Examination of the base region of the wire 

(Figure 5.3.B) reveals a clean abrupt interface with the underlying HOPG. Selected area 

diffraction (SAD) patterns obtained from the base region indicated a zinc blende crystal 

structure with a [111] basal plane (Appendix I, Figure 5.1.2.). Analysis over the length of 

the wire revealed a high incidence of stacking faults and a predominantly 4-H polytype 

structured tip, resembling a wurtzite structure in SAD patterns. 

A TEM image of the tip region of the same NW is shown in Figure 5.3.C, in 

which no Au nanoparticle can be observed. The catalyst free nanowire growth has 

previously been reported for a number of species including GaAs/7"29 InAs/0 and 

In20 3•31 Substrates employed for Ga assisted nanowire growth typically contain a thin 

silicon oxide surface layer. Recently, Morral and coworkers proposed a mechanism for 

Ga assisted NW growth upon oxide modified substrates.28 At high temperatures the 

sticking coefficient of Ga monomers upon the surface oxide is very low. Ga adatoms may 

therefore diffuse across the substrate until they reach a pore or defect which provides a 

suitable site for adatom nucleation. 28 At this point, following the model proposed by 

Morral and coworkers, reaction of Ga with the surface oxide, results in the expansion of 

the initial defect to produce a larger crater. Eutectic droplets that are formed by this 

reaction subsequently act as selective adsorption sites for As species, which alloy with Ga 
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at the liquid solid interface to form GaAs. Nanowire growth subsequently occurs, with the 

Ga droplet at the nanowire tip being replenished by adatoms diffusing along the surface 

oxide and up the nanowire sidewalls. Epitaxial growth occurs when the deposited oxide is 

thin enough (< 30 nm) to allow adatom diffusion through porous regions to the ordered 

crystalline substrate below.28 

Figure 5.3. (A) TEM image oflamella containing GaAs NW, obtained using FIB milling, 

(B) High magnification image showing the interface between the base of the wire and 

HOPG substrate at the region indicated (C) TEM image of the nanowire tip showing the 

absence of a Au NP. 
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Figure 5.4 shows a high angle annular dark field (HAADF) image of the same 

nanowire described in the previous sections, with EDXS linescans superimposed along 

the length of the wire. From this image, it can be seen that Ga and As content was 

approximately equal at the base region and along the wires middle section. Approaching 

the tip region, As content was observed to decrease while Ga content increased notably. 

The high concentration of Ga at the tip region, relative to the rest of the wire, is in 

agreement with a Ga assisted nanowire growth mechanism. Under the conditions 

employed, samples were cooled under an As overpressure following the termination of 

NW growth. During this period, residual Ga will be consumed to form GaAs. 

Consequently, no Ga seed particle can be observed at the wires tip, although some excess 

Ga does remain. The absence of a Au particle, confirmed using EDXS, rules out the 

possibility of Au seed assisted growth. Despite thorough examination of samples from 

Growth A using SEM, no Au particle tipped NWs were observed. 
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Figure 5.4. HAADF TEM image of lamella containing GaAs NW, obtained using Fill 

milling, and superimposed EDXS linescans showing the distribution of Ga (green), As 

(turquoise), C (red), and Au (blue). 

5.2.2.2. Discussion 

5.2.2.2.1. Mechanism of Ga assisted NW growth 

An important topic of discussion is the mechanism or process by which GaAs NW 

growth proceeds upon HOPG. The presence of a Ga rich tip region, observed using 

EDXS, indicates that NW growth was likely Ga assisted, and did not proceed by self­

organized vapour-solid growth? 2• 33 However, unlike SiOx surfaces, employed in 

previously reported examples of Ga assisted growth, 27-29 the surface of HOPG is assumed 
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to be atomically smooth and, excluding the presence of step edges, defect free. It should 

therefore offer no preferential sites, such as craters or pores, for Ga droplet formation. 

Furthermore, Ga is known to be chemically inert with respect to graphite, and does not 

wet the surface of HOPG.34 For NW growth by the VLS mechanism, nucleation at the 

interface between the substrate and alloy droplet is disfavoured when a large wetting 

angle exists.35 It is therefore unlikely that NW growth will proceed directly from a Ga 

droplet located upon the surface of an HOPG substrate. 

The mechanism of NW formation is most likely similar to that reported by 

Vaddiraju et al. for the catalyst free growth of InN NWs by reactive vapor transport upon 

a range of substrates including HOPG.16 In this example, the low sticking coefficient and 

consequent high diffusion path length of In adatoms upon the substrate is again important 

in the initial stages of NW growth. This allows the diffusion of In adatoms towards pre­

existing InN crystals, which are formed upon the surface by a vapor-solid growth process. 

Indium droplets are preferentially formed upon these crystalline regions, promoted by the 

improved wetability of In upon InN, in comparison to the material from which the 

substrate is composed. The In droplets formed subsequently function as selective 

adsorption sites for NW growth. The formation of Ga droplets upon GaAs has been 

investigated, using a variety of methods including MBE. 36"39 In these studies, liquid Ga 

has been shown to display a low contact angle with GaAs. It is therefore probable that Ga 

droplets would be located preferentially upon GaAs islands over HOPG during the initial 

stages ofNW growth. 
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A schematic representing the potential growth process is shown in Figure 5.5 

alongside an SEM image of Growth B Sample 3, obtained at a tilt angle of 45°. This 

image was taken at a region which was partially masked by the sample holder during NW 

growth. Flux ofgrowth species within this region was lower compared to the centre of the 

sample, and as a result the density of GaAs was significantly reduced. Features observed 

within these regions potentially resemble those occurring during the early stages of 

nanowire growth. It should however be noted that due to rotation of the sample holder 

during growth, flux of growth species within these masked regions was pulsed and 

alternated between Ga monomers and As2 dimers. The V /Ill ratio therefore varied with 

respect to time and so the assumption that features observed are directly representative of 

those occurring at the centre of the sample in the early stages of growth may not be 

entirely accurate. The features shown in Figure 5.5.D do however appear to be in 

agreement with the proposed model. In this image, multiple small islands of GaAs can be 

observed in addition to which needle like structures aligned parallel to the surface can 

also be seen. Vertically aligned NWs were found within these regions, but as with the 

centre of the sample, were only present in very low density. Similar features were 

observed within holder masked regions of all other growths described within this chapter. 
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Figure 5.5. Schematic representing the proposed mechanism for Ga assisted growth; (A) 

In early stages of growth GaAs islands formed upon HOPG by vapor solid process. (B) 

Ga adatoms diffused across surface, coalescing upon the top and sides of GaAs islands to 

form droplets. (C) Ga droplets subsequently acted as selective adsorption sites for growth 

species resulting in NWs aligned both parallel and perpendicular to the substrate while 

vapor-solid growth of GaAs islands continues. (D) 45° tilted SEM of Growth B, sample 3 

in a region partially masked by the sample holder during NW growth. 

If the proposed mechanism is indeed correct, it may be asked why vertically 

aligned NWs are only obtained in low density? There are several possible explanations 
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for this result. First, for aligned NW growth to occur, Ga droplets must form upon GaAs 

islands that exhibit a suitable crystal orientation extending over an appropriately sized 

area. This would require epitaxial crystal growth to occur upon HOPG via a vapor-solid 

mechanism. If this process is disfavoured under the selected growth conditions, the 

number of sites available for NW growth will be low and the resulting NW density will 

be negligible. Previous studies have shown that Ga adatom diffusion path length, sticking 

coefficients, and droplet formation upon III-V surfaces varies with both the crystal 

39structure and surface reconstruction of the substrate. 33• 37- If an epitaxial relationship 

does not occur in the initial stages of growth, GaAs islands will exhibit a variety of 

different crystal structures and orientations. Droplet formation will not be favoured 

equally upon each island, and may only occur in a small fraction of cases. Again, this 

may partially explain the low density ofNWs that was obtained 

Second, for self-assisted growth to proceed, Ga within the droplet must be 

constantly replenished by adsorption of monomers from the vapor phase and by adatoms 

diffusing along the surface and up the side of NWs.27 If the rate of Ga replenishment is 

lower than that of GaAs crystallization, the Ga droplet will be consumed and NW growth 

will cease. Formation ofNWs would therefore be dependant upon the rate of diffusion of 

Ga adatoms. Careful control of Villl ratio and temperature would be required if optimum 

conditions for NW growth were to be determined. 

Another possible explanation for why vertically aligned NW s are obtained in low 

density is that growth parallel to the surface is favored over vertical growth. A number of 

groups have previously reported procedures for the lateral growth of nanowires.4044 In 
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several of these examples strain at the interface between the nanowire and the underlying 

substrate has been identified as potentially influencing the direction ofnanowire growth.41 

Additionally, it was noted that wires growing from seed particles exhibiting small 

diameters are more likely to grow parallel to the surface than those originating from 

larger diameter particles. 

Needle-like structures, observed in holder masked regions of HOPG samples 

(Figure 5.5.D), resemble those previously reported by Li and coworkers for Au assisted 

GaAs NW growth upon GaAs [Ill] substrates.40 In this work, a mechanism for parallel 

growth was proposed in which Au-promoted VLS growth initially proceeded in the (Ill) 

direction, at a 35° angle to the substrate, but was quickly confined parallel to the surface 

due to growth upon the wires angled sidewall. In the case of Ga assisted growth upon 

HOPG, it is possible that Ga droplets, formed upon the angled facet of a GaAs island, 

become similarly confined. Subsequent VLS growth from the Ga droplet produces NWs 

oriented parallel to the substrate. Simultaneous vapour-solid growth upon the wires 

sidewall results in the triangular shaped structures which are observed. In the case of 

GaAs growth upon HOPG, wires growing parallel to the surface will eventually merge 

with other nanowires and islands, resulting in the formation of a polycrystalline GaAs 

film, covering the substrate. 

