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HI 



Acknowledgements 

I would like to express my respect, gratitude and thanks to Prof. C. N. R. Rao, 

F. R. S, for suggesting the various research problems and for guidance during the 

course of this entire research work. I am especially thankful for the immense support, 

constant and continuous encouragement that I have been fortunate enough to have 

received from him. I am grateful to him for having given me the opportunity to work 

on different areas of research and for being patient with me when things did not work. 

I am also grateful to him for financial support that he has been kind enough to extend 

to me, for various reasons including attending conferences and for my stay in 

JNCASR. From the days when he picked me up from being a summer student, and 

through the days when I have worked under him, he has always been there, giving his 

very best to me. 

It is a pleasure to thank Dr. A. Govindaraj for teaching me the art of doing 

experiments systematically and without giving them up in difficult times. His 

enthusiasm and positive attitude has made working with him a tremendous learning 

experience. It has always been enjoyable working with him all along. 

I would like to thank Prof G. U. Kulkami for introducing me to scanning 

probe microscopy. He has been patient and understanding whenever I approached him 

with doubts. I am also grateful for his help that he has been kind enough to extend to 

me on many an occasion. 

I would like to thank Dr. Gautam, Dr. C. P. Vinod, Dr. K. Mukhopadhyay, Dr. 

Manashi Nath, Dr. P. V. Vanitha, Poovarasan, Nikhil Gunari, Kalyani, Neena, Motin, 

Vivek, Kripa, Pearl, Ujjal (JNCASR, Bangalore), Dr. Pallavi Teredesai and Prof A. 

K. Sood (Physics Department, IISc, Bangalore), Kinson and Prof A. K. Cheetham 

(UCSB) for fhiitful collaborations. 

I am specially grateful to Prof Manfred Riihle and Dr. Torsten Seeger 

(Germany) and Drs. Ram Seshadri and K. Ramesha (UCSB) for help with TEM-

EELS and magnetic measurements. 



I would like to thank the faculty members of CPMU and TSU for coursework 

- Prof G. U. Kulkami, Dr. A. R. Raju, Dr. S. Balasubramaniam, Dr. Chandrabhas, 

Prof K. S. Narayan, Dr. S. Natarajan, Dr. Swapan Pati, Dr. S. Narasimhan. 

I have been fortunate to have had excellent labmates with whom I have 

worked with, specially Kalyani, Vivek, Gautam and Manashi (Carbon Lab), Neena, 

Ved and Ujjal (Nanolab). Thanks are due to John specially for helping me learn STM 

and XPS. Thanks are also due to Vivek, Kalyani, N. Vinod, Gomathi, S. Lakshmi, 

Ujjal and Basu for all their help during the course of writing this thesis. 

I am indebted to the various technical staff of CPMU specially Usha Madam 

(TEM), Basavaraj (SEM), Anil (XRD) and Vasu (Measurements), Srinath, Srinivas, 

Rao (Nanolab). They have helped me with various characterizations during the course 

of this study. 

Special thanks are due to the Administrative, Academic, Library and Complab 

Staff for providing and maintaining the various facilities that have helped me 

immensely. 

I must specially mention the love, affection and hospitality provided 

abundantly to me from Mrs. Indumati Rao and Sanjay. 

Thanks are due to my friends and batch mates who have stood by me and kept 

me going all these years. I can never forget the time I spent with N. Vinod, Vivek, 

Kalyani, Gautam, Pushpa, Lakshmi, Gomathi, Ujjal, Neena, Reji, Sameen, Minaxie, 

CP, Sudhee, Pattu, Sujay, Sachin, John, Murugs, Arpita, Pearl, Magi, Sebastian, 

Sandip, Kripa, Jaya, Gargi, Ved, Kapoor, Ram, Rinki, Bhat, Sharmila, Shailesh, 

Vaidhya, KSiva, Archana, Punit, Arun, Kabra, Dash, Angappane, Bhuvana and pal. 

To all my himible achievements till date, I am specially gratefiil to my parents 

and to my family for all their love, affection, support and strength. I am gratefiil to 

them, for not only having guided me in making my career but also for having helped 

me all along in very many ways. If not for them I would not have reached this far in 

my Hfe. 

VI 



Preface 

This thesis deals with the synthesis, characterization and properties of 

inorganic nanowires, carbon nanotubes especially those of Y-junction nanotubes and 

the effects of doping ZnO with Co and Mn. 

Chapter 1 gives a brief survey of nanowires and nanotubes. Chapter 2 deals 

with the synthesis of carbon nanotubes, especially those of Y-junction nanotubes. The 

structure and the electronic properties of the junction nanotubes have been discussed. 

The synthesis and characterization of nanowires of metal oxides such as MgO, AI2O3, 

Si02 and hi203 by the carbon-assisted process form the subject matter of Chapter 3. 

The nanowires have been characterized by transmission electron microscopy (TEM) 

and other techniques. The dispersion of oxide nanowires in polar solvents has also 

been examined. 

Chapter 4 presents the results of the synthesis and characterization of the 

nanostructures of BN, GaN and InN. Studies have also been carried out on Mn-doped 

GaN nanowires and porous nanostructured GaN. The Mn-doped GaN nanowires are 

magnetic at room temperature. 

The results of a study of the nanostructures of II-VI semiconductor 

chalcogenides prepared by surfactant-assisted synthesis are discussed in Chapter 5. 

The nanostructures include both nanowires and nanotubes. These nanostructures have 

been characterized by TEM, optical absorption and emission spectroscopy and other 

techniques. 

In Chapter 6 investigations of Mn and Co doped ZnO prepared by a low-

temperature route are presented. It is shown that Mn and Co doped ZnO samples are 

not ferromagnetic down to low temperatures. 
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Chapter 1 

Nanowires and Nanotubes: A Brief Survey 

1.1 Introduction to nanostructures 

Nanotechnology is the term used to describe the creation and exploitation of 

materials with structural features in between those of atoms and bulk materials, with 

at least one-dimension in the nanometer range (Inm = 10'̂  m). Table 1.1 hsts typical 

nanomaterials of different dimensionalities. The properties of materials with 

nanometric dimensions are significantly different from those of atoms or bulk 

materials. Suitable control of the properties of nanometer-scale structures can lead to 

new science as well as new products, devices and technologies. The underlying theme 

of nanotechnology is miniaturization, the importance of which was pointed out by 

Feynman [1], as early as 1959 in his often-cited lecture entitled " There is plenty of 

room at the bottom ". The challenge is to beat Moore's Law [2] and accommodate 

1000 CDs in a wristwatch [3]. There has been explosive growth of nanoscience and 

technology in the last decade, primarily because of the availability of new methods of 

synthesizing nanomaterials, as well as tools for characterization and manipulation [4] 

(Table 1.2). Several innovative methods for the synthesis of nanoparticles and 

nanotubes, and their assemblies are now available. There is a better understanding of 

the size-dependent electrical, optical and magnetic properties of individual 

nanostructures of metals, semiconductors and other materials. Besides the established 

techniques of electron microscopy, crystallography and spectroscopy, scanning probe 
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Table 1.1 Typical nanomaterials 

(a) Nanocrystals and 
clusters 
(quantum dots) 

Other 
nanoparticles 

(b) Nanowires 

Nanotubes 

(c) Nanoporous solids 

(d) 2-D arrays 
(of nanoparticles) 

Surfaces and thin films 

(e) 3-D structures 
(superlattices) 

Size (approx) 

dia 1-10 nm 

dia 1-100 nm 

dia 1-100 nm 

dia 1-100 nm 

pore dia 0.5-10 nm 

several nm^-fim^ 

thickness 1-1000 nm 

Several nm in all 
three dimensions 

Materials 

Metals, 
semiconductors, 
magnetic materials 

Ceramic 
oxides 

Metals, semiconductors, 
oxides, sulfldes, nitrides 

Carbon, layered metal 
chalcogenides 

Zeolites, phosphates, etc. 

Metals, semiconductors, 
magnetic materials 

Various materials 

Metals, semiconductors, 
magnetic materials 



1.1 Introduction to nanostructures 

Table 1.2 Different methods of synthesis and investigation of nanomaterials 

Scale 
(approx) 

0.1-10 nm 

< 1-100 nm 

100 nm-1 ^m 

Synthetic 
methods 

Covalent 
synthesis 

Self-assembly 
techniques 

Processing, 
modifications 

Structural tools 

Vibrational spectroscopy 
NMR 
Diffraction methods 
Scanning probe 
microscopies (SPM) 

SEM, TEM, SPM 

SEM, TEM 

Theory and 
simulation 

Electronic 
structure 

Molecular 
dynamics 
and mechanics 

Coarse-grained 
models, 
hopping etc. 
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microscopies have provided powerful tools for the study of the nanostructures. Novel 

methods of fabricating patterned nanostructures, as well as new device and fabrication 

concepts, are constantly being discovered [4]. Size effects constitute a fascinating 

aspect of nanomaterials. The effects determined by size pertain to the evolution of 

structural, thermodynamic, electronic, spectroscopic, electromagnetic and chemical 

features of these finite systems. Size affects the structure of nanoparticles of materials 

such as CdS and CdSe, and also their properties such as the melting point and 

electronic absorption spectra. Within the realm of nanoscience and nanotechnology, 

nanowires and nanotubes play a special role because of their one-dimensionality. 

When the nanowire or nanotube diameter becomes small, singularities in the 

electronic density of states is observed (Figure 1.1), resembling more closely the case 

of molecules and atoms, but appearing to be very different from the case of crystalline 

solids or even two-dimensional systems [5]. 

Figure 1.1: Electronic density of states for bulk (3D, blue), quantum well (2D, 

red), quantum wire (ID, green) and quantum dot (OD, yellow). 



1.2 Carbon Nanotubes 

1.2 Carbon Nanotubes 

1.2.1 Introduction 

lijima [6] in 1991 observed that nanotubules of graphite were deposited on the 

negative electrode during the direct-current arcing of graphite for the preparation of 

flillerenes. These nanotubes are concentric graphitic cylinders closed at either end due 

to the presence of five-membered rings. Nanotubes can be multiwalled with a central 

tubule of nanometric diameter surrounded by graphitic layers separated by ~ 3.4 A. 

Unlike the multi-walled carbon nanotubes (MWNTs), in single-walled carbon 

nanotubes (SWNTs) there is only the tubule and no graphitic layers. A transmission 

electron microscope (TEM) image of a MWNT is shown in Figure 1.2 (a). In this 

nanotube, graphite layers surround the central tubule. Figure 1.2 (b) shows the model 

of a nanotube formed by two concentric graphitic cylinders. A SWNT can be 

visualized by cutting Ceo along the center and spacing apart the hemispherical 

corannulene end-caps by a cylinder of graphite of the same diameter. In Figure 1.2 (c) 

we show the TEM image of bundles of SWNTs. Carbon nanotubes and flillerenes are 

the only form of carbon with extended bonding and yet with no dangling bonds. Since 

carbon nanotubes are derived from flillerenes, they have been referred to as tubular 

fuUerenes or buckytubes. 

Carbon nanotubes are readily prepared by striking an arc between graphite 

electrodes in 2/3 atm (~ 500 torr) of helium, considerably higher than the pressure of 

helium used in the production of fullerene soot. A current of 60 - 100 A across a 

potential drop of about 25 V gives high yields of carbon nanotubes. Besides the 

conventional arc-evaporation technique, carbon nanotubes are produced by the 
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Figure 1.2: (a) A TEM image of a multi-walled carbon nanotube, (b) 

Minimum energy structure of a double-walled carbon nanotube, 

(c) TEM image of bundles of SWNTs. 

decomposition of hydrocarbons, such as acetylene, under inert conditions around 700 

"C over iron/graphite, cobalt/graphite, or iron/silica catalysts. The presence of 

transition metal particles is essential for the formation of nanotubes by the pyrolysis 

process and the diameter of the nanotube is determined by the size of the metal 

particles. The nanotubes generally obtained by the arc method or hydrocarbon 
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pyrolysis are multi-walled and have several graphitic sheets or layers (Figure 1 (a)). 