Although experimental observations (Figure 5.5.D) appear to be in agreement 

with the proposed mechanism, there are several major points which require further 

investigation were the mechanism to be confirmed. In each of the growths described a 

V /III ratio of 1.5 was employed. Under As rich conditions Ga droplets would not be 
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expected to form as they should immediately crystallize to form GaAs. Ga droplet 

formation under an As overpressure has previously been reported, in the Ga assisted 

growth of GaAs upon cleaved Si substrates.45 Here, the authors speculate that droplet 

formation was promoted by surface roughness and the increased sticking coefficient of 

Ga adatoms upon Si in comparison to As terminated GaAs surfaces. Despite this previous 

example, the issue of Ga droplet formation upon HOPG under As rich conditions 

represents a significant problem with regard to the proposed mechanism, and as such 

requires further investigation. Additionally, if the majority of crystalline islands present 

in the early stages of growth do not display a preferred orientation, as was suggested, it 

may be asked why no NW s are observed that grow non-orthogonally relative to the 

substrate as a result of droplet formation upon the angled sidewall facets of these islands? 

In order to investigate the growth mechanism more fully a series of experiments would be 

required in which NW growth was terminated after various periods of time. By cooling 

samples under vacuum, as opposed to under an As overpressure, the presence and 

location of Ga droplets during the early stages of growth could potentially be confirmed, 

allowing the validity of the proposed mechanism to be evaluated. 

5.2.2.2.2. Failure of Au assisted NW growth 

Another point for discussion is the absence of Au NPs at the tips of GaAs 

nanowires. This result clearly indicates that metal particle assisted growth was not 

favoured in the direction normal to the substrate. One possible explanation for the 

absence of Au NPs is that growth proceeded in a direction parallel to the substrate, as 
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discussed in the previous section with regards to Ga assisted NW growth. Here, the 

direction of growth will be determined by either lattice strain, induced by the underlying 

substrate, or by the drive to minimize interfacial surface energy. As NW growth proceeds, 

alloy droplets will progress across the surface, incorporating other alloy and Ga droplets 

in their path. A combination of solid vapour growth upon NW sidewalls and convergence 

of NWs with other GaAs structures will eventually result in the formation of large 

polycrystalline islands, such as those observed in Growth A (Figure 5.2). A mechanism, 

similar to that described, was proposed in a paper by Meyyapan and coworkers for the 

formation of a thin planar film during the growth of fu20 3 NW s upon sapphire 

substrates46• If NW growth does indeed proceed in a direction parallel to the substrate 

there are two possible explanations as to why no Au NPs were located during analysis of 

samples by SEM and EDXS; (i) the NPs were present upon the substrate but became 

embedded beneath islands of GaAs and (ii) the metal became alloyed with Ga and was 

present in the large droplet like features which were observed by SEM (Figure 5.2), but 

only at concentrations below the detection limit of EDXS (0.1 %), which was employed 

for elemental analysis of these samples. Further information regarding the fate of Au NPs 

following NW growth could potentially be obtained by investigation of the interface 

between polycrystalline GaAs and HOPG using Fffi and TEM or by repeating the same 

experiments while reducing the total growth time, in the hopes that intermediate 

structures, such as planar nanowires, can be observed. 

Other factors that may disfavour Au assisted growth ofNWs include those related 

to the size of Au NPs present and the nature of their interaction with the HOPG substrate. 
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Au is unreactive with respect to graphite and consequently exhibits a high contact angle 

47 upon graphite substrates (146° at 1373 K).48 As mentioned previously, metal particle 

assisted growth is favoured when a strong interaction exists between the particle seed and 

the substrate. Given the low adhesion energy of both Ga and Au for graphite, alloys 

formed by adsorption of Ga into Au particles will likely not wet the surface of HOPG. 

This will disfavour NW growth by the VLS mechanism/5 allowing competition from 

vapour-solid growth upon the substrate. Aggregation of Au NPs during high temperature 

annealing, results in an increase in the average particle diameter. The size of metal 

particles used in NW growth is known to affect a number of factors, including the 

diameter of the resulting nanowires as well as the rate of growth. For NWs grown upon 

lattice mismatched substrates, it is known that epitaxial growth of NW s will not occur if 

wires exhibit a diameter above a certain critical value.21 As mentioned previously, the 

lattice strain between wurtzite-GaAs and HOPG was determined to be approximately 8%. 

This value is comparable to that of InP on Si(lll) (f = 8.1 %), the critical thickness of 

which has been determined experimentally to be between 36 nm23 and 39 nm.22 These 

values were obtained from studies conducted by two separate groups using metal organic 

chemical vapour deposition (MOCVD) and MBE respectively. Cirlin and coworkers, cite 

the similarity of the critical thickness values obtain by these two different growth 

techniques as evidence of the importance of surface energy over kinetics in NW 

formation.22 For GaAs NW growth upon HOPG, the critical diameter of NWs may be 

expected to lie within a similar range. Au particles exhibiting a diameter greater than this 

value would not be expected to yield epitaxial NWs. 
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5.2.2.3. Investigation of Ga assisted NW growth upon HOPG 

A second growth was conducted (Table 1, Growth B), the objective of which was 

to increase NW density by promoting Ga assisted growth upon HOPG. To do this, the 

surfaces of two HOPG substrates were modified, one by deposition of a 5 nm thick SiOx 

layer and another using reactive ion etching treatment (1 minute, inductively coupled 

oxygen plasma) to purposely introduce defects to the substrate. In both cases it was hoped 

that these treatments would increase the number of sites for Ga adatom nucleation and 

promote the formation of Ga droplets. Three other samples were also investigated; one 

pristine HOPG substrate, one Au NP modified substrate and a HOPG substrate that had 

been wet with ethanol and dried under air. The purpose of the last sample was to 

investigate whether the drop casting procedure used to deposit NPs contaminated the 

surface, resulting in reduced epitaxial nanowire growth relative to the pristine untreated 

HOPG substrate. Modifications were also made to the growth conditions. In both 

examples, the NWs grown were undoped as opposed to p-n junction type wires. The 

growth time was also reduced from 30 minutes to 15 minutes, to allow investigation of 

the behaviour of Au nanoparticles in the early stages ofNW growth. 

SEM images of samples from growth B, obtained at a tilt angle of 45°, are shown 

in Figure 5.6. In all cases the density ofNWs was very low. GaAs NWs were observed in 

highest density upon the Au modified substrate, in which NPs were drop cast from a 

solution in ethanol (Figure 5.6.B). Analysis of this sample using SEM, revealed the 

presence of two types of nanowire, indicating that wire had proceeded by two separate 

mechanisms. The first type of NW resembled those obtained in the previous growth. 
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These wires displayed a columnar structure, were oriented normal to the substrate and did 

not have a Au particle at their tip, suggesting that NW growth was Ga assisted. In 

contrast, the second type of wire, displayed a tapered morphology with tips bearing Au 

NPs, confirming growth had proceeded by a Au seed assisted process. Here, it is likely 

that the improved wetting ability of ethanol upon HOPG, in comparison to water, 

decreases the extent ofNP aggregation upon solvent evaporation. This in turn, results in a 

more homogeneous distribution of discrete NPs upon the HOPG substrate, ensuring that 

NPs remain within the diameter range required for NW growth. Although, Au particle 

assisted growth was obtained it was noted that the majority of tapered wires were oriented 

randomly with respect to the HOPG substrate, indicating that an epitaxial relationship did 

not exist with the underlying substrate. In contrast, wires grown upon the pristine HOPG 

sample which had not undergone any surface treatment were almost all oriented normal to 

the substrate (Figure 5.6.A). SEM analysis ofthe sample containing a SiOxlayer and that 

which had undergone RIE treatment (Figure 5.6, A and D respectively), revealed that they 

contained almost no nanowires. In each sample, the substrate was covered with a 

polycrystalline layer of GaAs. It is possible that in both cases the amorphous oxide layer 

and damaged carbon layer are thick enough to completely cover the underlying ordered 

substrate thereby preventing epitaxial NW growth, while simultaneously providing sites, 

such as craters and pores, for GaAs nucleation from the vapour phase. 
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Figure 5.6. Tilted SEM images of samples following NW growth B; (A) pristine HOPG 

substrate, (B) Au NP modified HOPG, (C) HOPG with SiOx surface layer (D) RIE treated 

HOPG 

To summarize the results of growth B, orthogonally oriented wires were obtained 

upon both pristine HOPG substrates and also upon those modified by deposition of Au 

NPs by drop casting from ethanol solution. In both examples, SEM analysis indicated that 

orthogonally oriented wires primarily grew via a Ga assisted process. Au NP tipped wires 

were obtained following growth upon the Au modified HOPG surfaces, however in the 

majority of cases these were not oriented normal to the substrate. Results of growths 
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conducted upon HOPG substrates modified by SiOx deposition and reactive ion etching 

appear to indicate that any treatment which introduces defects to the HOPG substrate is 

likely detrimental to the epitaxial growth of GaA.s NWs. This observation is in agreement 

with the mechanism for orthogonal NW growth discussed in the previous section, a 

requirement of which was the epitaxial growth of GaA.s crystallite islands by a vapor 

solid mechanism prior to Ga droplet formation. Increasing disorder upon the substrate, by 

reactive ion etching or SiOx deposition will disfavour epitaxial growth and consequently 

decrease the likelihood of a Ga island forming which is a suitable site for Ga droplet 

formation and in-turn for orthogonal NW growth. 

Two subsequent growths (C and D) were conducted, using conditions outlined in 

Table 1. In growth C, a layer of Ga, approximately 1 nm thick was deposited upon a 

pristine HOPG substrate at 550°C, prior to introduction of As2• Again, the objective of 

this growth was to promote the formation of Ga droplets and consequently the formation 

ofNWs. A similar approach has been reported recently by Martelli and coworkers for the 

Ga assisted GaA.s NW growth upon cleaved Si{l 00) substrates. 45 Conditions of growth D 

were comparable to those of growth A, except a higher growth temperature (600°C) was 

employed. It was speculated that an increase in substrate temperature would increase Ga 

adatom diffusion length on the surface and consequently increase the probability of 

adatoms finding a suitable site for nucleation. In both cases however, low nanowire 

density, comparable to that observed upon pristine HOPG samples in growth B, was 

obtained. 
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5.2.3. Growth of InAs NWs upon HOPG 

A fifth study (Growth E) was conducted, the purpose ofwhich was to investigate 

the effect of a reduction in growth temperature upon the density ofNWs obtained by Au 

assisted growth. At lower temperatures, it was speculated that the migration and 

coalescence of Au nanoparticles would be limited, and therefore the average diameter of 

particles would potentially be maintained within a range suitable for NW growth. As 

growth temperature is lowered, the diffusion path length of adatoms upon the substrate 

decreases while adatom residence time increases as desorption becomes less favourable. 

Changes in substrate temperature are known to exert a strong influence upon the rate of 

growth and morphology ofnanowires.49• 50 Optimum temperatures for the growth of III-V 

NW s by metal particle assisted MBE is dependant upon both the eutectic temperature of 

the alloy seed and the vapour pressure of both the group III and group V species. For 

GaAs, temperatures within the range of 320 to 620°C can be employed, although 

temperatures between 470 to 570°C are typically used due to the favorable growth rates 

observed within this range. 51 In contrast, InAs NW s can only be grown at temperatures of 

between 380 and 430°C.52 

As mentioned previously, an approximate indication of whether epitaxial 

nanowire growth is possible can be obtained using lattice fitting calculations. If the lattice 

parameter of a film is close to that of the underlying substrate, interfacial bond strain is 

minimal and defects such as edge dislocations are less likely to occur. In the case ofNWs, 

improved lattice matching results in an increased critical diameter for which epitaxial 

nanowires can be obtained.21-23 The lattice parameter of ZB-InAs19 in the <110> 
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direction is related to the carbon-carbon bond length (1.421 A) by a factor of 6.03 and 

exhibits a lattice mismatch value of only -0.49%. Additionally, the lattice constant of 

graphene (2.46 A) is related to that of ZB-InAs in the <112> direction by a factor of 3.01, 

giving a lattice mismatch of -0.54%. These values suggest an excellent lattice match 

exists between lnAs and HOPG (Appendix I, Figure 5.1.4.). 

Samples investigated in Growth E included HOPG substrates that were both 

untreated and decorated with Au NPs. The conditions employed (Table 5.1.), were 

selected for the growth of p-n junction type lnAs NWs and were based upon the results of 

prior experiments conducted by the LaPierre group. For unmodified HOPG samples 

(Figure 5.7.A), polycrystalline lnAs was obtained, which covered the majority of the 

surface. Islands of polycrystalline material appeared to be aligned relative to one another 

in lines spaced approximately 1 )lm apart. These features potentially result from 

preferential nucleation along step edge defects on the HOPG substrate. The image shown 

is representative of the entire surface of the sample. Thorough investigation of the sample 

by SEM determined that no preferential growth directed orthogonal to the substrate was 

observed under the growth conditions investigated. 

In contrast to unmodified substrates, growth upon samples decorated with Au NPs 

resulted in a relatively high density of NWs, along with some triangular shaped 

nanoplates (Figure 5.7.B). InAs nanoplates of this kind, which result from anisotropy in 

the surface energies of nanowire crystal faces, have previously been reported by Lindelof 

and co-workers, 53 where GaAs was employed as a growth substrate. Although NWs grew 

at a variety of angles upon HOPG, examples of NWs aligned normal to the substrate 
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could be observed at any region upon the substrate, indicating that an epitaxial 

relationship had potentially occurred for some percentage of the wires. 

TEM, conducted upon NWs detached from the substrate indicated the presence of 

a Au NP tip upon both NW and nanoplate structures. The composition of these particles 

was confirmed using EDXS (Appendix I, Figure 5.1.4.). SAD of the base region of the 

NWs confirmed a [111] zinc blende structure along the basal plane, which corresponds to 

the lowest lattice mismatch previously calculated. The diameter of Au nanoparticle seeds 

measured by TEM (27 .2 ± 3.6 nm), lies well below the critical thickness value required 

for epitaxial growth ofNWs at the calculated lattice mismatch. As with previous growths, 

a high density of stacking faults was observed along the length of the NW s. 
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Figure 5.7. 45° tilted SEM images of samples following NW growth E; (A) pristine 

HOPG substrate, (B) Au NP modified HOPG. White arrows indicate NWs aligned normal 

to the substrate. (C) TEM image of a single InAs NW removed from an Au modified 

HOPG substrate and, (D) a close up of the tip region of the same NW that confirms the 

presence of an Au NP seed. 

In summary, under the conditions investigated, growth of InAs NWs upon HOPG 

was shown to proceed via metal particle assisted growth. Attempted growth on NWs upon 

unmodified HOPG indicated that In assisted growth was not favoured under these 
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conditions. Although thes~ results may initially appear to be in contradiction to studies 

involving growth of GaAs NWs upon HOPG, it should be noted that the two studies are 

not directly comparable due to the number of variables that have been altered. It has been 

argued for example that Au assisted growth of lnAs NWs may potentially proceed via 

the vapour-solid-solid mechanism in which the alloyed seed particle does not undergo a 

solid-liquid phase transition at growth temperatures. 52• 54"56 Other factors including lattice 

mismatch, adatom diffusion path length, and growth temperature will also exert a strong 

influence on nanowire growth processes. 

5.3. Conclusions 

In conclusion, growth of GaAs NWs upon HOPG using GS-MBE was 

investigated. NWs were obtained upon HOPG substrates, although only in very low 

density using the conditions investigated. Analysis by TEM and EDXS, indicated that 

growth of orthogonally oriented NWs was Ga assisted, allowing assembly of NWs upon 

pristine HOPG substrates which had not undergone any surface treatment. A mechanism 

for NW growth was proposed in which Ga droplets formed preferentially upon GaAs 

islands deposited via vapour-solid growth. It was speculated that droplets formed in this 

manner could subsequently act as selective adsorption sites for Ga and As species in the 

vapour phase, promoting the growth ofNWs by the VLS mechanism. For this hypothesis 

to be confirmed, further experimental work would be required, conducting growths under 

similar conditions while reducing the total growth time. Analysis of samples from these 

experiments using electron microscopy and EDXS would reveal whether structures 
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present during early stages of growth conform to those expected under the proposed 

mechanism. In order to increase NW density, optimization of Villi ratio and temperature 

would be required. If the proposed mechanism were found to be true, and GaAs islands 

were essential for the formation of selective assembly sites, NW density could also 

potentially be improved by altering growth conditions to first deposit a buffer layer of 

GaAs crystalline islands upon HOPG, then depositing a thin film of Ga prior to initiating 

NW growth. This could potentially increase the density of Ga droplets and consequently 

improve the density ofNWs obtained. Growth oflnAs upon HOPG was also investigated. 

Here, NW formation was shown to proceed by Au particle assisted growth resulting in 

wires which were oriented at a variety of angles relative to the substrate. The density of 

NWs obtained in this study was significantly greater than was observed for GaAs, and 

was potentially aided by improved dispersion of Au NPs and the use of lower growth 

temperatures which could help impede the detrimental aggregation of Au NPs into large 

clusters. As an initial experiment, the results of the lnAs growth do appear promising and 

it is possible that improved results could be obtained through careful modification of 

growth conditions. 

With respect to the assembly of 111-V NWs upon graphene thin films, discussed 

in the introduction of this chapter, additional factors exist that could hinder the successful 

epitaxial growth. Unlike HOPG substrates, graphene thin films, which are composed of 

overlapping sheets with diameters ranging from several hundred nanometers to several 

microns, will not be atomically smooth. Defect sites will exist at points where graphene 

sheets converge and also potentially within the centre of sheets if introduced by the harsh 
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oxidative treatment required for current solution processing methods. Delamination of 

graphene layers can also occur during thermal and chemical annealing of graphene oxide 

and this will significantly increase surface roughness of the film. The experiments 

outlined in this chapter indicate that a strong interaction does not exist between sp2 

hybridized carbon and metal particles required for growth of NWs by the VLS 

mechanism. It is therefore likely that for growth of NWs upon graphene, nucleation 

would occur preferentially at defect sites, and not upon areas of highly ordered carbon. 

An epitaxial relationship is therefore unlikely to exist. Graphene thin films may still 

however offer some advantages over carbon nanotube films as substrates for the growth 

of semiconductor NWs, specifically with regards to cost and ease of processing, provided 

that wires can be obtained in density equal to that reported for growth upon SWNT thin 

films. 