Single-walled nanotubes (SWNTs) (Figure 1 (c)) were first prepared by metal-

catalyzed direct-current arcing of graphite rods under a helium atmosphere. The 

graphite anode was filled with metal powders (Fe, Co, Ni) and the cathode was of 

pure graphite. SWNTs generally occur in the weblike material deposited behind the 

cathode. Various metal catalysts have been used to make SWNTs by this route. 

Considering the importance of the SWNTs, alternate synthesis strategies have been 

explored. Under controlled conditions of pyrolysis, dilute hydrocarbon-

organometallic mixtures yield SWNTs [4]. 

1.2.2 Structure and Characterization 

TEM observations show that the nanotubes prepared by the arcing process 

generally consist of multilayered, concentric cylinders of single graphitic (graphene) 

sheets. The diameter of the inner tubes is of the order of a few nanometers. The 

outermost tubes could be as large as 10-30 nm, as shown in Figure 1.2 (a). During 

the curling of a graphene sheet into a cylinder, helicity is introduced. Electron 

diffi-action studies establish the presence of helicity, to suggest that the growth of 

nanotubes occurs as in the spiral growth of crystals. The separation between 

concentric cylinders in MWNTs is about 3.45 A, which is close to the separation 

between the (002) planes of graphite. These are the lowest energy surfaces of graphite 

with no dangling bonds, so that the nanotubes are, in fact, the expected structures. 

Graphitic cylinders would have dangling bonds at the tips but the carbon nanotubes 

are capped by dome-shaped hemispherical fullerene-type units. The capping units 

consist of pentagons to provide the curvature necessary for closure. Ajayan et al. [7] 

studied the distribution of pentagons at the caps of carbon nanotubes, to find that the 
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caps need not be perfectly conical or hemispherical but can form skewed structures. 

The simplest possible SWNT can be visualized by cutting the Ceo structure across the 

middle and adding a cylinder of graphite of the same diameter. 

S 
:2? 

Figure 1.3: Models of a) armchair, b) zigzag, and c) chiral nanotubes. 

If Ceo is bisected normal to a five-fold axis, an armchair tube is formed, and if 

it is bisected normal to a threefold axis, a zigzag tube is formed. Armchair and zigzag 

tubes are achiral. In addition to these, a variety of chiral tubes can be formed with the 

screw axis along the axis of the tube. In Figure 1.3, we show models of the three types 

of nanotubes formed by bisecting the Ceo molecule and adding a cylinder of graphite. 

Nanotubes can be defined by a chiral angle 0 and a chiral vector Ch, given by 

Equation (1), where aj and a2 are unit vectors in a 2D graphene lattice and n and m are 

integers. 

Ch = nai + ma2 (1) 



1.2 Carbon Nanotubes 

The vector Ch connects two crystallographically equivalent sites on a 2D 

graphene sheet and the chiral angle is the angle it makes with respect to the zigzag 

direction, Figure 1.4. A tube is formed by rolling up the graphene sheet in such a way 

that the two points connected by the chiral vector coincide. A number of possible 

chiral vectors can be specified by Equation (1) in terms of integer pairs (n, m). Many 

Zigzag direction 

Armcl ta i r direction 

Figure 1.4: A 2D graphene sheet showing chiral vector Ch and chiral angle 9. 

such pairs are shown in Figure 1.4 and each pair (n, m) defines a different way of 

rolling the graphene sheet to form a carbon nanotube of certain chirality. The limiting 

cases are n 7t 0, m = 0 (zigzag tube), and n = m t̂ 0 (armchair tube). For a carbon 

nanotube defined by the index (n, m), the diameter d and the chiral angle B are given 

by Equations (2) and (3), where a = 1.42 A^ and 0 < 9 < 30°, 

^ 0\/mM- mn + n^ ^2) 
71 

0 = a rc tan f ^^ - " ' ) (3) 

As mendoned earlier, multi-walled carbon nanotubes consist of capped concentric 

cylinders separated by 3.45 A, which is slightly larger than interlayer spacing in 
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graphite. This is because the number of carbon atoms increases as we go from an 

inner cyHnder to an outer cyUnder and it is not possible to maintain perfect ABAB... 

stacking, as in graphite. Thus, an interlayer spacing close to that in turbostratic 

graphite is observed in MWNTs. hi addition to pentagons and hexagons, carbon 

nanotubes can also have heptagons. Pentagons impart a positive curvature whereas 

heptagons give rise to a negative curvature, to the otherwise flat graphene sheet made 

of hexagons. Thus, nanotubes with pentagons and heptagons will have unusual 

curvatures and shapes. Bent nanotubes arising from the presence of pentagons and 

heptagons on opposite side of the tube have been observed [8]. 

1.3 Inorganic Nanotubes 

Several layered inorganic compounds possess structures comparable to the 

structure of graphite, the metal dichalcogenides being important examples. The metal 

dichalcogenides, MX2 (M = Mo, W, Nb, Hf; X = S, Se) contain a metal layer 

sandwiched between two chalcogen layers with the metal in a trigonal pyramidal or 

octahedral coordination mode [9]. The MX2 layers are stacked along the c-direction in 

ABAB fashion. The MX2 layers are analogous to the single graphene sheets in the 

graphite structure (Figure 1.5). When viewed parallel to the c-axis, the layers show 

the presence of dangling bonds due to the absence of an X or M atom at the edges. 

Such unsaturated bonds at the edges of the layers also occur in graphite. The 

dichalcogenide layers are unstable towards bending and have a high propensity to roll 

into curved structures. Folding in the layered transition metal chalcogenides (LTMCs) 

was recognized as early as 1979, well before the discovery of the carbon nanotubes. 

Rag-like and tubular structures of M0S2 were reported by ChianeUi et al. [10] who 

10 
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studied their usefulness in catalysis. The folded sheets appear as crystalline needles in 

low magnification TEM images, and were described as layers that fold onto 

themselves. These structures indeed represent those of nanotubes. Tenne et al. [11] 

first demonstrated that Mo and W dichalcogenides are capable of forming nanotubes 

(Figure 1.6 (a)). Closed fullerene-type structures (inorganic fuUerenes) also formed 

along with the nanotubes (Figure 1.6 (b)). The dichalcogenide structures contain 

concentrically nested fiillerene cylinders, with a less regular structure than in the 

carbon nanotubes. Accordingly, MX2 nanotubes have varying wall thickness and 

contain some amorphous material on the exterior of the tubes. Nearly defect-fî ee MX2 

nanotubes are rigid as a consequence of their structure and do not permit plastic 

Figure 1.5: Comparison of the structures of (a) graphite and inorganic layered 

compounds such as (b) NbSi/TaSa; (c) M0S2; (d) BN. In the 

layered dichalcogenides, the metal is in trigonal prismatic (TaS2) 

or octahedral coordination (M0S2). 

11 
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Figure 1.6: TEM images of (a) a multi-walled nanotube of WS2 and (b) hollow 

particles (inorganic fullerenes) of M0S2. 

deformation. Considerable progress has been made in the synthesis of the nanotubes 

of Mo and W dichalcogenides in the last few years. With the synthesis and 

characterization of the fullerenes and nanotubes of M0S2 and WS2, a wide field of 

research has opened up, enabling the successful synthesis of nanotubes of other metal 

chalcogenides. 

12 



1.3 Inorganic nanotubes 

It may be recalled that the dichalcogenides of many of the Group 4 and 5 

metals have layered structures suitable for forming nanotubes. Curved structures are 

not only limited to carbon and the dichalcogenides of Mo and W. Perhaps the most 

well-known example of a tube-like structure with diameters in the nm range is formed 

by the asbestos mineral (chrysotil) whose fibrous characteristics are determined by the 

tubular structure of the fused tetrahedral and octahedral layers. The synthesis of 

mesoporous silica with well-defined pores in the 2-20 nm range was reported by 

Beck and Kresge [12]. The synthetic strategy involved the self-assembly of liquid 

crystalline templates. The pore size in zeolitic and other inorganic porous solids is 

varied by a suitable choice of the template. However, in contrast to the synthesis of 

porous compounds, the synthesis of nanotubes is somewhat more difficult. Nanotubes 

of oxides of several transition metals as well as of other metals have been synthesized 

employing different methodologies [13-18]. Silica nanotubes were first produced as a 

spin-off product during the synthesis of spherical silica particles by the hydrolysis of 

tetraethylorthosilicate (TEOS) in a mixture of water, ammonia, ethanol and D, L-

tartaric acid [14]. Since self-assembly reactions are not straightforward with respect to 

the desired product, particularly its morphology, templated reactions have been 

employed using carbon nanotubes to obtain nanotubes structures of metal oxides 

[15,16]. 

Oxides such as V2O5 have good catalytic activity in the bulk phase. Redox 

catalytic activity is also retained in the nanotubular structure. There have been efforts 

to prepare V2O5 nanotubes by chemical methods as well [17]. Boron nitride (BN) 

crystallizes in a graphite-like structure and can be simply viewed as replacing a C-C 

pair in the graphene sheet with the iso-electronic B-N pair. It can, therefore, be 

13 
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considered as an ideal precursor for the formation of BN nanotubes. Replacement of 

the C-C pairs partly or entirely by the B-N pairs in the hexagonal network of graphite 

leads to the formation of a wide array of two-dimensional phases that can form hollow 

cage structures and nanotubes. The possibility of replacing C-C pairs by B-N pairs in 

the hollow cage structure of Ceo was predicted [19] and verified experimentally [20]. 

BN-doped carbon nanotubes have been prepared [21]. Pure BN nanotubes have been 

generated by employing several procedures, yielding nanotubes with varying wall 

thickness and morphology [22]. It is therefore quite possible that nanotube structures 

of other layered materials can be prepared as well. For example, many metal halides 

(e.g., NiCl2), oxides (Ge02) and nitrides (GaN) crystallize in layered structures. There 

is considerable interest at present to prepare exotic nanotubes and to study their 

properties. 

1.4 Inorganic Nanowires 

Eversince the discovery of carbon nanotubes there has been great interest in 

the synthesis and characterization of other one-dimensional (ID) structures. 

Nanowires, nanorods and nanobelts constitute an important class of ID 

nanostructures, which provide models to study the relationship between electrical 

transport, optical and other properties with dimensionality and size confinement. The 

inorganic nanowires can also act as active components in devices as revealed by 

recent investigations. In the last 3—4 years, nanowires of a variety of inorganic 

materials has been synthesized and characterized. Thus, nanowires of elements, 

oxides, nitrides, carbides and chalcogenides, have been generated by employing 

various strategies. One of the crucial factors in the synthesis of nanowires is the 

14 
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control of composition, size and crystallinity. Among the methods employed, some 

are based on vapor phase techniques, while others are solution techniques. Compared 

to physical methods such as nanolithography and other patterning techniques, 

chemical methods have been more versatile and effective in the synthesis of these 

nanowires. Thus, techniques involving chemical vapor deposition (CVD), precursor 

decomposition, as well as solvothermal, hydrothermal and carbothermal methods 

have been widely employed. Several physical methods, especially microscopic 

techniques such as scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), scanning tunneling microscopy (STM) and atomic force 

microscopy (AFM) are commonly used to characterize nanowires. 

1.4.1 Synthetic strategies 

An important aspect of the ID structures relates to their crystallization [23], 

wherein the evolution of a solid from a vapor, a liquid, or a solid phase involves 

nucleation and growth. As the concentration of the building units (atoms, ions, or 

molecules) of a solid becomes sufficiently high, they aggregate into small nuclei or 

clusters through homogeneous nucleation. These clusters serve as seeds for further 

growth to form larger clusters. Several synthetic strategies have been developed for 

ID nanowires with different levels of control over the growth parameters (Figure 1.7). 

These include: (i) the use of the anisotropic crystallographic structure of the solid to 

facilitate ID nanowire growth (Figure 1.7 (a)); (ii) the introduction of a solid-liquid 

interface (Figure 1.7 (b)); (iii) use of templates (with ID morphologies) to direct the 

formation of nanowires (Figure 1.7 (c)); (iv) supersaturation control to modify the 

growth habit of a seed; (v) use of capping agents to kinetically control the growth 

rates of the various facets of a seed (Figure 1.7 (d)); and (vi) self-assembly of zero-
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(a) (b) 

(c) 

(e) (f) 

\ 

Figure 1.7: Schematic illustration showing the six different strategies that have 

been demonstrated for achieving ID growth. 
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dimensional (OD) nanostructures (Figure 1.7 (e)) and (vii) size reduction of ID 

microstructures (Figure 1.7 (f)). They are conveniently categorized into (a) growth in 

the vapor phase; and (b) solution-based growth. 