5.4. Experimental Section 

5.4.1. General 

HOPG (Grade SPI-2) was purchased SPI Supplies, and cleaved prior to use using 

adhesive tape to produce a clean surface. All other reagents and solvents were obtained 

from commercial suppliers and used without any prior treatment. Scanning electron 

microscope (SEM) imaging was performed using a JEOL JSM-7000F SEM, equipped 

with a Schottky-type field emission gun filament. Focused ion beam (Fffi) experiments 

were performed using a Zeiss NVision SII Cross-Beam instrument. Transmission electron 

microscopy (TEM) of individual NWs was conducted using a Phillips CM12 TEM. A 
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JOEL 2010F was employed for high resolution TEM (HRTEM) and analytical TEM 

(ATEM). FEI Titan 80-300 HB high resolution TEM. In Growth B, SiOx was deposited 

plasma-enhanced chemical vapor deposition (PE-CVD), while reactive ion etching was 

conducted using an oxygen plasma. 

5.4.2. Synthesis of Au NPs57• 58 

100 ml HAuC14 solution (0.5 mM) in distilled water was added to a round 

bottomed flask equipped with a magnetic stir bar and condenser. The solution was heated 

to reflux while stirring rapidly. Upon reflux, a solution containing 36.75 mg tri-sodium 

citrate in 3 ml distilled water was added rapidly to the solution. The solution was stirred 

at reflux for 10 minutes. The reaction flask was then allowed to cool to room temperature 

while stirring was continued. The NP solution was subsequently stored in a glass bottle at 

4°C. Using scanning electron microscopy the diameter of particles prepared using this 

procedure was determined to be 31 ± 4 nm. 

5.4.3. ~rop Casting of Au NPs upon HOPG 

A dilute solution of Au NPs, in either water or ethanol was prepared, having a 

concentration of approximately 0.05 mM. Several small drops of this dilute solution were 

then applied a HOPG substrate which had been freshly cleaved using the adhesive tape 

procedure. The substrate was then allowed to dry at room temperature under air over a 

period of approximately 30 minutes. During this time the sample was gently agitated in 
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an attempt to reduce the aggregation of NPs. The sample was then transferred to an oven 

and dried in vacuo overnight at 50°C. 

5.4.4. Nanowire Growth 

III-V semiconductor nanowire growth was conducted using GS-MBE, following 

the same general procedure as was described in the previous chapters where Ga and In 

were provided as monomers from resistively heated solid source effusion cells, while an 

AsH3 gas-source equipped with a thermal cracker heated to 950°C acted as the source for 

As2 dimers. Prior to nanowire growth, all samples were degassed by heating at 300°C for 

15 minutes under ultra-high vacuum. Additionally, samples in growths A, B and E were 

subjected to an inductively coupled hydrogen plasma treatment (10 minutes) under an As2 

overpressure at the chosen growth temperature. The purpose of this step was to ensure 

removal of contaminants which may have been adsorbed upon the surface of the substrate 

prior to growth. This step was omitted from growths C and D in order to investigate 

whether plasma treatment had introduced defects to the HOPG substrate which could 

potentially have inhibited epitaxial growth. 

NW growth was initiated by opening the shutter to the group III effusion cell. For 

the purposes of this study 5 different NW growths were conducted in which various 

parameters were modified, as outlined in Table 5.1. In all cases conditions yielded a 

nominal III-V growth rate of 1 JJ.m hr-1• NW growth was terminated by stopping flow of 

group III monomers from the effusion cell, after which the system was cooled under an 

As2overpressure. 
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Conditions for growths A, D and E were selected to produce p-n junction wires 

exhibiting a coaxial architecture, where Te and Be were employed as n and p type 

dopants respectively. The nominal concentration of both dopant species was maintained 

at 5 x 10"18 cm·3, over a period of 15 minutes for each segment. A constant V-III flux ratio 

(A,D = 1.5, E = 2.3) was employed over the total growth period (30 minutes) during 

which time the temperature of the substrate was kept constant (A = 550°C, D = 600°C, E 

= 400°C). In contrast, NWs produced in growths B and C were undoped. In both 

examples the total NW growth time was 15 minutes, V-III ratio was held constant (B = 

1.5, C =2.3), and a substrate temperature of 550°C was maintained. 

Prior to growth C a thin layer of Ga (1 nm) was deposited upon the substrate 

within the MBE chamber, at 550°C in the absence of an As2overpressure. The substrate 

was then annealed at 550°C for a period of approximately 3 minutes under vacuum, 

following which NW growth was initiated by simultaneously opening the shutters to both 

group III and group V sources. As in previous examples, NW growth was terminated by 

closing the shutter to the group III effusion cell. The samples were then cooled under an 

As2 overpressure. 

5.4.5. Lattice Matching Calculations 

For epitaxially grown thin films, lattice strain can be calculated using the 

following equation: 13 
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llsubslrate - 8.cry.tal
f= 

llcrystal 

Where asubstrate and 8crysta1 equal the lattice parameters of the growth substrate and 

crystalline thin film respectively. Taking zinc blend [111] lnAs upon HOPG as an 

example, the lattice parameter of ZB-InAs in the <112> direction (7.420 A) is related to 

the lattice constant of graphene in the <1010> (agr = 2.46 A) by a factor of 3.01. This 

means that the length of the ZB-InAs unit cell in the <112> direction is approximately 

equal to that of three graphene unit cells in the <1 01 0> direction. Lattice strain 

experienced by InAs in the 112 direction can therefore be calculated as follows: 

3agr -au2
f= 

au2 

(3 X 2.46) - 7.42 
f= 

7.42 

f= -5.3 X 10"3 
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Abstract 

Upon exposure to the high intensity pulsed emission of a conventional camera flash, thin 

films of light absorbing ultrathin bismuth sulfide (BhSJ) nanowires were shown to 

undergo spontaneous vaporization. By incorporating these materials into a nanostructured 

assembly, in which a membrane composed of single-walled carbon nanotubes (SWNTs) 

acts as an underlying thermally conductive support, the photoresponse may be controlled 

allowing for the flash-welding of the nanowires into continuous crystalline thin films. The 

effect of flash irradiation upon the morphology, chemical composition and resistivity of 

these composite films was investigated using scanning electron microscopy, powder x-ray 

diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy, and electrical 

conductivity measurements. 
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6.1. Introduction 

Colloidal semiconductor nanocrystals show many interesting properties not seen 

in the corresponding bulk solid such as size-dependent fluorescence1 and multiple exciton 

generation.2 These properties make nanocrystals interesting from both a fundamental 

standpoint and also for technological applications such as biological labeling3, solar 

cells4, photodetectors5, and light-emitting diodes.6 The ability to synthesize colloidal 

nanocrystals in a bottom up fashion is appealing because of the potential to solution 

process thin films for device applications. Bulk metal chalcogenides ( chalcogenide = S, 

Se, Te) such as CdSe or BhS3 are not soluble in common solvents, requiring the use of 

high vacuum deposition techniques such as CVD, which are costly and energy intensive. 

More recently, techniques such as chemical bath deposition7 and hydrazine deposition of 

metal chalcogenides8 have been used to produce thin films from solution, which have 

been shown to have good performance in photovoltaic devices and thin film transistors. In 

some applications, the advantages offered by solution phase processing may outweigh the 

benefits of quantum size effects that are potentially lost in the formation of 

polycrystalline films. For instance, Talapin and coworkers recently developed molecular 

metal chalcogenide ligands (MCCs) that act as 'electronic glue' allowing colloidal 

nanocrystals to be spincast and heat-treated at low temperature to produce polycrystalline 

films with good electrical mobility.9 These films show the loss ofnanoscale features such 

as surface plasmon resonance in metal nanoparticles and the strong red-shift of excitonic 

peaks in semiconductor nanocrystal films, however this method is especially attractive as 

it removes the insulating alkyl capping ligands present in most colloidal nanocrystals, 
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examine the photothermal response to irradiation from a pulsed emission of a 

conventional camera flash. Beyond the fundamental nanoscience, the end goal of these 

experiments was to produce sintered nanowire films with improved electronic properties 

amenable to functional device fabrication. 

Herein, we report the development of a novel nanostructured assembly in which a 

thin film of single-walled carbon nanotubes (SWNTs) functions as: (i) a flexible and 

conductive support for BhS3 nanowires, and (ii) a heat sink that prevents the overheating 

and vaporization of nanowires during flash irradiation and allows the formation of 

continuous crystalline thin films. The effect of flash irradiation upon these composite 

films was investigated using electron microscopy and powder X-ray diffraction (PXRD) 

aa well as X-ray photoelectron (XPS) and Raman spectroscopy. Electrical conductivity 

measurements indicate that bilayer film resistance decreases significantly following flash 

irradiation, provided the nanowire film is not too thick. From these observations, we 

propose that the composite materials produced in this work may be of interest in 

electronics applications such as photodetectors, photovoltaics and sensors and that the 

method could be generally applicable to any absorbing nanostructure exhibiting a suitable 

photothermal response. 
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6.2. Results and Discussion 

Oleylamine stabilized BhS3 NWs were prepared in accordance with previously 

reported procedures and dispersed in THF to prepare dilute solutions. 17 SWNTs were 

dispersed by sonication in a 0.27 M solution of oleylamine in THF. Dispersion of carbon 

nanotubes in organic solvents has been reported previously, using a variety of amines.18"20 

Following sonication these dispersions were subjected to two rounds of centrifugation, 

which served to remove large nanotube bundles from solution. Thin films were fabricated 

using the vacuum filtration technique. This approach, which has been widely used in 

recent years for the preparation of carbon nanotube21 and graphene oxide thin films/2 

offers a simple means by which homogeneous films can be produced with excellent 

reproducible control of film thickness. SWNT and BhS3 NW films were prepared by 

filtration of their respective dispersions in THF through membranes composed of either 

PTFE or hydrophilic polypropylene and having a pore diameter of 200 nm. Bilayer films 

were prepared by sequential addition of dilute SWNT and BhS3 NW dispersions to the 

same filtration apparatus. The porous SWNT thin film formed in the first step of this 

process effectively acts as a membrane upon which BhS3 NWs are deposited during the 

second step, forming a nanostructured film that contains two discrete layers. 

Alternatively, a nanowire solution could be dropcast onto the SWNT thin film, although 

the homogeneity and control of film thickness were inferior to the vacuum filtered films. 

The mechanical strength of films composed solely of BhS3 NWs proved insufficient to 

allow their removal from membranes using adhesive tape. In contrast, bilayer films were 

found to be relatively robust and could be easily peeled away to produce highly flexible 
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free standing films. This enabled their transfer to carbon tape and subsequent imaging by 

scanning electron microscopy. 

Initial flash irradiation experiments were conducted in air using a xenon flash 

lamp of a conventional compact camera. Typically, the flash component of the camera 

was positioned between 0.5 em and 2 em above the surface of the thin films, which were 

kept intact upon filtration membranes, due to the additional mechanical support which 

this provided. The dramatic response of BhS3 NW films to flash irradiation is shown in 

Figure 6.1.A and 6.1.B. It can be seen that following exposure to light from the camera 

flash, BhS3 NW films are completely vaporized, exposing the white surface of the 

underlying filtration membrane. In contrast, SWNT-BhS3 NW bilayer films, exposed 

under similar conditions, became smooth and shiny, exhibiting a silver-grey color similar 

to that of bulk BhSJ (Figure 6.l.C and 6.l.D). Cote et al. recently reported the preparation 

of graphene-polymer composite films, in which polystyrene microspheres functioned as a 

heat sink that prevented the overheating of graphene oxide nanosheets during flash 

reduction and photopatteming.16 Individual carbon nanotubes are known to exhibit 

exceptional thermal conductivity,23' 24 and have been investigated in heat management 

applications.25• 26 Although the thermal conductivity of nanotube bundles and mats is 

considerably lower than that of individual nanotubes, 27"30 we propose that, in the case of 

our bilayer films, the underlying nanotube layer aids the dissipation of heat generated by 

BhSJ NWs during flash irradiation. This prevents overheating and vaporization of BhS3 

NWs, which instead melt to form a continuous thin film in a process analogous to the 

previously reported flash welding ofpolyaniline nanofibres. 15 
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Figure 6.1. Photographs showing BhS3 NW (A) and SWNT-BhS3 NW bilayer films (C) 

following flash-irradiation through a photomask containing an array of circular holes 2 

mm in diameter. Optical microscopy images of flash exposed regions of BhS3 NW (B) 

and SWNT-BhS3 NW bilayer films (D). In the case of BhS3 NW films, the material in 

exposed regions is almost completely vaporized revealing the underlying PTFE filtration 

membrane. 

As BhS3 NWs display a broad absorption band, 17 the flash welding phenomenon 

reported was likely a response to light from across the visible spectrum, as opposed to 

that of a specific wavelength. Carbon nanotubes are also strongly absorbing, and have 

previously been shown to demonstrate a photothermal response when exposed to light 
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emitted by a conventional camera flash. 11• 31"33 In the bilayer films described, carbon 

nanotubes located at the interface between the two materials are expected to absorb light 

transmitted by the upper BhS3 NW layer during flash irradiation. This could subsequently 

induce localized heating and melting of BhS3 NW s located at the interfacial region. 

Therefore, the underlying carbon nanotube layer may potentially function as a sensitizer 

in concert with the photothermal response of the nanowires, which aids the absorption of 

light over the entire visible spectrum. 

Formation of continuous films by flash irradiation was confirmed using Scanning 

Electron Microscopy (SEM). Figure 6.2.A shows planar SEM images of a SWNT -BhS3 

NW bilayer film that has not been subjected to flash irradiation. Prior to irradiation, the 

upper surface of this film, which consists of densely packed randomly oriented 

nanowires, appears highly smooth and displays very few observable surface features. 

Cross-sectional images of these films (Figure 6.2.C), obtained using Focused Ion Beam 

{Fill) milling within the SEM instrument, illustrate the well-defined bilayer architecture 

produced using the two step vacuum filtration approach described. The sample shown 

was prepared following a typical procedure in which filtration of 40 mL SWNT 

suspension in THF, having a concentration of 47 mg/L, resulted in the formation of a 

dense compact film with a thickness of approximately 2.5 J.lm. Addition of 100 mL BhS3 

NW solution, having a concentration of 0.02 mM (1 mL of stock solution), in the second 

phase produced an upper layer approximately 330 nm thick. Figure 6.2.B displays a 

region of the bilayer composite film that has undergone flash irradiation at a distance of 

approximately 1 em. Following flash treatment, the surface roughness of the nanowire 
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layer can be seen to increase allowing surface features, resembling fused nanoparticles, to 

be observed. Figure 6.2.D shows a cross-sectional image of the same sample shown in 

Figure 6.2.C, taken from a trench milled in a region that has undergone flash irradiation. 

Following this treatment it can be seen that the thickness of the upper inorganic layer 

decreases by approximately 56% from 330 nm to 145 nm. At the elevated temperatures 

produced by flash irradiation the oleylamine ligand bound to the nanowire surface is 

likely evaporated along with traces of residual solvent, resulting in the observed decrease 

in film thickness and generation of free volume or pores, which appear as dark regions 

within the inorganic layer in Fffi-SEM images of flash exposed films. 
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Figure 6.2. Planar SEM images of a SWNT-BhS3 NW bilayer film, before (A) and after 

(B) flash irradiation, and tilted SEM cross-sectional images of trenches milled within 

SWNT-BbS3NW bilayer films before (C) and after (D) flash irradiation. The grey region 

on the upper surface of the film, visible in (C) and (D), is a thin layer of carbon that was 

deposited on top of the sample prior to FIB milling, for the purposes of imaging. Double 

headed arrows indicate the thickness of the Bi2S3 layer. 

Powder X-Ray Diffraction (PXRD) and X-Ray Photoelectron Spectroscopy (XPS) 

were utilized in the characterization of the nanowire layer. PXRD allows not only 

confirmation of the solid state structure of the nanowire layer, but can also provide 

information on the crystal size and amorphous content through Rietveld Refinement. 
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Figure 6.3 shows the comparison between a pre-flashed and post-flashed bilayer film, 

along with the corresponding bulk reference diffraction pattern. 

- Nanowire 
-Flashed Bilayer 
- Bulk 

20 30 	 40 50 60 

29 

Figure 6.3. Powder X-Ray Diffraction of as-synthesized nanowires, flashed bilayer film, 

and bulk Bi2S3 reference. 

The as-synthesized nanowires show a broad diffraction pattern due to Scherrer 

broadening caused by the small crystal size (previously calculated as 0.9 - 1.5 nm by 

Rietveld Refinement). 15 After exposure to a flash, the diffraction pattern became much 

sharper and well defined, indicating an increase in crystal size. Rietveld Refinement was 

performed and indicated 60% bismuthinite phase (BhS3) with an average crystal size of 

9.2 nm, as well as the presence of 40% amorphous content (Appendices 6.I.l). 

Presumably the amorphous content of the PXRD pattern corresponds to uncrystallized 
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nanowires, which show a very broad diffraction pattern. This represents an approximately 

eight to nine times increase in the crystal size. A similar increase in crystal size was also 

observed when heating a nanowire powder sample to 200°C for several hours under inert 

atmosphere (Appendices 6.1.2). 

A B -F-lied 
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Figure 6.4. XPS ofunflashed and flashed bilayer films: {A) Bi 4fand S 2p and (B) N ls. 

XPS was used to further characterize the bilayer and provide information on 

chemical species that could not be detected by PXRD. The pre-flashed and post-flashed 

bilayer spectra are shown in Figure 6.4. This analysis shows that there is a substantial 

amount of Bi-0 present in the non-flashed sample (green traces). Note that dropcast 

nanowire films do not show the presence of any Bi-0 species. The oxidation observed in 

the filtered bilayer samples is likely caused by the removal of excess oleylamine 

molecules that is necessary for stabilizing surface Bi atoms against oxidation. 

Furthermore, hydrolysis of Bi-S bonds to form Bi-0 species and H2S is also seen in the 

increase in Bi:S ratio from 0.39 in drop-cast films34 to 2.2 in the filtered bilayer samples. 

-Unllahed 

402 400 

Binding Energy (eV) 
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The removal of polysulfide/cyclooctasulfur impurities in filtered bilayer films also 

increases the Bi:S ratio compared to the dropcast films, where removal of these impurities 

is not possible without sacrificing colloidal stability. This provides an additional benefit 

to the vacuum filtration technique for film fabrication, as sample purity and homogeneity 

are both improved, in addition to achieving precise control of film thickness. 