Vapor phase growth of nanowires 

Vapor phase growth is extensively used for producing nanowires. Starting 

with the simple evaporation technique in an appropriate atmosphere to produce 

elemental or oxide nanowires, vapor-liquid-solid (VLS), vapor-solid (VS) and other 

processes are also made use of 

Vapor-liquid-solid growth 

The growth of nanowires via a gas phase reaction involving the vapor-liquid-

solid (VLS) process has been widely studied. Wagner [23], during his studies of 

growth of large single-crystalline whiskers, proposed in 1960s, a mechanism for the 

growth via gas phase reaction involving the so-called vapor-liquid-solid process 

(Figure 1.8). He studied the growth of mm-sized Si whiskers in the presence of Au 

particles. According to this mechanism, the anisotropic crystal growth is promoted by 

the presence of the liquid alloy/solid interface. This mechanism has been widely 

accepted and applied for understanding the growth of various nanowires including 

those of Si and Ge among others. The growth of Ge nanowires using Au clusters as a 

solvent at high temperature is explained based on the Ge-Au phase diagram shown in 

Figure 1.9. Ge and Au form a liquid alloy when the temperature is higher than the 

eutectic point (363 °C) as shown in Figure 1.9 (a-I). The liquid surface has a large 

accommodation coefficient and is therefore a preferred deposition site for the 

incoming Ge vapor. After the liquid alloy becomes supersaturated with Ge, 
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Figure 1.8: VLS mechanism as demonstrated in the case of Si whiskers by Wagner. 

precipitation of the Ge nanowire occurs at the soHd- hquid interface (Figure 1.9 (a-II-

III). Until recently, the only evidence that nanowires grew by this mechanism was the 

presence of alloy droplets at the tips of the nanowires. Wu et al. [24] have reported 

real-time observations of Ge nanowire growth in an in situ high-temperature TEM, 

which demonstrate the validity of the VLS growth mechanism. Their experimental 

observations suggest that there are three growth stages: metal alloying, crystal 

nucleation and axial growth (Figure 1.10). Figure 1.10 (a)-(f) shows a sequence of 

TEM images during the in situ growth of a Ge nanowire. Three stages, I-III, are 

clearly identified. (I), Alloying process, (Figure 10 (a)-(c)): The maximum 

temperature that could be attained in the system was 900 °C, up to which the Au 

clusters remain in the solid state in the absence of Ge vapor. With increasing amount 

of Ge vapor condensation and dissolution, Ge and Au form an alloy and liquefy. The 

volume of the alloy droplet increases and the elemental contrast decreases, while the 
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Figure 1.9: (a) Schematic illustration of vapor-solid growth mechanism including 

three stages (I) alloying, (II) nucleation and (III) axial growth. Three 

stages are projected onto the conventional Au-Ge phase diagram; (b) 

shows the compositional and phase evolution during the nanowire growth 

process. 

alloy composition crosses sequentially, from left to right, a biphasic region (solid Au 

and Au/Ge liquid alloy) and a single phase region (liquid). An isothermal line in the 

Au-Ge phase diagram (Figure 1.9 (b)) shows the alloying process. (II), Nucleation, 
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(Figure 1.10 (d)-(e)): As the concentration of Ge increases in the Au-Ge alloy droplet, 

the process of nucleation of the nanowire begins. Knowing the alloy volume change, 

it is estimated that the nucleation generally occurs at a Ge weight percentage of 50-

60%. (Ill), Axial growth, (Figure 1.10 (d)-(f)): Once the Ge nanocrystal nucleates at 

the liquid/soUd interface, further condensation/dissolution of the Ge vapor into the 

system increases the amount of Ge precipitation from the alloy. The incoming Ge 

vapors diffuse and condense at the solid/liquid interface, thus suppressing secondary 

nucleation events. The interface is then pushed forward (or backward) to form 

nanowires (Figure 1.10 (f)). 

Figure 1.10: In situ TEM images recorded during the process of nanowire growth, (a) 

Au nanoclusters in solid state at 500 °C; (b) alloying initiated at 800 "C, 

at this stage Au exists mostly in solid state; (c) liquid Au/Ge alloy; (d) 

the nucleation of Ge nanocrystal on the alloy surface; (e) Ge nanocrystal 

elongates with further Ge condensation and eventually forms a wire (f). 
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1.4 Inorganic nanowires 

This study confirms the vaUdity of the VLS growth mechanism at the nanometer 

scale. Since the diameter of the nanowires is determined by the diameter of the 

catalyst particles, this method provides an efficient means to obtain uniform-sized 

nanowires. Also, with the knowledge of the phase diagram of the reacting species, the 

growth temperature can be set in between the eutectic point and the melting point of 

the material. Physical methods, such as laser ablation or thermal evaporation, as well 

as chemical methods such as chemical vapor deposition can be used to generate the 

reactant species in vapor form, required for the nanowire growth. Catalyst particles 

can be sputtered onto the substrates or metal nanoparticles prepared by solution-based 

routes used as the catalysts. An advantage of this route is that patterned deposition of 

catalyst particles yields patterned nanowires. Using this growth mechanism, 

nanowires of various materials including elements, oxides, carbides, phosphides, etc., 

have been successfully obtained. 

Vapor-solid growth 

The vapor-solid (VS) method for whisker growth also holds for the growth of 

ID nanomaterials [23]. In this process, evaporation, chemical reduction or gaseous 

reaction first generates the vapor. The vapor is subsequently transported and 

condensed onto a substrate. The VS method has been used to prepare whiskers of 

oxide, as well as metals with micrometer diameters. It is, therefore, possible to 

synthesize the ID nanostructures using the VS process if one can control the 

nucleation and the subsequent growth process. Using the VS method, nanowires of 

the oxides of Zn, Sn, In, Cd, Mg, Ga and Al have been obtained. 
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Carbothermal reactions 

Nanowires of a variety of oxides, nitrides and carbides can be synthesized by 

carbothermal reactions. For example, carbon (activated carbon or carbon nanotubes) 

in mixture with an oxide produces sub-oxidic vapor species, which reacts with C, O2, 

N2 or NH3 to produce the desired nanowires. Carbothermal reactions generally 

involve the following steps: 

metal oxide + C —> metal suboxide + CO 

metal suboxide + O2 —> metal oxide nanowires 

metal suboxide + NH3 -^ metal nitride nanowires + CO + H2 

metal suboxide + N2 ^^ metal nitride nanowires + CO 

metal suboxide + C ^^ metal carbide nanowires + CO 

The first step normally involves the formation of a metal suboxide by the reaction of 

the metal oxide with carbon. Depending on the desired product, the suboxide heated 

in the presence of O2, NH3, N2 or C yields oxide, nitride or carbide nanowires. The 

versatility of the carbon-assisted synthesis is illustrated with a typical example in 

Scheme 1.1. 

Solution-based growth of nanowires 

This synthetic strategy for nanowires makes use of anisotropic growth dictated 

by the crystallographic structure of the solid material, or confined and directed by 

templates, or kinetically controlled by supersaturation, or by the use of appropriate 

capping agent. 
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Scheme 1.1 

Highly anisotropic crystal structures 

Solid materials such as polysulphumitride, (SN)x, grow into ID 

nanostructures, the habit being determined by the anisotropic bonding in the structure 

[25,26]. Other materials, such as selenium [27,28], tellurium [29] and molybdenum 

chalcogenides [30] are easily obtained as nanowires due to anisotropic bonding, 

which dictates the crystallization to occur along the c-axis, favoring the stronger 

covalent bonds over the relatively weak van der Waals forces between the chains. 

Template-based synthesis 

Template-directed synthesis represents a convenient and versatile method for 

generating ID nanostructures. In this technique, the template serves as a scaffold 

against which other materials with similar morphologies are synthesized. That is, the 

in situ generated material is shaped into a nanostructure with a morphology 
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Figure 1.11: TEM micrograph of an anodic alumina membrane (AAM). 

surfactant 
molecules 

(c) 

Figure 1.12: Schematic illustration showing the formation of nanowires by 

templating against mesostructures, which are self-assembled from 

surfactant molecules, (a) Formation of cylindrical micelle; (b) 

formation of the desired material in the aqueous phase encapsulated by 

the cylindrical micelle; (c) removal of the surfactant molecule with an 

appropriate solvent (or by calcination) to obtain an individual nanowire. 
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1.4 Inorganic nanowires 

complementary to that of the template. The templates could be nanoscale channels 

within mesoporous materials, porous alumina and polycarbonate membranes. The 

nanoscale channels are filled using, the solution, the sol-gel or the electrochemical 

method. The nanowires so produced are released from the templates by removal of the 

host matrix [31]. Unlike the polymer membranes fabricated by track etching, anodic 

alumina membranes (AAMs) containing a hexagonally packed 2D array of cylindrical 

pores with a uniform size are prepared using anodization of aluminium foils in an 

acidic medium (Figure 1.11). Nanowires of several materials have been fabricated 

using AAMs as templates. The various inorganic materials include Au, Ag, Pt, Ti02, 

MnOa, ZnO, Sn02, hi203, CdS, CdSe, CdTe, electronically conducting polymers such 

as polypyrole, poly(3-methylthiophene) and polyaniline, as well as carbon 

nanotubules. The only drawback of this method is that it is difficult to obtain 

materials that are single-crystalline. Besides alumina and polymer membranes with 

high surface areas and uniform pore sizes, mesoporous silica has been successfully 

used as a template for the synthesis of polymer and inorganic nanowires. Mesophase 

structures self-assembled fi-om surfactants (Figure 1.12) provide another class of 

useful and versatile templates for generating ID nanostructures in relatively large 

quantities. It is well known that at critical micellar concentration (CMC) surfactant 

molecules spontaneously organize into rod-shaped micelles [32]. These anisotropic 

structures can be used immediately as soft templates to promote the formation of 

nanorods when coupled with appropriate chemical or electrochemical reaction. The 

surfactant needs to be selectively removed to collect the nanorods/nanowires. 

Nanowires themselves can be used as templates to generate the nanowires of other 

materials. The template may be coated to the nanowire (physical) forming coaxial 

nanocables [33], or it might react with the nanowires forming a new material [34]. In 
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the physical methods (solution or sol-gel coating), surfaces of the nanowires are 

directly coated with conformal sheaths made of a different material to form coaxial 

nanocables. Subsequent dissolution of the original nanowires leads to nanotubes of 

the coated materials. The sol-gel coating method is a generic route to synthesize co­

axial nanocables that may contain electrically conductive metal cores and insulating 

sheaths. Govindaraj et al. [35] have demonstrated that a variety of metal nanowires of 

1-1.4 nm diameter can be readily prepared by filling SWNTs, opened by acid 

treatment. Nanowires of Au, Pt, Pd and Ag have been synthesized by employing 

sealed-tube reactions, as well as solution methods. In addition, incorporation of thin 

layers of metals in the intertubular space of the SWNT bundles has been observed. 

Solution-liquid-solid process 

Buhro and coworkers [36] have developed a low temperature solution-liquid-

solid (SLS) method for the synthesis of crystalline nanowires of III-V semiconductors 

[37]. In a typical procedure, a metal (e.g. In, Sn, Bi) with a low melting point is used 

as a catalyst, and the desired material generated through the decomposition of 

organometallic precursors. Nanowhiskers of InP, InAs and GaAs have been prepared 

by low temperature (< 203 °C) solution phase reactions. The schematic illustration in 

Figure 1.13 clearly shows the growth of nanowires or whiskers through the SLS 

method. The products obtained are generally single-crystalline. Korgel et al. [38] have 

used the supercritical fluid-liquid-solid (SFLS) method to synthesize bulk quantities 

of defect-fi"ee silicon and germanium nanowires. In addition to these solution routes to 

elemental III-V semiconductor nanowires, it has been reported recently that by 

exploiting the selective capping capacities of mixed surfactants, it is possible to 
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Solution Liquid Sotid 

Figure 1.13: Schematic illustration showing the growth of nanowire through the 

solution-liquid-solid (SLS) mechanism which is similar to the 

vapor-liquid-solid (VLS) process. 

extend the synthesis of the II-VI semiconductor nanocrystals to that of semiconductor 

nanorods [39], a version of nanowires with relatively shorter aspect ratios. 