Interestingly, upon flash exposure, the amount ofBi-0 drops below the limit of detection, 

with only Bi-S and Bi-SOx species remaining. This was observed flashing in an air 

atmosphere. Dropcast bilayer films showed a similar response to flash irradiation and 

XPS results confirm that no Bi-0 species are formed upon flashing (Appendices, Figure 

6.1.3). Such a result is very interesting as it shows that flash welding not only causes 

crystallization!sintering of the nanowires, but also their purification of surface bismuth 

oxide species. 

The N 1 s XPS was also acquired to determine the fate of oleylamine after 

flashing. Dropcast nanowire films show the presence of one broad peak at 399 eV, which 

likely contains two peaks corresponding to free and bound oleylamine. 34 The N 1 s XPS of 

the filtered nanowire bilayer shows a large peak at 401.5 e V and a smaller shoulder at 400 

eV. The larger peak at 401.5 eV can be attributed to protonated oleylamine, likely a 

byproduct of the hydrolysis/oxidation of the nanowire surface oxidation in which 

oleylamine is protonated by H2S, while the peak at 400 eV is assigned to oleylamine 

bound to the nanowire surface. After flashing, a decrease in the amount of both 

protonated and uprotonated oleylamine is observed, with the majority of the weakly 

bound protonated amine being removed. The ratio ofBi:N increased from 2.1 to 5.5 upon 
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flashing, which is consistent with the loss of oleylamine/protonated oleylamine. 

Similarly, the Bi:N ratio increased in dropcast films from 0.23 to 2.0. The decrease in the 

Bi:S ratio from 2.2 to 1.4 and increase in Bi:N ratio upon flashing suggests a mechanism 

in which surface Bi-0 and oleylamine are ejected upon flash exposure, leaving a more 

pure sintered nanocrystal film, albeit with a small amount of oleylamine remaining. The 

atomic ratios pre and post-flash are shown in Table 6.1. 

Table 6.1. Selected XPS atomic ratios for pre-flashed and post-flashed nanowire bilayer 

films. 

Atom Pre-Flashed Post-Flashed Bulk 

Bi:S 2.2 1.4 0.67 

Bi:N 2.1 5.5 N/A 

Bi:O 0.69 1.8 N/A 

Bi:C 0.08 0.14 N/A 

The effect of flash irradiation upon the underlying carbon nanotube film was 

determined using Raman spectroscopy. The properties of carbon nanotubes are closely 

related to their structure. It is known that the introduction of defect sites within the 

sidewall of carbon nanotubes results in decreased electrical conductivity.35• 36 It is 

therefore important that the structural integrity of carbon nanotubes be evaluated 

following flash irradiation. Figure 6.5 shows a comparison of an untreated SWNT film 

with a bilayer film before and after flash treatment. fu each spectrum the characteristic 

radial breathing modes (COr:::: 100- 350 em·\ tangential mode or G-band (ro1:::: 1590 cm-1) 
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and disorder band (rod::::: 1290 cm"1) associated with carbon nanotubes can be observed.37• 

38 The analysis of bismuth species using Raman spectroscopy has been reported 

previously.39• 40 For BhS3, Raman active modes lie within the region of 100 to 260 cm"139 

and in the case of our bilayer film are not observed, due to overlap with the radial 

breathing modes ofthe nanotubes (Appendices 6.1.4). The spectrum of a SWNT film that 

has been purposely damaged by multiple exposures to flash irradiation at a distance of 

less than 5 mm is also included. Following this treatment, the disorder band increases 

significantly, indicating that a number of carbon atoms in the nanotube framework have 

undergone conversion from sp2 to sp3 hybridization, as a result of defect formation.38 

Additionally, broadening of the G-band and loss of features within the radial breathing 

mode are also observed. These results are comparable to those reported for carbon 

nanotubes that have been subjected to prolonged exposure to strong acids or high 

temperature annealing in an oxidative atmosphere, 38• 41 suggesting that high intensity flash 

exposure has damaged the nanotube structure. In contrast, the spectra of the bilayer film 

sample, which was irradiated at a distance of 1 em, displays no significant changes in 

either the intensity of the disorder band or the shape of the G-band. From this result it can 

be concluded that, under the correct conditions, flash welding ofNWs can be achieved in 

bilayer films without introducing significant structural damage to the underlying SWNT 

layer. The intensity of Raman peaks within the radial breathing mode of bilayer film 

samples was observed to decrease following flash exposure (Figure 6.5.C). It is known 

that signals within this region are sensitive to the environment of the carbon nanotubes 

and may be affected by factors such as the degree of nanotube bundling. As SWNTs 
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located upon the upper face of the film, at the interfacial regwn, are expected to 

contribute strongly to the observed spectra, we speculate that the fusion of Bh S3 

nanocrystals to the nanotube surface may be responsible for the observed decrease in 

signal intensity. 
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Figure 6.5. (A) Normalized Raman spectra of SWNT and bilayer film samples before 

and after flash irradiation (B) A close-up of the region surrounding the CNT disorder 

band (roct ::::: 1290 cm-1) showing overlaid spectra. (C) A close-up of overlaid spectra 

showing radial breathing modes of SWNTs. 

The electrical resistance of SWNT films and SWNT-BhS3 nanowire bilayer films 

measured before and after flash exposure are plotted in Figure 6.6. The irradiation from 

the camera flash causes the resistance of the bare SWNT films to increase from 26 Q to 

201 




PhD Thesis- G. Lawson- McMaster- Chemistry and Chemical Biology 

42 0, potentially due to the introduction of defects within the nanotube structure.34· 35 

Similarly, flashing a film of intimately mixed nanotubes and nanowires showed a similar 

increase in resistance. The resistance of the bilayer films is greater than that of the bare 

SWNT films and, unlike the SWNT films, show a significant decrease in resistance after 

being exposed to flash irradiation. For example, flashing the vacuum filtered bilayer film 

prepared from 0.5 mL ofnanowire stock solution (3.7 mM) decreases its resistance from 

150 n to 93 n, and flashing the sample prepared using 1 mL of stock solution reduces its 

resistance from 356 n to 124 n. 
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Figure 6.6. The resistance of SWNT and SWNT-BhS3 nanowire bilayer films measured 

before and after flash exposure. 

A simple explanation for the decreased conductivity of flashed SWNT -BhS3 

nanowire bilayer films can be provided with reference to Figure 6.7. Within a bilayer 

film, the underlying SWNT film is much more conductive than the upper BhS3nanowire 
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film. Consequently, for I-V measurements performed using a pair of coplanar contacts, 

the majority of the current flows through the underlying SWNT film while electron 

transport through the upper BhS3 nanowire film is negligible. However, as shown in 

Figure 6.7, in order to reach the SWNT film the electrons must first transverse the BhS3 

nanowire film. Consequently, the resistance of the SWNT-BhS3 nanowire bilayer film is 

determined by the resistance across the upper BhS3 nanowire film. Thus, the resistance of 

the composite structure is reduced upon flashing because the upper Bi2S3 nanowire film 

undergoes rapid heating, thereby evaporating the oleylamine ligands and inducing a 

reduction of volume and increase in crystallinity. This decreases the distance the electrons 

have to travel and also reduces the amount of insulating material, both resulting in a 

decrease in resistance. 

AI contacts 

Bi2S3 

e- SWCNT 

Figure 6.7. Electron transport along the planar direction m SWNT-BhS3 nanow1re 

bilayer films. 

Although the previous discussion provided with reference to Figure 6.7 explains 

the general trends observed in Figure 6.6, it should be noted that there are a number of 
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other effects that may occur during flashing that would influence the electrical behavior 

of the composite films. For instance, it is expected that the transformations that occur in 

the composite film upon flashing depend on the thickness of the upper BhS3 nanowire 

film. If the upper nanowire film is too thin, then a greater portion of the flash radiation 

will reach the underlying SWNT film and may damage the carbon nanotubes. This was 

observed in the intimately mixed nanotube-nanowire films as a significant amount of light 

is absorbed by the nanotubes. On the other hand, if the upper BhS3 nanowire film is too 

thick, then most of the light may be absorbed in the upper portion of this film while the 

bottom portion of the film may prevent the SWNT film from functioning as an efficient 

heat sink. In this case the resistance of the composite film may increase upon flashing 

(Appendices 6.1.6). Nonetheless, the conductivity measurements reported herein 

demonstrate that charge transport can be enhanced in a nanostructured bilayer 

architecture by irradiation with a commercial camera flash. 

6.3. Conclusion 

Ultrathin BhS3nanowires were shown to undergo a pronounced photothermal response to 

irradiation from a commercial camera flash. The use of SWNTs as a substrate controlled 

this response by acting as a heat sink and allowed the formation of a sintered nanowire 

film without causing damage to the underlying nanotubes. PXRD showed that the BhS3 

nanowire layer increased its average crystal size to 9.2 nm, a large increase from the 

original size of less than 1.6 nm. XPS results confirmed the formation of BhS3 and also 

exhibited that the flashed bilayer films showed a decrease in both the amount of surface 
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bismuth oxide species and oleylamine. The increase in crystal size and decrease in 

oleylamine, concomitant with the formation of a thinner and denser BhS3 layer as shown 

by Fm SEM is consistent with the observed decrease in the resistance of the NW -SWNT 

bilayer composite. 

6.4. Experimental 

6.4.1. General 

Ultrathin BhS3nanowires were prepared using previously reported procedures.17 

Purified grade SWNTs, purchased from Carbon Nanotechnologies, Inc. (Houston, TX), 

were produced by the HiPCO process42 and used as received. All other reagents and 

solvents were obtained from commercial suppliers and used without any prior treatment. 