Solvothermal synthesis 

Solvothermal methodology is extensively employed as a solution route to 

produce semiconductor nanowires and nanorods. hi this process, a solvent is mixed 

with metal precursors and crystal growth regulating or templating agents, such as 

amines. This solution mixture is placed in an autoclave maintained at relatively high 

temperatures and pressures to carry out the crystal growth and the assembly process. 

The methodology is quite versatile and has enabled the synthesis of crystalline 

nanowires of semiconductors and other materials. 

1.4.2 Growth control and integration 

A significant challenge in the chemical synthesis of nanowires is how to 

rationally control the nanostructure assemblies so that their size, dimensionality, 
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interfaces and their 2D and 3D superstructures can be tailor-made towards desired 

functionality. Many physical and thermodynamic properties are diameter-dependent. 

Several groups of workers have synthesized uniform-sized nanowires by the VLS 

process using clusters with narrow size distributions. Controlling the growth 

orientation is important for the applications of nanowires. By applying the 

conventional epitaxial crystal growth technique to the VLS process, a vapor-liquid-

solid epitaxy technique has been developed for the controlled synthesis of nanowire 

arrays. Nanowires generally have preferred growth directions. For example, zinc 

oxide nanowires prefer to grow along their c-axis, that is along the <001> direction. 

Also, Si nanowires grow along the <111> direction when grown by the VLS growth 

PDMS Micromold 

Fill nanowire suspension 
Evaporate solvent 

>£«;;;"\?sFs;;. .^diui"-,i^MMnn 

Figure 1.14: Schematic illustration of the microfluidic-assisted nanowire 

integration process for nanowire surface patterning. 

process, but can be made to grow along the <112> or the <110> direction by the 

oxide-assisted growth mechanism. It is clear from the VLS nanowire growth 

mechanism that the initial positions of Au clusters or Au thin films controls the 
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positions of the nanowires. By creating desired patterns of Au using a lithographic 

technique, it is possible to grow ZnO nanowires of the same designed pattern since 

they grow vertically only from the region coated with Au and form the designed 

patterns of ZnO nanowire arrays [40,41]. Similarly, networks of nanowires with the 

precise placement of individual nanowires on substrates with the desired 

configuration are achieved by the surface patterning strategy [40,41]. Integration of 

nanowire building blocks into complex functional networks in a controlled fashion is 

a major challenge. The direct one-step growth process has been used [40,41]. In this 

process, the nanowires, grown by the VLS method, are patterned on substrates by 

selectively depositing in catalyst particles. Another way is to place the nanowire 

building blocks together into the functional structure to develop a hierarchical 

assembly. By using a simple dubbed microfluidic-assisted nanowire integration 

process, wherein the nanowire solution/suspension is filled in the microchannels 

formed between poly(dimethylsiloxane) (PDMS) micromould and a flat Si substrate, 

followed by the evaporation of the solvent, nanowire surface patterning and alignment 

has been achieved [42,43]. A schematic illustration of the microfluidic-assisted 

nanowire integration process is shown in Figure 1.14. The Langmuir Blodgett 

technique has also been used to obtain aligned, high-density nanowire assemblies 

[44]. 

1.5 Some properties and applications of nanostructures r^ 

Nanostructures have a variety of interesting properties because of their 

reduced dimensions and consequently find a wide variety of applications. Some of 

these may be superior to their bulk analogues. Such exciting and novel applications 
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have prompted wide research to fully understand and exploit these nanostructures. 

Listed below are some of the important areas where they find a wide range of 

applications, some fully explored whereas some others where more understanding 

may be required. 

Hydrogen Storage 

Carbon nanotubes have been investigated for H2 storage properties [45]. It 

would be worthwhile to look into the H2 storage ability of some of the inorganic 

nanotubes. The chalcogenide nanotubes with ~ 6 A van der Waals gap between the 

layers, are potential candidates for showing storage capacity. It has been shown 

recently that BN nanotubes can store a reasonable quantity of H2 [46]. Multi-walled 

BN nanotubes have been shown to possess a capacity of 1.8-2.6 wt % of H2 uptake 

under ~ 10 MPa at room temperature. This value, though smaller than that reported 

for CNTs, nevertheless suggests the possible use of BN nanotubes as a hydrogen 

storage system. M0S2 nanotubes could be electrochemically charged and discharged 

with a capacity of 260 mA h g'' at 20 °C, corresponding to a formula of H1.24M0S2 

[47]. The high storage capacity is believed to be due to the enhanced electrochemical-

catalytic activity of the highly nanoporous structure. This may find wide applications 

in high energy batteries. 

Mechanical Properties 

Single-walled carbon nanotubes are known to possess extraordinary strength 

[48]. Mechanical properties of BN nanotubes would be worthy of exploration. Unlike 

carbon nanotubes, BN nanotubes are predicted to have stable insulating properties 

independent of their structure and morphology. Thus, BN tubes can be used as nano-
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insulating devices for encapsulating conducting materials like metallic wires. Filled 

BN nanotubes are expected to be useful for the preparation of nano-structured 

ceramics. 

Sensor applications 

Chemical sensitivity of SiNW bundles has been studied [49a]. Upon exposure 

to NH3 gas and water vapor, the electrical resistance of the HF-etched SiNWs relative 

to the non-etched SiNWs decreases at room temperature. This phenomenon serves as 

the basis for a new sensor. A novel Si-nanowire based field effect sensor device 

[Figure 1.15] has been developed [49b]. 

Figure 1.15: A photograph of a prototype nanowire FET sensor biochip. 

Field-emission properties 

Field emission studies on GaN nanowires have shown significant emission 

currents at low electric field with current densities of 20 \xA/cm^ at a field of 14 V/|j.m 

[50]. 
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Optical Properties 

Ultraviolet-blue laser action has been reported in monocrystalline GaN 

nanow^ires, using both near-field and far-field optical microscopy to characterize the 

waveguide mode structure and the spectral properties of the radiation at room 

temperature [51]. 

Semiconductor nanowire building blocks have been used to assemble 

functional device elements and element arrays [52]. Nanowire junction arrays have 

been configured as OR, AND and NOR logic-gate structures with substantial gain and 

have been used to implement basic computation. Functional ID resonant tunneling 

diodes have been obtained via bottom-up assembly of designed segments of different 

semiconducting materials in IIIA^ nanowires [53]. 

1.6 Conclusions and future directions 

One-dimensional nanostructures clearly constitute a fascinating class of 

materials with a variety of novel properties, some knovm and some yet to be 

discovered. Today, it can be claimed that these materials of the desired form can be 

produced in relatively large quantities. The various possible applications such as in 

the case of field-emission displays, nanosensors and in hydrogen storage have 

prompted intensive and rigorous research in the synthesis of these materials. The 

electronic properties of nanowires and nanotubes hold promise in nanoelectronics. 

Our ability to manipulate such nanostructures by atomic probe microscopies 

reinforces this conviction, while nanotubes themselves can be used to advantage as 

AFM and STM tips. There is still much need for the carefiil and systematic 

investigations of several of the properties and phenomena associated with one-
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dimensional materials. It is necessary to be able to obtain highly reproducible 

preparations of nanowires and nanotubes possessing the desired characteristics and to 

dope them in a controlled manner. This also applies to the other chemical 

manipulations with these materials. In the case of nanotubes of layered metal 

chalcogenides, besides obtaining good reproducible samples, their tribological and 

other properties are yet to be fully explored. There is little doubt that nanowires and 

nanotubes of many more inorganic materials will be prepared in the future. New 

strategies will also be developed for the synthesis and manufacture of these materials. 

To be able to synthesize nanomaterials, organize them and manipulate them for 

various specific applications is one of the goals of modem materials and nanoscience. 

Surely we can look forward to several exciting and interesting phenomena that will be 

unraveled in the coming years. 
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Chapter 2 

Multi-walled and Single-walled Carbon 

Nanotubes and Carbon Nanotubes with Y-

j unctions 

Summary* 

This chapter deals with the synthesis of carbon nanotubes by the pyrolysis of 

organometaUic precursors. Y-junction carbon nanotubes can be produced in relatively 

large quantities by the vapor phase pyrolysis of a mixture of nickelocene, cobaltocene 

ferrocene or iron pentacarbonyl with thiophene in a hydrogen atmosphere. The carbon 

nanotubes with junction have been examined extensively by TEM and EELS. The 

junctions are free from sulfur and contain only carbon or carbon and nitrogen. 

Pyrolysis of Ni- and Fe-phthalocyanines with thiophene yields N-doped Y-junction 

nanotubes. Good yields of Y-junction carbon nanotubes were obtained by pyrolysing 

thiophene over an Ni(Fe)/Si02 catalyst as well. Many of the nanotubes show multiple 

Y-junctions. Of the various methods employed by us, the pyrolysis of thiophene with 

metallocenes or over the Ni (Fe)/Si02 catalyst yields the best results and is also a less 

expensive route. 

We have also carried out the pyrolysis of ferrocene in combination with 

ethylene/acetylene along with water vapour. By this procedure we have been able to 

' Papers based on these studies have appeared in Chem. Phys. Lett., (2001) and (2005). 
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obtain junction nanotubes at the inlet and large yields of SWNTs at the outlet regions. 

By carrying out the same reaction in the absence of water vapour we have been able 

to obtain multi-walled nanotubes containing junctions with reduced number of 

graphitic layers. 

The electronic properties of the junction nanotubes have been investigated by 

scanning tunneling microscopy. Tunneling conductance measurements reveal 

rectifying behavior with regions of coulomb blockade, the effect being much larger in 

the N-doped junction nanotubes. 
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2.1 Introduction 

2.1 Introduction 

Carbon nanotubes (CNTs) are conveniently obtained by carrying out the 

pyrolysis of hydrocarbons such as ethylene and acetylene over nanoparticles of iron, 

cobalt, and other metals dispersed over a solid substrate [1-3] The presence of 

nanoparticles is essential not only to form nanotubes but also to control the diameter 

of the nanotube to some extent [4]. Since a carbon source as well as metal 

nanoparticles is necessary for producing carbon nanotubes by the pyrolysis of 

hydrocarbons, the strategy of employing an appropriate organometallic precursor 

which can serve as a dual source of both the carbon and the metal nanoparticles was 

explored by us. The first experiments carried out on the pyrolysis of organometallic 

precursors such as metallocenes and iron pentacarbonyl were successful in producing 

multiwalled nanotubes (MWNTs) [5,6]. This method is used not only to synthesize 

multiwalled and single-walled nanotubes (SWNTs) but also Y-junction nanotubes. 

Y-and T-shaped carbon nanotube junctions are considered likely to be the 

basic building units for nanoelectronic devices. The Y- and T-junctions appear to defy 

the conventional models in favor of an equal number of five- and seven-membered 

rings to create nanotube junctions. Instead, the Y-and T-junctions can also be created 

with an equal number of five- and eight-membered rings (Figure 2.1-2.3) [7]. An 

ordinary carbon nanotube involving a bend or a kink arising firom the presence of a 

diametrically opposite pentagonal-heptagonal pair connects two nanotubes of 

different chirality and hence of different electronic structure, thereby leading to an 

intramolecular device (Figure 2.4). Such a device with a single-walled carbon 

nanotube can behave as a diode rectifier [8]. For device applications, it is important to 
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^'^iru 

Figure 2.1: Model of T-junction carbon nanotubes (a) (5,5)-(10,0)-(5,5) tube (Tl), 

the turquoise colored balls denote the atoms forming the heptagons. The 

structure contains six heptagons and no pentagons and (b) (9,0)-(10,0)-

(9,0) tube (T2). The turquoise colored balls denote the atoms forming the 

heptagons. Pentagons are denoted by white balls. The structure contains 

eight heptagons and two pentagons. 
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Figure 2.2: Structural models of carbon nanotube Y-junctions (the six 

heptagons are highlighted in black). 

Figure 2.3: Model of a Y-junction nanotube with two (9,0) and one (8,0) arms. 

The presence of 6 octagons and 6 pentagons are clearly seen. 
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Figure 2.4: TEM image and the corresponding model of a bend or kink in a 

carbon nanotube created by the presence of five-membered 

(pentagon) and seven-membered (heptagon) rings. 

be able to connect nanotubes of different diameters and chirality [9-11]. To date, there 

have been no practical devices made of real three-point nanotube junctions. However, 

junctions consisting of crossed nanotubes have been fabricated to study their transport 

characteristics [12]. ha this context it is important to be able to devise methods that 

can deliver junction nanotubes of high purity and in good yields. The ability to obtain 

such methods will aid largely in investigating the electronic properties of junction 

nanotubes in detail. In this chapter, the salient features of the various types of 

nanotubes obtained by employing the organometallic route is presented and also some 

of the properties of the nanotubes so produced is examined. Y-junction nanotubes 

thus prepared could be useful as building blocks in nanoelectronics. The nanotubes 
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produced from organometallics are also usefully employed as starting materials to 

prepare other types of nanostructures. In what follows, the scope of the present 

investigations has been outlined. 

2.2 Scope of the present investigations 

Y-junction MWNTs 

Y-junction nanotubes have been prepared by using Y-shaped nanochannel 

alumina templates in the presence of cobalt particles [13]. More significantly, it has 

been possible to prepare Y-junction nanotubes by chemical means through the 

pyrolysis of nickelocene in the presence of thiophene at 1000 °C [14]. Such a direct 

and simple chemical synthesis of Y-junction nanotubes on a large scale would be of 

value for applications in nanodevices. Y-junction nanotubes have also been formed by 

hot tantalum-filament chemical vapor deposition using evaporated copper catalyst and 

acetone as the carbon source [15]. The junctions were later prepared by the pyrolysis 

of CH4 over Co supported on MgO by Li et al. [16]. The yield of junctions seems to 

be superior by the pyrolysis procedure [14]. Apart from producing Y-junction 

nanotubes by the pyrolysis of nickelocene-thiophene mixtures, we have studied the 

pyrolysis of other metallocenes such as ferrocene and cobaltocene along with 

thiophene. In addition, we have examined the pyrolysis of thiophene in the presence 

of iron and nickel phthalocyanines as well as iron pentacarbonyl. The pyrolysis 

involving Fe- and Ni-phthalocyanines was carried out to obtain N-doped Y-junction 

carbon nanotubes. Since thiophene plays an important role in the formation of Y-

junctions, we have investigated the pyrolysis of thiophene over Ni or Fe nanoparticles 

dispersed on silica surfaces. Interestingly, this method yields high quantities of Y-
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junction nanotubes, comparable to that obtained by the pyrolysis of nickelocene-

thiophene mixtures. Pyrolysis of Fe(C0)5 with thiophene has also been carried out to 

produce Y-junction nanotubes. Pyrolysis of metallocenes in mixture with CS2 and 

alkane thiols has also been carried out to find out whether other sulphur-containing 

compounds favor the formation of junction nanotubes. 

An important aspect of the junction nanotubes relates to the structure and 

chemical composition of the junction itself, these factors having a bearing on the 

electronic properties. In the case of the junction nanotubes prepared by the pyrolysis 

of organometallics in the presence of organosulphur compounds, it becomes 

necessary to establish whether sulfur atoms are incorporated at the junctions, 

considering the high propensity of sulfur to form rings. If sulfur is absent in the 

junction region, it would imply the presence of five-, seven- or eight- membered rings 

required to bring about necessary curvature to form a junction [7]. In this context, the 

disposition of the graphene layers around the junction is a relevant aspect. Since metal 

nanoparticles are neccessary for the formation of the nanotubes, it is of interest to 

understand their role as well. In this context we have investigated the Y-junction 

carbon nanotubes extensively by transmission electron microscopy (TEM) and 

electron energy loss spectroscopy (EELS) to throw light on the nature of the Y-

j unctions. 

Y-junction nanotubes and single-walled nanotubes by precursor pyrolysis in the 

presence of water vapour 

In addition to the synthesis of Y-junction MWNTs we were interested in 

examining the role of water vapour in preparing junction nanotubes as well as 
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SWNTs. For this purpose, we have examined the nanotubes obtained by the pyrolysis 

of ferrocene in mixture with ethylene or acetylene bubbled through thiophene in a 

stream of moist H2. For purpose of comparison, we have also carried out the pyrolysis 

of the ferrocene-hydrocarbon mixtures in the absence of water vapour. In the presence 

of water vapour, we have obtained MWNTs with junctions at the inlet of the furnace 

and SWNTs in the outlet region. In the absence of water vapour, we obtain MWNTs 

with T- and Y- junctions. 

Electronic Properties of tlie junction CNTs 

There have been a few reports on the electronic properties of junction 

nanotubes [14, 17-21]. Rao and coworkers carried out scaiming turmeling 

spectroscopy (STS) measurements on Y-junction nanotubes and reported that the 

junction acts as a diode [14]. A theoretical study of the electron transport properties of 

doped nanotubes has shown that a doped nanotube with donor atoms on one side and 

acceptor atoms on the other, can function as a nanodiode [19]. Negative differential 

resistance behavior predicted for intramolecularly doped carbon nanotube junctions 

[20] was subsequently observed experimentally in the case of K-doped SWNTs [21]. 

We have carried out a detailed study of the Y-junctions both in CNTs and in N-doped 

CNTs by scanning tunneling microscopy (STM). The results show that the Y-

junctions, particularly in the N-doped carbon nanotubes, possess rectification 

behavior. This is the first study of its kind on doped carbon nanotube junctions. 

2.3 Experimental 

2.3.1 Synthesis 
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Y-junction MWNTs 

The experimental setup employed by us for the synthesis of the Y-junction 

carbon nanotubes consists of stainless steel gas flow lines and a two-stage furnace 

system fitted with a quartz tube (10 mm inner diameter) as shown in Figure 2.5. The 

flow rates of the gases were controlled using UNIT mass flow controllers. The 

pyrolysis of the metallocenes with thiophene was carried out as follows. A known 

quantity of metallocene was sublimed in the first furnace and carried along with a 

flow of argon (Ar) gas to the pyrolysis zone in the second furnace. Simultaneously 

Argon 

Mass flow controller 

Metallocene Quartz tube (10 mm) 

Outlet 

r 
Hydrogen 

\ ^ 1: Inlet 2: Outlet 
S. S. Gas lines 

Thiophene 

Cold Paraffin 
trap Bubbler 

Figure 2.5: Pyrolysis setup for the synthesis of carbon nanotube Y-junctions 

employing metallocene and thiophene. 

hydrogen (H2) was bubbled through thiophene and was mixed with the argon-

metallocene vapors at the inlet of the furnace and carried to the pyrolysis zone. 

Pyrolysing these mixed vapors at 1000 "C yielded Y-junction nanotubes. Several 

experiments were carried out by varying the flow rate of Ar and H2 between 100-200 

seem and 150-50 seem respectively. The pyrolysis of Ni/Fe phthalocyanines in 
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mixture with thiophene was carried out in a similar manner taking the 

phthalocyanines in the place of metallocenes. Carbon deposits were found to 

accumulate at the inlet and the outlet ends of the second furnace. 

Pyrolysis of thiophene was carried out over a nickel catalyst prepared by the 

following procedure. About 2.4 g of nickel acetate (corresponding to 0.01 mol) was 

dissolved in 5ml of acidified ethanol followed by the addition of 2 ml of tetraethyl 

orthosilicate (TEOS) and stirred for 5 minutes. To this homogeneous solution, 1.5 ml 

of HF (38%) was added drop-wise and the resultant mixture stirred at 50 °C till it 

resulted in the formation of a gel. The gel was dried in an oven at 75 °C for 24 h, 

calcined at 400 °C for 2 hrs and reduced in H2 atmosphere for 2 h. The temperature 

was subsequently raised to 1000 °C and thiophene vapors were passed over the 

catalyst for 20 min, by bubbling H2 (50 seem) through thiophene. The sample 

collected from the boat was observed under the microscope. Similar experiments were 

also carried out with a Fe/SiOa catalyst. 

Y-j unction nanotubes and single-walled nanotubes by precursor pyrolysis in the 

presence of water vapour 

In order to study the effect of water vapour on the nanotubes obtained by the 

pyrolysis of thiophene and organometallic mixtures we have employed two 

procedures, hi both the procedures, a known quantity of ferrocene was sublimed in 

the first furnace and was carried by the flow of Ar gas (2000 seem) to the second 

furnace. In procedure (i), three streams of gases were carried to the second furnace 

where the pyrolysis occurred. Ethylene or acetylene (10 seem) bubbled through 

thiophene, was carried to pyrolysis zone in the second furnace in the second stream. 
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while the third stream involved H2 (20 seem) which bubbled through water. 

Pyrolysing these mixtures in the second furnace at 1000 °C yielded nanotubes in the 

inlet and outlet regions. We have compared the results of procedure (i) with the 

results from the pyrolysis carried out by procedure (ii) in the absence of water vapour. 

2.3.2 Characterization 

The nanotubes were examined with a JEOL JEM-3010 transmission electron 

microscope (TEM) operating at 300 kV and also with a JEM 4000 EX microscope 

(Fa. JEOL, Japan) with an accelerating voltage of 400 kV and a LaBe cathode. EELS 

chemical mapping was performed with an energy-filtering microscope (Zeiss 912 

Omega, acceleration Voltage, 125 keV and LaBe cathode). Electron energy loss 

spectra were recorded with a Gatan imaging filter system attached to the JEOL 

microscope and fitted with a CCD camera. X-ray diffraction (XRD) patterns were 

recorded using a Seifert instrument with Cu Ka radiation. 

2.3.2 STM and STS measurements 

The carbon nanotube junctions were investigated by turmeling conductance 

measurements. Highly oriented pyrolytic graphite (HOPG) was used as the substrate. 

Freshly cleaved HOPG substrates were prepared by peeling the upper layers with an 

adhesive tape. The nanotubes were then taken as a suspension in an organic solvent 

(typically CCI4 and ethanol was used) sonicated for 30 min, after which a drop was 

deposited onto the substrate. The substrate was left in air but covered, for a period of 

12 h for drying. Imaging and spectroscopy were carried out using Au tips prepared by 

electrochemical etching. The STM and STS studies were carried out at room 

temperature (using a Omicron Vakumphysik STS) operated in air. Atomically 
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resolved images of HOPG were used for internal calibration. Current-voltage (I-V) 

data were collected in the spectroscopy mode with the feedback loop turned off 

(maximum current, 50 nA). Tunneling conductance measurements were carried out by 

positioning the tip atop a Y-junction (the point of contact between the three arms) as 

well as on the individual arms. The I-V data from the clean areas of the HOPG 

substrate were collected repeatedly as reference to ensure the reliability of the 

measurements. 

2.4 Results and discussion 

2.4.1 Y-junctions in carbon nanotubes and N-doped carbon nanotubes 

Y-iunction carbon nanotubes by pvrolysis: Carbon deposits obtained from the 

pyrolysis of cobaltocene-thiophene mixtures showed Y-junction nanotubes both at the 

inlet and outlet ends of the second furnace. In Figure 2.6 (a), we show the Y-junction 

nanotubes obtained when the flow rates of Hj and Ar were 100 seem and 150 seem 

respectively. The diameter of the inner core of the nanotubes is 9 rmi and the outer 

diameter is 24 nm. In Figure 2.6 (b), we show the Y-junction nanotubes obtained by 

using a H2 flow rate of 50 seem and Ar flow rate of 200 seem. The diameter of the 

inner core of the nanotubes is 15 nm whereas the outer diameter is 65 nm. Multiple 

junctions are found in the nanotubes at these flow rates. The formation of multiple 

junctions suggests the possibility of multiple tunnel devices in a single carbon 

nanotube. When the H2 flow rate was increased to more than 200 seem, there was no 

significant change in the features of the nanotubes. 
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(a) 48 nm 

Figure 2.6: TEM images of Y-junction nanotubes obtained by the pyrolysis of 

cobaltocene-thiophene mixtures: (a) image with Y-junction 

nanotubes, (b) image showing a single multiple junction nanotube. 
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At low flow rates of H2 (less than 25 seem), no junction nanotubes were found. 