All absorbance measurements were made using a Cary 50 Bio UV-Visible 

Spectrophotometer. Laser Raman spectroscopy was performed using a Renishaw In Via 

Raman spectrometer equipped a 300 mW Renishaw 785 nm laser and 1200 Vmm grating. 

The Raman system is also equipped with a Leica microscope having 5 x, 20 x, and 50 x 

objectives as well as a USB camera for sample viewing. SEM imaging was performed 

using a JEOL JSM-7000F scanning electron microscope, equipped with a Schottky type 

field emission gun filament, with nanotube films attached to carbon tape upon SEM stubs. 

Energy Dispersive X-ray Spectroscopy (EDXS) was conducted using an Oxford 

instruments INCA Energy Dispersive Spectrometer X-ray microanalysis system equipped 

with HKL Electron Backscatter(ed) Diffraction (EBSD) system. Focused ion beam (Fffi) 
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experiments were performed using a Zeiss NVision SIT, Focused Ion Beam/Scanning 

Electron Microscope Cross-Beam instrument. The first milling, used to produce the 

trench and the cross-sectional face, was conducted at 30 keV using a 1.5 rnA probe. 

Damage created by this high energy beam was removed by a second milling at 30 ke V 

using a 300 pA probe. A third milling at 30 ke V with a 40 pA probe yielded a polished, 

smooth surface. Millings were carried out for a depth of 3 J.lm. Flash pulse energies were 

measured using a silicon photodiode (Hamamatsu S1337-BR) that was coupled to an 

electrometer (Keithley 6514). The current measured by the electrometer was recorded as 

a function time with the use of a GHz storage oscilloscope {Tektronix DPO 7104). 

Additionally, the spectrum of the flash was measured with an Ocean Optics HR4000CG 

spectrometer. X-Ray Photoelectron Spectroscopy was performed on a PHI 5500 Surface 

Analysis instrument using the underlying SWNT layer as a conductive support. High 

resolution scans were performed with a 0.1 eV step size. Powder X-ray diffraction was 

run on a D5000 diffractomter. A step scan mode was used for data acquisition with step 

size of 0.02° 2-theta and counting time of 2.5 s. per step. Rietveld analysis was carried out 

using Bruker AXS profile fitting software Topas v. 2.1.43 The structure of orthorhombic 

BhS344 was used as an initial structural model. Electrical conductivity measurements were 

performed by evaporating Al metal through a mask to generate two contacts with a 

spacing of 1 mm and length of 5 mm. Filtrations were carried out using VWR filtration 

apparatus with stainless steel support screen and Sartorius PTFE membranes ( 4.7 em 

diameter, 200 nm pore size). Nanotube samples were dispersed in solvent using a 
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Branson 1510 bath sonicator. Nanotube dispersions in solvent were centrifuged using a 

Beckman Coulter Allegra X-22 Centrifuge set at 5049 g for 40 min. 

6.4.2. Dispersion of SWNTs in THF using oleylamine 

15 mg SWNTs were added to a 200 mL round bottomed flask containing 20 g 

oleylamine (technical grade 70%) in 180 mL THF (approximate concentration= 0.27 M). 

The flask was then sonicated under nitrogen at 0 to 30°C for 2 hours after which the 

nanotube dispersion was subjected to centrifugation (45 minutes, 5049 g). Following 

centrifugation the supernatant was transferred to a round bottomed flask and allowed to 

stand for one day undisturbed, after which the solution was subjected to a second round of 

centrifugation ( 45 minutes, 5049 g). The supernatant was then transferred to 20 mL glass 

vials and stored at room temperature. The concentration of SWNTs dispersed in solution 

using this procedure was determined to be approximately 47 mg L-1• This value was 

obtained from UV-spectroscopy measurements for which an specific extinction 

coefficient at 700 nm (0.0235 L mg-1 cm-1) was employed45 • 

6.4.3. Fabrication of ultrathin BhS3nanowire thin films and SWNT-BhS3 bilayer 

films 

All thin films described in this work were prepared using the vacuum filtration 

method. To prepare thin films of BhS3 nanowires, dilute solutions of these materials in 

THF were first prepared. These solutions were then filtered through a membrane 
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composed of PTFE or cellulose nitrate and having a pore diameter of 200 nm. Between 

0.9 to 3.8 mg of material was used in the preparation of each thin film. SWNT-BhS3 

bilayer films were prepared by a two step process. In the first step, approximately 60 mL 

SWNT dispersion in oleylamine solution, was filtered through a PTFE membrane {200 

nm pore diameter). The nanotube film formed was then washed with 300 mL THF to 

remove excess oleylamine ligand. The vacuum line was then disconnected from the 

filtration apparatus. A dilute solution of BhS3 nanowires in THF was added and the 

vacuum reapplied. Following fabrication, all films were dried under nitrogen and stored at 

room temperature under air. Films were kept intact upon filtration membranes due to the 

additional mechanical support that this provided. 

6.4.4. Flash irradiation of BhS3 nanowire thin films and SWNT-BhS3 bilayer films 

Flash irradiation experiments were conducted under air using the xenon flash 

lamp of a compact flash camera (Kodak Advantix 4700ix). In all cases, these films were 

kept intact upon filtration membranes during experiments due to the additional 

mechanical support which this provided. Typically the flash bulb was positioned between 

0.5 and 2 em from the sample which was being irradiated. At the distances employed, the 

energy of light to which samples were exposed was determined, to be between 0.15 and 

0.17 mJ cm-1• 
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Chapter 7: Thesis Overall Conclusions and Recommendations for Future Work 

7.1. General Conclusions 

The impressive strength, flexibility, and stability exhibited by carbon nanotube 

thin films make these materials ideal for use as scaffolds for the assembly of secondary 

structures such as polymers, inorganic particles, and biomaterials. The use of nanotube 

thin films as structural supports has therefore been investigated within a range of different 

applications including tissue engineering, catalysis and the development of photovoltaic 

devices. To date the majority of work investigating nanotube films as supports for 

inorganic materials has focused primarily upon the preparation of composite films 

containing spherical metallic or semi-conductor nanoparticles. In contrast, reports 

detailing the use of nanotube films as scaffolds for inorganic materials exhibiting larger 

or more complex structures, such as nanowires, nanoplates or nanoflowers, are at present 

relatively limited. 

In Chapter 2 of this thesis, we outlined a simple method for the preparation of 

SWNT composite films containing Au nanoparticle clusters in high density. In this work 

it was shown that SWNTs functionalized covalently with poly( ethylene imine) displayed 

impressive solubility in aqueous solution enabling the fabrication of homogeneous thin 

films at room temperature using vacuum filtration. Au NP clusters were subsequently 

introduced to the surface of these films by in-situ reduction of HAuC14 under mild 

conditions. Here, PEl bound to the nanotube's suface was shown to play an active role as 
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a reducing and stabilizing agent in the production of Au NPs. This work therefore 

demonstrated that modification of CNTs with polymers offered a means by which thin 

films bearing chemical functionalities could be produced, and harnessed to produce new 

composite materials. 

In Chapter 3 we demonstrated that SWNT -Au NP composite films, prepared using 

the methods outlined in Chapter 2, could be used as substrates for the assembly of III-V 

semiconductor NWs using gas source molecular beam epitaxy (GS-MBE). Using this 

technique, GaAs NW s, aligned at a variety of angles, were obtained in high density across 

the surface of nanotube films. This work demonstrates the potential of CNT thin films to 

function as scaffolds for the support of inorganic nanostructures beyond simply spherical 

nanoparticles. Importantly, it was shown that nanotube films retained their impressive 

flexibility following nanowire growth, suggesting that these materials may hold promise 

in the development of lightweight flexible electronic devices. 

The incorporation of SWNT-NW composites within a functional electronic device 

was described in Chapter 4 where core-shell pn-junction GaAs NWs grown upon a 

SWNT film served as the active light harvesting element in a photovoltaic cell. Devices 

incorporating these materials displayed conversion efficiencies up to 0.32% and were 

shown to function when bent up to a curve ratio of 12.5 mm, highlighting the potential of 

SWNT-NW composites in flexible device applications. A simplified method for the 

production of SWNT-Au NP composite films was also outlined in Chapter 4 whereby 

pre-formed Au NPs were deposited upon a SWNT thin film via vacuum filtration. This 

procedure did not require any chemical modification of carbon nanotubes and as such 
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ensured that the structural and electronic properties of the SWNTs were not compromised 

in any way. Additionally, by reducing the number of steps that require chemical 

synthesis, the time required for SWNT -Au composite film fabrication was significantly 

reduced. 

In Chapter 5, the growth of III-V semiconductor NWs upon highly-ordered carbon 

based surfaces was explored with the aim of producing ordered arrays of NWs oriented 

orthogonally to the growth substrate. In the experiments described, highly-ordered 

pyrolytic graphite (HOPG) decorated with Au NPs was employed as a substrate for the 

growth ofGaAs NWs. Under the conditions investigated NWs were only obtained in low 

density. Analysis using electron microscopy and energy dispersive x-ray spectroscopy 

indicated that orthogonally oriented wires grew primarily by a Ga assisted process. This 

observation was confirmed by subsequent NW growths conducted upon unmodified 

HOPG substrates. A mechanism for Ga assisted growth of NWs upon HOPG was 

proposed, in which GaAs islands formed by a vapour-solid process acted as preferential 

sites for the formation of Ga droplets and subsequently for the growth of NW s by the 

vapour-liquid-solid mechanism. Attempts were made to improve NW density, through 

alteration of growth conditions and the use of various surface treatments, however none 

of these approaches proved to be successful. 