When Ar was bubbled through thiophene instead of H2, there was a greater proportion 

of amorphous carbon and the jimctions obtained were not of good quality. 

A typical high resolution transmission electron microscope (HREM) image of 

the Y-junction nanotubes obtained by the pyrolysis of cobaltocene-thiophene mixtures 

is shown in Figure 2.7. The interlayer separation of the graphitic layer is ~ 3.4 A as 

expected. The graphitic layers are seen parallel to the comers of the junctions 

although fishbone-type stacking is also present. 

The TEM images of the Y-junction nanotubes obtained by the pyrolysis of 

ferrocene-thiophene mixtures are shown in Figure 2.8. The H2 flow rate used was 25 

seem, that of Ar being 225 seem. Deposits collected predominantly from the outlet 

ends showed the presence of junctions. The presence of junctions in the inlet region 

was rare. The flow rate of H2 was crucial in the formation of junctions. The junction 

in Figure 2.8 (a) has an outer diameter of 30 nm and an iimer core diameter of 10-15 

nm. The junction in Figure 2.8 (b) has an outer diameter of 70 nm and an inner core 

diameter of 25 nm. 

Pyrolysis of CS2 with nickelocene (flow rate: H2 = 50 seem, Ar = 200 seem) 

gave good yields of junction nanotubes as can be seen from the TEM image in Figure 

2.9 (a). Pyrolysis of thiophene with Fe(C0)5 carried out by bubbling H2 (50-100 

seem) through the pentacarbonyl along with Ar (150-200 seem) bubbled through 

thiophene showed the presence of interesting junction structures as revealed in Figure 

2.9 (b). Gan et al. [15] have carried out the growth of Y-junction nanotubes by using 

an in situ evaporated copper catalyst and acetone bubbled by H2 as the carbon source. 
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ci^^^-'^^ 

Figure 2.8: TEM images of the Y-junction nanotubes obtained by the pyrolysis 

of ferrocene-thiophene mixtures: (a) image showing a multiple 

Y-junction nanotube, (b) image showing a single junction nanotube. 
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Figure 2.9: TEM images of (a) image of a multiple junction nanotube obtained by the 

pyrolysis of nickelocene-CS2 mixture, (b) image of a nanotube obtained 

by the pyrolysis of a Fe(CO)5-thiophene 
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We have carried out a similar reaction by carrying out the pyrolysis of vapors of 

acetone and copper (II) acetyl acetonate (Cu(acac)2) to produce Y-junctions. To 

achieve this, Cu(acac)2 vapors carried by Ar (flow rate = 200 seem) was mixed with 

acetone carried by H2 (flow rate = 50 seem) and the mixture pyrolysed at 1000 °C. 

Although this method yielded Y-junctions, they were not as good as those obtained by 

using metallocenes or the Ni/Si02 catalyst (see next section). Furthermore, large 

quantities of amorphous carbon were present in the product. 

N-doped Y-junction carbon nanotubes: The use of Ni- and Fe-phthalocyanines instead 

of metallocenes yields N-doped Y-junctions. Figure 2.10 (a) shows a TEM image of 

the multiple junctions formed continuously with Ni-phthalocyanine-thiophene 

mixture at a H2 flow rate of 150 seem and Ar flow rate of 100 seem, respectively. 

Figure 2.10 (b) shows an image of the junctions obtained by using Fe-phthalocyanine-

thiophene mixture under similar conditions as in Figure 2.10 (a). 

Y-Junction carbon nanotubes using Ni/SiO? catalyst: In Figure 2.11 (a) and (b), we 

show the SEM and TEM images of the silica supported nickel catalyst. We see that 

the metal is present as nanoparticles on the silica substrate. TEM images of the Y-

junctions obtained by the pyrolysis of thiophene over the Ni/Si02 catalyst are as 

shown in Figure 2.12 (a). The walls of the junctions are however significanfly thicker 

than those observed previously. The outer and core diameters of the nanotubes were 

as high as 136 nm and 55 nm respectively. The nanotube junctions obtained by this 

method are as good as those obtained by the pyrolysis of metallocene-thiophene 

mixtures. The amorphous carbon material associated with the nanotubes was, 

however, negligible by this procedure. We have also lowered the proportion of nickel 

catalyst. Shown in Figures 2.12 (b-d) are the TEM images obtained by using a lower 
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(a) 42 nm 

Figure 2.10: TEM images of the Y-junctions obtained by the pyrolysis of 

thiophene along with (a) Ni-phthalocyanine and (b) Fe-

phthalocyanine. 
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Figure 2.11: (a) SEM and (b) TEM images of the Ni/silica catlyst. 
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2.4 Results and discussion 

loading of the nickel catalyst on the silica support. By lowering the proportion of the 

nickel catalyst on the silica support it is seen that the Y-j unction CNTs had a smaller 

diameter. Thus the outer diameters of the nanotubes shown in Figure 2.12 (b-d), are 

60, 50 and 40 nm respectively, the inner diameters being 30, 16 and 12 nm 

respectively. The number of graphitic layers are rather large going upto 50 layers. 

Multiple junction features occur commonly by this method as can be seen in Figure 

2.11 (a) and 2.12 (b). Long and straight junctions, several nm in length, were also 

observed. In effect this method may be useful to tune the diameter of the junction 

nanotubes suitably by varying the proportion of the nickel catalyst supported over 

silica. 

Structure and mechanism of formation of Y-junction carbon nanotubes 

(a) Structure 

Investigations of the TEM images of the products of pyrolysis of nickelocene-

thiophene mixtures show the presence of highly crystalline Y-junction carbon 

nanotubes with well-formed arms (Figure 2.13 (a)). The images also reveal certain 

unusual nanotube structures such as asparagus-like branches and bamboo structures 

(see the inset of the Figure 2.13 (a)). We show the EELS chemical mapping for 

carbon in Figure 2.13 (b) to demonstrate how the nanotube is made entirely of carbon. 

We failed to observe any sulfur in the junction region. We have examined the nickel 

nanoparticles produced in-situ by the pyrolysis of the nickelocene-thiophene mixtures. 

The TEM image of a Ni-nanoparticle is shown in the inset of Figure 2.13 (b). EELS 

mapping showed the presence of a considerable amount of sulfur, close to 25%, in the 

nanoparticle. The XRD pattern of the Ni nanoparticles after the reaction with 
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Figure 2.13: (a) TEM image of a Y-junction carbon nanotube obtained by the 

pyrolysis of nickelocene-thiophene mixture. The inset in (a) shows 

asparagus tips in the Y-junction nanotube. (b) EELS mapping of 

carbon in the Y-junction carbon nanotube. The inset in (b) shows the 

TEM image of a Ni nanoparticle inside a carbon nanotube. 
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thiophene showed characteristic reflections of rhombohedral Ni3S2 with unit cell 

dimensions of a = 5.75 A and c = 7.13 A (JCPDS file : 44-1418). The sulfur from the 

thiophene is entirely removed by the nickel particles leaving the thiophene-carbon 

fragment, which could form, 5-, or 7-membered carbon rings by adding on to different 

carbon centers in the nascent graphene sheets. Traces of S, in the nanotubes, if at all 

present, could not be detected at all by EELS or EDX. 

The nanotube shown in Figure 2.13 (a) was examined by normal-incidence 

selected area electron diffraction (SAED) with the electron beam perpendicular to the 

junction. The diffraction pattern of one of the arms close to the junction (Figure 2.14 

(a)), shows a set of arcs corresponding to four (002) maxima. Similar diffraction 

patterns were obtained from the other two arms next to the junction, suggesting that 

the graphene layers close to the junction are well-graphitized and are possibly slanted 

with some curvature. The electron diffraction pattern of the center shown in Figure 

2.14 (b) reveals streaks of arcs corresponding to the (002) maxima arising from the 

three sets of graphitic planes in the three arms close to the junction [22-25]. The 

intensity distribution is not uniform in the arcs due to the complex nature of the 

orientation of the graphitic planes at the junction. In Figures 2.14 (c) and (d) we show 

schematic representations of the likely disposition of the graphene sheets around a Y-

junction. The structure in Figure 2.14 (c) has gradual bends aroimd the junction the 

which can arise due the presence of 5-, and 7- membered carbon rings in the graphene 

sheets. It is also possible to have a junction with different fishbone-like orientations of 

the graphene sheets. From the observations depicted in Figures 2.14 (a) and (b), it 

seems likely that the bends at the junctions may not be entirely continuous but instead 
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consist of short straight segments arising from a fishbone-type stacking as in Figure 

2.14(d). 

N-doped Y-junction carbon nanotubes obtained by the pyrolysis of nickel-

phthalocyanine mixture have rounded tips and uneven arms (Figure 2.15 (a)). 

Chemical mapping of the tubes revealed a small amount of nitrogen but there was no 

Figure 2.14: Selected area electron diffraction (SAED) patterns of the Y-junction 

carbon nanotubes: (a) of the arms and (b) of the junction region, (c) and 

(d) Schematic drawings showing different ways of stacking of the 

graphene sheets in the Y-junction carbon nanotubes. 
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300 500 
Energy loss (eV) 

Figure 2.15 (a) TEM image of N-doped Y-junction carbon nanotubes prepared by the 

pyrolysis of a Ni-phthalocyanine - thiophene mixture, (b) EEL spectrum 

showing the presence of doped nitrogen. 
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sulfur in the junction region. Thus, the EEL spectrum (Figure 2.15 (b)) shows 

characteristic edges at 284 eV and 400 eV corresponding to the K-shell ionization of 

carbon and nitrogen respectively. The nitrogen signal is a doublet due to n and a 

levels, thereby indicating that the nitrogen is present substitutionally in the graphene 

sheet. Based on the EEL spectrum, the average composition of the nanotubes is 

estimated to be C45±5N [26,27]. 

(b) Mechanism 

Based on the above observations, the mechanism of growth of Y-junction 

CNTs is discussed. In our case involving the pyrolysis of organometallic precursors 

the growth of carbon nanotubes follows the well known tip-growth model. When 

CNTs grow, normally the growth is either randomly oriented or aligned in the 

direction of the flow of the gas which carries with it the supply of hydrocarbons 

necessary for its growth. The alignment is due to Van der waals forces [28], electrical 

forces [29,30], or interfacial forces [31]. Without these forces the growth is random, 

unless a template is used. It is therefore conceivable that as a CNT starts to grow from 

a catalyst there is a force guiding each CNT growth. During the growth, branching of 

CNTs occurs. As a result, it is believed that the growth of multi-walled Y-junction 

CNTs follows the following steps (Figure 2.16): 

Step 1: Formation of catalyst particles. 

The first step involved is the formation and nucleation of fine metal clusters. 

In this study the metallocenes or the corresponding phthalocyanines were used as the 

catalyst precursors giving rise to fine cluters of Fe, Co or Ni. These catalyst 

precursors are either evaporated and/or decomposed before they condense. The 
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melting point of bulk Fe is 1538 "C, although in this case the presence of fine clusters 

of Fe for example needs to be considered. At the growth temperature (~ 1000 °C), 

these precursors would evaporate and then nucleate or condense onto the substrate as 

in a physical vapor deposition (PVD) process. Thermodynamic calculations have 

shown that the partial vapor pressures are very low and in the range of 10"̂  to 10"̂  

Torr. On the other hand, thermal decomposition of ferrocene (CioHioFe) occurs at ~ 

450 °C. Ferrocene decomposes to release Fe atoms at this temperature. In other words 

the formation of Fe catalyst is similar to a CVD process. In addition, the partial 

pressure of Fe is in the order of 10'̂  Torr. The Fe adatoms from ferrocene therefore 

give rise to more catalyst particles for the growth of CNTs. Adatoms in a CVD 

process are much more energetic than that in a PVD process [32]. As a result, the 

energetic Fe adatoms from ferrocene could diffuse on the quartz tube surface to 

favorable high energy sites, i.e., the rough edges, to form catalyst particles. The 

catalyst particles therefore distributed randomly on the surface and the growth of CNT 

is random. The pyrolysis of the other metallocenes and phthalocyanines can be 

rationalized in a similar way. 

Step 2: Tip-growth of individual CNTs starts. 

In this step the carbon atoms nucleate and diffuse through the catalyst particle 

to allow the lengthening of a CNT. As a CNT lengthens, the direction is directed by 

the flow of the gas. With increase in the supply of the hydrocarbons a constant and 

continuous growth takes place. The supply of carbon fragments can be both from the 

metallocenes as well as those from thiophene. It is not clear as to which of the two 

dominates or whether they are in equal amounts depending certainly on the relative 

concentrations employed. 
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Step 1 

Step 2 

Step 3 

. ^ 

Step 4 
Step 6 

Figure 2.16: A schematic showing the growth of Y-junction carbon nanotubes. That 

the catalyst is present in the arms or within the junction nanotube (Step 

6) has been observed in TEM images (Figure 2.17). 
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m^. 
50 nm 

Figure 2.17: Presence of the catalyst seen within the junction nanotubes. 
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Step 3: Elongation and breaking of catalyst particles. 

As a CNT lengthens, the catalyst particle located at the tip elongates and then 

breaks into smaller fragments. The elongation and separation of a catalyst particle 

inside a CNT is commonly due to the melting of the catalyst. Breaking of an 

elongated, rod-like particle into two short rod-like ones is mostly possible. The 

melting point of catalyst particles (Fe for instance from ferrocene) is 1538 "C. The 

growth temperature (1000 "C) is therefore about 60-70 % of the melting point in the 

absolute scale. The melting point of fine clusters of Fe is however expected to be 

lower. Under these circumstances, it is thought that the catalyst particle not only 

elongates but also breaks due to the existence of compressive stress [35]. It is noted 

that the elongation is necessary, as it would then give the rod-like particles, before and 

after the separation of the same diameter. If the initial particle mass is high enough, 

multiple separations would occur. 

Step 4: CNT branching after the catalyst separation. 

As a catalyst particle separates into two or more, branching of CNT occurs. In 

other words, one more CNT grows from the additional catalyst due to the particle's 

separation into two. It is noted that although the initial growth of CNT follows the tip-

growth model, a catalyst may be trapped inside a CNT during or after the branching 

as shown in Figure 2.17. 

Step 5: Lengthening of individual CNT stems ceases. 
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As a stem collides with the surface of another catalyst or alternatively if there 

is lack of supply of the hydrocarbons its growth terminates. The growth could also be 

terminated by the presence of defect sites in the quartz tube. 

Step 6: Thickening of CNT. 

After a CNT stem ceases to grow thickening may take place, depending on the 

hydrocarbon concentration. Therefore the higher the hydrocarbon concentration is, the 

larger the diameter is, as mentioned above. We have varied the hydrocarbon 

concentration and we have found that this is indeed true. We could get a variety of 

uniform diameters starting from a particular concentration of the hydrocarbon source. 

The above mechanism is not without flaws. However, all the arguments are 

supported by the experimental observations and reasonable assumptions. 

2.4.2 Y-junction nanotubes and single-walled nanotubes by precursor pyrolysis 

in the presence of water vapour 

The products collected from the pyrolysis of ferrocene-water-ethylene-

thiophene mixtures by procedure (i) showed distinct differences in the inlet and outlet 

regions. Thus, the inlet regions showed the presence of Y-junction MWNTs, whereas 

the outlet regions contained considerable quantities of SWNTs. Shown in Figure 2.18 

(a) is a TEM image of the Y-junction MWNT obtained by using ethylene-thiophene 

mixture. The corresponding high resolution electron microscope image is shown in 

Figure 2.18 (b). The diameter of the nanotube was ~ 25 rmi with the number of 

graphitic layers being 10-15 in number. The HREM image reveals the presence of the 

metal catalyst at and near the junction regions. In contrast to the inlet region, the 

73 



Multi-walled and Single-walled CNTs and CNTs with Y-junctions 

Figure 2.18: (a) and (b) TEM and HREM image of Y-junction nanotube 

found in the inlet regions obtained by the pyrolysis of ferrocene-water-

ethylene-thiophene mixtures (procedure i). 
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Figure 2.19: (a) TEM images of SWNTs found in the outlet regions 

obtained by the pyrolysis of ferrocene-water-ethylene-thiophene 

mixtures (procedure i) and (b) TEM images of SWNTs found 

in the outlet regions (procedure i, using acetylene instead of 

ethylene. 
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Figure 2.20: HREM images of MWNTs obtained by the pyrolysis of ferrocene -

thiophene mixtures: (a) image of MWNT with a bend or a kink, 

(b) and (c) TEM images of T-junction and Y-junction nanotubes, 

(d) HREM image of the Y-junction CNT shown in (c). (procedure ii). 
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outlet region contained copious quantities of SWNTs. Isolated SWNTs were present 

besides smaller bundles. We show the TEM images of isolated SWNTs in Figure 2.19 

(a). In Figure 2.19 (b), we show TEM images of SWNTs obtained at the outlet regions 

when acetylene-thiophene mixture was used. 

In contrast to procedure (i), the pyrolysis of the ferrocene-thiophene mixtures 

in the absence of water vapor, by procedure (ii), showed the presence of MWNTs 

with kinks and junctions. In Figure 2.20 (a) we show a HREM image of a MWNT 

possessing around 6-10 graphitic layers obtained at the inlet. The diameter of the 

nanotubes were about 15-25 nm. In the outlet region MWNTs with T- and Y-

junctions were found as revealed in the TEM images of Figures 2.20 (b) and (c). An 

examination of the HREM image (Figure 2.20 (d)) reveals that the nanotube has only 

6 - 1 0 graphitic layers, unlike in earlier preparations where the number of graphitic 

layers of the junction nanotubes was rather large. 

2.4.3 STM studies of Y-junction nanotubes 

Undoped Y-iunction CNTs: 

Typical results from the STM measurements on the Y-junction carbon 

nanotubes are shown in Figure 2.21. The image in Figure 2.21 (a) shows nanotubes 

with multiple junctions named JA, JB, JC and JD, where JA and Jc are terminal junctions 

and JB and JD are junctions in the middle segments of the nanotubes. A high resolution 

image of junction JA, given in the inset, suggests the possible presence of five and 

eight membered rings near the junction region along with the six membered rings. 

This is in accordance with the understanding of the structure of junctions in carbon 

nanotubes, wherein the introduction of 5-membered, 7-membered or 8-membered 
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Figure 2.21: (a) STM image of undoped carbon nanotubes with multiple junctions. 

Inset gives a close-up image revealing a five-membered 

ring (pentagon), and an eight-membered ring (octagon) at the 

junction region along with many six-membered rings (hexagons) as 

marked in the figure, (b)-(d) I-V data fi^om the regions marked in (a). 
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Figure 2.22:1-V data of N-doped Y-junction carbon nanotubes shown along with the 

STM images. The regions where the I-V data were collected are marked 

with numbers. 
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rings in an otherwise hexagonal framework is responsible for formation of the 

junctions. The I-V data collected by positioning the tip over junction JA exhibits an 

overall reduction in the current as compared to the HOPG substrate, with steps in the 

current at ± 0.2 and ± 0.4 V (Figure 2.21 (b)), perhaps due to incremental charging. 

The low current flat region enclosed by the first step (± 0.2 V) corresponds to 

coulomb blockade at the junction. The curve is also somewhat asymmetric with a 

rectification ratio (which is the ratio of the forward and reverse currents at a given 

bias) of 1.3 at ± 0.5 V. The data collected from the side arms 1 and 2 showed an 

overall increase in the current with prominent jumps at similar bias values. The 

terminal junction Jc exhibits a rectifying behavior similar to JA (see Figure 2.21 (c)) 

while the interior junctions JB and JD show I-V characteristics comparable to those of 

the graphite subsfrate. This is also true of the regions-3, 4, 5 (Figure 2.21 (d)) along 

the length of the tubes, a behavior characteristic of metallic nanotubes. What is 

noteworthy is the rectification behavior of the terminal junctions JA and Jc. 

N-doped Y-iunction CNTs: 

We have carried out tuimeling conductance measurements on a large number 

of N-doped Y-junction carbon nanotubes. The junction (JA) in Figure 2.22 (a) exhibits 

a rectification behavior with distinct change of slope in the I-V data at -1.5 V and + I 

V. A high value of rectification ratio of 4.75 is obtained for bias voltages of ± 1.5 V. 

Coulomb blockade is easily identifiable in the bias range, - 0.4 V to + 0.6 V. The arms 

of the tube, however, are devoid of blockade but exhibit varied behavior. The arm-1 

shows distinct features at ± 0.4 V. In the case of arm-2, similar features are seen at a 

slightly lower bias of ± 0.3 V. It also exhibits an additional feature in the positive bias 

region at 0.75 V. The I-V data for arm-3 shows a feature around - 1.5 V. While the 
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distinct spectroscopic features corresponding to regions with negative differential 

resistance would arise from charging or other effects, the occurrence of a wide 

blockade region at the tube junction is noteworthy. Figure 2.22 (b) shows a nanotube 

with junction JB, bearing a low-current flat region in the I-V data, from -0.4 to + 0.75 

V, indicative of a rectification behavior, similar to JA shown in Figure 2.22 (a). The 

rectification ratio in this case is 1.21 at ± 1.0 V. The I-V curves from the arms 

(regions 4,5 and 6) are somewhat asymmetric across zero bias, but do not exhibit any 

blockade. 

2.5 Conclusions 

Although arc evaporation of graphite has traditionally been found to yield both 

single-walled and multiwalled carbon nanotubes, the pyrolysis of organometallic 

precursors with or with out the presence of additional carbon sources seems to 

provide a direct and effective method of producing nanotubes of various kinds. A 

particularly important finding is the synthesis of Y-junction nanotubes which cannot 

be made by arc evaporation or other methods easily. It is also noteworthy that 

nanotubes produced by organometallic precursors may also find applications in field 

emission and hydrogen storage. In the case of the Y-junction CNTs a detailed study of 

the pyrolysis of various organometallics with sulfiir containing compounds has shown 

that pyrolysis of thiophene with metallocenes yields excellent Y-junction nanotubes. 

Pyrolysis of thiophene with Fe- or Ni-phthalocyanines yields N-doped Y-junction 

nanotubes. While the pyrolysis of nickelocene with CS2 yields similar junctions, the 

yield and quality of the nanotubes is not satisfactory. Similarly, pyrolysis of thiophene 

and iron pentacarbonyl does not yield sufficient quantities of Y-junction nanotubes. 
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Y-junction carbon nanotubes prepared by the pyrolysis of metallocene-thiophene and 

Ni- or Fe-phthalocyanine-thiophene mixtures do not contain sulfur at the junction but 

consist entirely of carbon or carbon and nitrogen, suggesting the presence of five-, 

seven-, or eight- membered rings at the junction. 

Pyrolysis of thiophene over a Ni/Si02 catalyst provides a good alternative 

procedure to the metallocene route. This method may be useful to tune the diameter of 

the junction nanotubes suitably by varying the proportion of the nickel catalyst 

supported over silica. A narrow diameter distribution of the junction nanotubes has 

been obtained by this method, unlike the case of the pyrolysis of thiophene with 

organometallic precursors. The use of a catalyst is also less expensive and is probably 

preferable. 

Pyrolysis of hydrocarbon-organometallic mixtures in the presence of water 

vapor seems to favor the formation of SWNTs. MWNTS with junctions are obtained 

as additional products in the synthesis. The junction nanotubes so obtained have 

reduced number of graphitic layers. The observation of T-junction nanotubes by this 

method is significant, since they have not been observed by this method earlier. 

STM investigations show that rectification behavior at the junction is a fairly 

general feature, although it is more prominent in the N-doped CNTs. In addition, 

some of the junction nanotubes show coulomb blockade and features of NDR 

(negative differential resistance) as well. 
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Chapter 3 

Synthesis and characterization of MgO, AI2O3, 

SiOi and In203 nanowires 

Summary* 

In this chapter, the synthesis of nanostructures of MgO, AI2O3, SiOi and hi203 

by the carbothermal method (carbon-assisted synthesis) and their characterization are 

presented. MgO nanowires and related nanostructures have been prepared starting 

from polycrystalUne MgO or Mg without the use of metal catalysts. The study has 

been carried out with different sources of carbon. It has been possible to obtain 

nanotrees and other interesting nanostructures of MgO, besides aligned nanowires by 

carrying out the reaction over Au-coated Si substrates. A vapor-solid mechanism of 

one-dimensional growth seems to be operative in the reactions carried out in bulk, but 

a vapor-liquid-solid mechanism applies when Au-coated Si substrates were used. 