In Chapter 6, the preparation of a different type of SWNT composite material was 

described. Using a two-step vacuum filtration process, similar to that utilized in Chapter 

4, composite films were prepared exhibiting a well defined bi-layer architecture in which 

a film of randomly aligned BhS3 NW s was supported upon a SWNT membrane. Here, it 
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was shown that the underlying SWNT film not only provided mechanical support for the 

Bi2S3 layer but also enabled the controlled welding of these nanocrystals by irradiation 

using an intense burst of light produced using the flash component of a conventional 

compact camera. It was speculated that during this process the SWNT film acted as a heat 

sink that prevented overheating and vapourization of the NWs and promoted the 

formation of a fused polycrystalline thin film. The effect of flash treatment upon the BhS3 

NWs and underlying nanotube layer was characterized fully using techniques such as 

Raman Spectroscopy, Powder X-Ray Diffraction, X-ray Photoelectron Spectroscopy and 

Scanning Electron Microscopy. Additionally, the effect of flash irradiation upon the 

conductivity of composite films was also evaluated. 

The most significant contribution of this thesis comes from the work detailing the 

growth of 111-V semiconductors upon SWNT thin films using GS-MBE. This work 

demonstrates that, due to their exceptional stability, SWNT thin films are compatible with 

the high temperature conditions required for MBE, and may therefore be utilized as 

flexible, conductive substrates for the growth of semiconductor nanowires. We believe 

that the techniques developed in the work could potentially be applied to a range of 

different semiconductor materials and nanowire synthesis techniques, enabling the 

preparation of a new generation of composite materials combining the flexibility and 

conductivity of nanotube films with the novel optoelectronic properties of semiconductor 

nanowires. In Chapter 4 it was demonstrated that materials of this type could potentially 

find application in the development of flexible electronic devices such as light emitting 

diodes, chemical sensors, and solar cells. As mentioned previously, there are presently 
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few publications that describe the use of nanotube films as scaffolds for the support of 

inorganic materials other than spherical nanoparticles. This thesis provides proof-of­

principle examples demonstrating how bottom-up methodologies can be employed to 

construct complex nanoarchitectures incorporating carbon nanotube thin films. 

7.2. Recommendations for Future Work 

There are several directions in which research could proceed following the work 

described in this thesis. As a starting point, techniques developed for the growth ofNWs 

upon SWNT thin films could be expanded to investigate other semiconductor materials. 

Although Au is widely used in metal particle assisted nanowire growth, various species of 

nanowire require the use of particles composed of other metals including Fe, Al and Ti. 

Although SWNT composite films containing nanoparticles composed of these metals 

would not be accessible using the self reduction method described in Chapter 2, the 

vacuum filtration approach which was later used to deposit pre-formed Au NPs, could 

potentially be applied to any nanomaterial having dimensions enabling their 

immobilization and retention upon the SWNT membrane. Any metal particles which can 

be prepared by solution based processes can therefore be deposited upon the surface of a 

CNTfilm. 

One interesting opportunity that could be investigated is the preparation of 

nanotube films containing particles composed of the same material as the desired 

nanowire. Diffusion of metal atoms from seed particles during VLS growth and their 

subsequent incorporation within semiconductor materials is known to alter the electronic 
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properties of the nanowires obtained. Additionally, the presence of a Schottky type 

contact between the metal particle and semiconductor wire creates a resistance barrier that 

contributes negatively to the efficiency of devices incorporating these materials. This is 

obviously undesirable and recently reported methods for the catalyst free growth ofNWs 

have therefore captured significant attention. Stable dispersions of In NPs, having 

dimensions of approximately 30 nm, can be produced using solution based processes. 

SWNT-In NP composite films, prepared using procedures similar to those described, 

could in theory be utilized for the growth oflnAs NWs using GS-MBE. The absence of a 

Au particle tip on these wires could potentially help to increase the photoconversion 

efficiency of solar cell devices incorporating these materials. 

As mentioned in previous chapters, molecular-beam epitaxy (MBE) offers advantages 

over other available methods of NW synthesis with regard to the purity of materials 

obtained as well as the generation of well defined interfaces. This is of particular benefit 

in the preparation of doped pn-junction nanowires for photovoltaic applications. MBE 

does however require the use of both high temperatures and specialized equipment. This 

is seemingly at odds with some of the benefits which we cited for the use of nanotube 

films, namely the availability of low-cost solution based processing methods that can be 

conducted at room temperature. The preparation of similar composite materials through 

purely solution based methods under mild conditions would therefore be highly desirable. 

Previously, Chhowalla and coworkers, reported the growth of zinc oxide nanowires upon 

SWNT thin films via a hydrothermal process (Chapter 1, ref248). A variety of inorganic 

nanowire species can also be prepared using template-free solution-based processes, 
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including those composed of Ti02, and ln203, which have been identified as being of 

interest in chemical sensor and optoelectronic applications. The development of new 

techniques allowing the growth ofnanowires upon CNT films via similar processes could 

potentially yield composite materials displaying useful properties, and, as such, warrants 

further investigation. 
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Appendix I 

Chapter 2: Au-carbon nanotube composites from self-reduction of Au3+ upon 

poly( ethylene imine) functionalized SWNT thin films 

Figure 2.1.1. SEM image of PEl functionalized SWNT films following immersion and 

heating at 60°C in 2 mM HAuC14 solution for 1 hour and corresponding EDXS spectrum 

for the spot indicated. 
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Chapter 4: Hybrid GaAs-nanowire carbon nanotube flexible photovoltaics 
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Figure 4.1.1. Histogram of Au nanoparticle density upon SWNT -Au composite film 

surface. 
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Chapter 5: Growth of 111-V Semiconductor NWs upon Highly Ordered Pyrolytic 

Graphite 

Figure 5.1.1. EDXS of droplet like structures observed upon Au modified HOPG 

substrates following growth A, indicating the presence of a Ga rich seed particle resting 

upon a GaAs crystalline base. 
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Figure 5.1.2. (A) TEM image showing the interface between the base of a wire and the 

HOPG substrate, obtained from a lamella prepared using FIB milling of a sample from 

growth A, and (B) select area diffraction (SAD) pattern obtained from the base region of 

the same wire indicating a zinc blende crystal structure with [ 111] basal plane where the 

white arrow indicates the direction of nanowire growth. 
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Figure 5.1.3. Schematic representing the lattice matching of (111) ZB InAs with HOPG 
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Figure 5.1.4. HAADF TEM image of lamella containing InAs NW and superimposed 

EDXS linescans showing the distribution of In (green), As (red), and Au (blue). The 

atomic composition of the seed particle was determined to be 71.05% Au and 28.95% In. 
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Chapter 6. Carbon Nanotube Thin Films as Substrates for the Controlled Flash 

Welding of Ultrathin Bismuth Sulfide N anowires 
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Figure 6.1.1. Rietveld plot: 159 reflections for orthorhombic Bi2S3 were fitted and 

extracted from the experimental pattern. 
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Table 6.1.1. Summary of the Rietveld analysis ofBhS3* 

General parameters Results Sample's refined parameters Bi1S3-Pbnm 

Profile function 

Background 

Sample preparation 

Zero, (mm) 

Sample displacement (mm) 

Independent parameters 

Goodness of fit, X2 

~ 

Rp 

Weighted OW 

FPA-Topas
.. 

Chebychev, 1Oth 

From suspension 

0.02 

-0.025 

37 

1.10 

7.84 

6.22 

1.79 

Lattice parameters, A 

Cell volume, A3 

Crystalline: Amorphous, (% wt) 

Mean domain size, Lvoio nm 

Microstrain (lattice disorder), e0 

Linear Absorption Coeff. (cm"1) 

Calculated Density (g/cm3) 

Isotropic therm. parameters, Biso 

Site Occupancy 

Preferred orientation 

Atomic coordinates 

a= 11.147(11) 

c = 11.299(11) 

502.7(9) 

59:41 

9.2 (1.1) 

O.oi 

1418(2) 

6.79(1) 

refined 

Non-refined- 1.0 

Spherical 8th order 

Non-refined 

* Structural model for BhS3 obtained from Lukaszewicz, K. et al, Polish Journal of 

Chemistry 1999, 73, 541-546. The structure remains unchanged in its long-range 

structural order (the microstrain value, e0, is 0.01). The mean crystallite (domain) size is 

around 9 nm. The sample contains about 40+ % wt. amorphous (ultrathin nanowire) 

material calculated as a ratio of the peaks/amorphous whole-pattern profile areas. 

** Topas, v. 2.1, (2003) General profile and structure analysis software for powder 

diffraction data, User's Manual, Karlsruhe, Germany. 
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Figure 6.1.2. PXRD ofNanowires after heating at various temperatures for 4 hours. 
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Figure 6.1.3 .. Bi 4fXPS for flashed dropcast BhS3 bilayer film. 
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Figure 6.1.4. Un-normalized Raman spectra of a SWNT thin film prepared from 

oleylamine/THF solution (blue) and BizS3 nanowires obtained under the same conditions 

(red). The Raman intensity from BhS3 ultrathin nanowires is significantly less than that of 

carbon nanotubes within this region. 
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Figure 6.1.5. 1-V curves for pre-flashed and post-flashed SWNT film on PTFE 

membrane. 
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Figure 6.1.6. I-V curves for (A) 0.5 mL BhS3bilayer film and (B) 1 mL and 2 mL BizS3 

bilayer film (note scale difference). 
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