Nanostructures of AI2O3 including nanowires and nanotubes have been 

synthesized by the reaction of Al metal with carbon (active carbon or graphite). The 

AI2O3 nanostructures thus obtained have been characterized by X-ray diffraction, 

electron microscopy and photoluminescence spectroscopy. These nanostructures are 

likely to be of use as catalyst supports and in other technological applications. 

Papers based on these studies have appeared in Mater. Res. Bull. (2005), Topics in Cat. (2003), J. 
Mater. Res. (2004), and Chem. Phys. Lett. (2004), (2005). 
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Si02 (a-cristobalite) nanowires of 50-100 nm diameter with lengths of several 

microns have been synthesized for the first time by the solid-state reaction of fumed 

silica and activated charcoal. The nanowires have been characterized by X-ray 

diffraction, electron microscopy, photoluminescence, and Raman scattering. The 

nanowires are single-crystalline as revealed by high-resolution electron microscope 

images. The crystalline nanowires are clad by an amorphous silica sheath when the 

carbon to fumed silica ratio in the starting mixture is small. Use of hydrogen along 

with Ar helps to eliminate the amorphous sheath. 

In203 nanowires have been prepared starting from hi203 or In metal along 

with carbon. The nanowires have been characterized by X-ray diffi^action, electron 

microscopy and photoluminescence spectroscopy. The nanowires are single 

crystalline and grow in the (100) direction, as established by high resolution electron 

microscopy. When a mixture of hi203 and carbon was used as the starting material, 

nanowires were obtained along with nanotrees and nanobouquets. The observation of 

these nanostructures indicates that the growth of the nanowires occurs by the vapor-

liquid-solid mechanism. Starting with hi metal, only the oxide nanowires were 

obtained. 

Dispersions of the nanowires of AI2O3, MgO and ZnO in dimethylformamide 

(DMF), dimethylsulfoxide (DMSO) and acetonitrile have been studied by electron 

microscopy and PL spectroscopy, and by examining their sedimentation behavior. 

Stable nanowire dispersions were best obtained in DMF. The best PL spectra of the 

nanowires were also generally obtained with DMF dispersions. 
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3.1 Introduction 

Inorganic nanowires and nanorods have been synthesized by a variety of 

methods, including physical evaporation, laser ablation, chemical vapor deposition 

and solvothermal reactions [1]. The mechanism of formation of many of these 

nanostructures involves a vapor-solid (VS) or vapor-liquid-solid (VLS) growth 

process. Compared to the methods mentioned above, one of the simplest methods of 

synthesis of inorganic nanowires that has emerged in the last two to three years 

employs the carbothermal route [2]. The presence of carbon during the synthesis has 

been reported to favor the formation of nanowires (NWs) of metal oxides and other 

materials. Accordingly, crystalline nanowires of metal oxides such Ga203 and ZnO 

[3], nitrides such as Si3N4 and carbides such as SiC [4], as well as of elemental Si, 

have been prepared successfully under carbothermal conditions. The method 

essentially involves heating a metal oxide with an adequate quantity of carbon in an 

appropriate atmosphere (Scheme 1). For example, ammonia provides the atmosphere 

for the formation of nitrides. An inert atmosphere and a slight excess of carbon yield 

carbides. In these reactions, carbon helps to form an oxidic species, usually a sub­

oxide, in the vapor phase, which then transforms to the final crystalline product. In 

view of the simplicity of the process we have been interested in the synthesis of 

nanowires of MgO, AI2O3, Si02 and In203 by this route. Dispersion of oxide 

nanowires of AI2O3, MgO and ZnO in various polar solvents have been investigated. 

This has been done to identify the solvent best suited for obtaining stable nanowire 

dispersions, suitable for a variety of applications that may not be otherwise accessible, 

if the nanowires are in the solid state. 
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Scheme 1: VS mechanism involved in the growth of metal oxide NWs 
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3.2 Scope of the present investigations 

3.2 Scope of the present investigations 

MgO 

MgO is a wide band gap insulator, showing high secondary electron emission 

yield [5]. MgO has the well known cubic rock salt structure [6] (Figure 3.1). 

Figure 3.1: Structure of MgO. 

One-dimensional nanostructures of MgO have attracted some attention 

because of their unique ability to pin the magnetic flux lines within a high temperature 

superconductor [7]. The MgO nanorods in this case were obtained starting with a 

mixture of MgO powder and graphite; but their investigation was neither focused on 

the growth of these nanorods under different experimental conditions, nor using 

different sources of carbon. Due to their appreciable strength, high melting point and 

low density, MgO whiskers find suitable applications in spaceflight and other 
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composite materials [8]. Several methods of synthesis of MgO nanostructures have 

been reported in literature. Thus, Zhu et al. [9] have prepared MgO fishbone fi-actal 

nanostructures by selective Co-catalyzed growth. Starting with a halide source, MgO 

nanorods [10] and nanobelts have been prepared [11]. Li e? a/. [12] have reported the 

preparation of network-like MgO nanostructures on a Si substrate by the CVD process 

using IR radiation to heat a Mg/Al target under vacuum. MgO nanowires have been 

prepared by the direct heating of Mg in oxygen [13] as well as by oxide-assisted 

growth using B2O3 powder [14]. Yin et al. [15] have achieved this through a vapor-

phase precursor method, starting with MgB2 powder. Nanobelts of MgO have been 

prepared by thermal evaporation of Mg powder [16] as well as by starting with Mg3N2 

[17]. The synthesis of two- and three-dimensional MgO nanostructures as well as 

networked rectangular MgO nanostructures has been reported [18]. Multi-dimensional 

MgO nanostructures with cone-shaped branching have been reported recently [19]. 

The synthesis of MgO and Ga-filled MgO nanotubes has also been reported, where 

carbon was used to reduce Ga203 to obtain metallic Ga which then catalyzed the 

formation of MgO nanotubes [20,21]. In the above synthetic procedures, carbon has 

not been effectively looked into, specially in the absence of additional catalysts like 

B/Si powder [22], nor has carbon been employed as a reactant as in carbon-assisted 

syntheses of metal oxide nanowires. We have, therefore, investigated the carbon-

assisted synthesis of MgO nanowires and related nanostructures, by varying the 

source of carbon and other reaction conditions. We have employed polycrystalline 

MgO as well as Mg as the starting material, and not used any catalyst other than 

carbon in the synthesis. In addition to the use of carbon we have also used gold-coated 

Si substrates to obtain aligned nanowires. 
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AI2O3 

Aluminium oxide (AI2O3), also known as corundum [6], has a rhombohedral 

structure (Figure 3.2). It has mechanical and physical properties particularly suitable 

for electrical and thermal insulation, for cutting tools and abrasives. It also has very 

good anti-corrosion properties. Aluminium oxide is commonly used as an adsorbent 

or as a catalyst support in many chemical processes, including cracking, 

hydrocracking and hydrodesulfurization of petroleum feedstocks. Porous alumina has 

been used as a template for the synthesis of carbon nanotubes [23]. 

Figure 3,2: Structure of AI2O3. 

Nanotubes and nano wires of AI2O3 are of interest for their one-dimensional 

behavior and related applications. In the last few years, there has been 

considerable effort to synthesize nano structures of alumina by employing various 

strategies. Mesostructured forms of Y-AI2O3 have been prepared by the use of a 
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suitable precursor or a surfactant such as aluminium hydrate with poly(ethylene 

oxide) [24,25]. Hollow alumina macrotubes were obtained by heating partially 

hydrolyzed AICI3 powder [26]. Alumina whiskers with aspect ratios and the mean 

diameters in the ranges of 10-40 and 2-4 nm respectively are formed during the 

preparation of ultrafme spherical alumina powders [27]. Nanotubes and nanowires 

of AI2O3 have been prepared using carbon nanotubes (CNTs) as templates or by 

heating a mixture of Al and AI2O3 powders covered with CNTs [28,29]. 

Electrochemical anodic processes are employed for the synthesis of linear and 

branched alumina nanotubes [30-32] while ordered arrays of alumina nanotubes 

and nanowires or nanopillars are obtained by etching porous alumina membranes 

[33,34]. Single-crystal AI2O3 fibers and nanowires are obtained by placing an 

aluminium piece over a shallow bed of Si02 containing catalysts like Fe203 

[35,36]. Synthesis of novel 1-D forms of AI2O3 such as nanotrees and nanobelts 

starting from Al powders have been reported [37,38]. Hydrothermal synthesis of 

unidirectional alumina nanostructures involving the use of a surfactant has been 

reported by Lee et al. [39]. We have been exploring simple ways to prepare AI2O3 

nanowires and nanotubes by employing carbothermal procedures wherein graphite 

or active carbon is one of the reactants. We have indeed succeeded in obtaining 

nanowires and nanotubes of AI2O3, starting with Al powder and graphite or active 

carbon. 

Si02 

Among the various one-dimensional inorganic nanostructures, much attention 

has been devoted to the synthesis of nanotubes and nanowires of silica [40-42]. Using 

molten Ga as the catalyst, the vapor-liquid-solid process has been used to obtain 
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aligned silica nanowires [43,44]. Use of other catalysts such as Sn also yields densely 

aligned silica nano wires by a similar process [45]. Other methods for the synthesis 

include the laser ablation of a mixture of Si, Si02, and Fe [46], thermal oxidation of Si 

wafers [47], and the oxidation of Si vapor catalyzed by Au [48]. Thermal treatment of 

Si powder with graphite is also found to yield silica nanowires [49]. A recent report 

employs the solid-state transformation of silica films to obtain silica nanowires [50]. 

The transformation of silica nanowires to nanotubes has also been examined [51]. In 

all the preparations reported previously, the silica nanowires obtained are amorphous, 

showing intense blue luminescence. We were interested in exploring the possibility of 

producing crystalline silica nanowires, which might find usefijl applications in optical 

data transmission, in areas related to low thermal expansion, as a refi-actory and in 

composites. Besides, it would be interesting to establish the exact conditions under 

which they form. For this purpose, we have used the carbon-assisted process. By this 

method we have been able to synthesize single crystalline a-cristobalite nanowires for 

the first time. Shown in Figure 3.3 is the structure of a-cristobalite which is one of the 

polymorphs of Si02 [6]. 

Figure 3.3: Structure of silica (a-cristobalite). 
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InzOj 

InaOs is an important oxide, being a wide band-gap semiconductor material 

(~ 3.6 eV). InaOs has a cubic c-type rare earth oxide (Ia3, bixbyite) structure [6] 

(Figure 3.4). It is widely used in microelectronic applications including window 

heaters, solar cells and displays. Nanowires of In203 have potential applications as 

field effect transistors and as chemical sensors for the detection of NO2 and NH3 

[52,53]. In203 fibers have been prepared by thermal evaporation-oxidation of an LiP 

substrate [54]. Porous alumina membranes have been used to deposit In metal 

nanowires, which are subsequently oxidized to obtain In203 nanowires [55]. In203 

nanowires can be obtained by the direct oxidation of In metal granules by the vapor-

solid process [56]. Laser ablation of an In target in the presence of Au films or 

clusters also yields In203 nanowires [57]. Vapor transport-condensation processing of 

In203 on Au-coated Si02/Si substrates has been used to generate In203 nanowires 

[58]. 

Figure 3.4: Structure of IniOj. 
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We have employed the carbon-assisted synthesis to prepare In203 nanowires 

starting from the oxide as well as hi metal. More importantly, we have obtained 

interesting TEM images, which reveal two distinct mechanisms of formation of the 

In203 nanowires, depending on the starting material. 

Dispersion of oxide nanowires in polar solvents 

Smalley et al. [59] reported a successful method to prepare stable aqueous 

suspensions of single-walled carbon nanotubes (SWNTs) by employing sodium 

dodecylsulfate as the surfactant. The separation of metallic from semiconducting 

SWNTs via ac dielectrophoresis has been achieved starting from a suspension of 

SWNTs in D2O containing 1 weight % of the surfactant SDS [60]. 

Spectrofluorimetric measurements on SWNTs isolated in aqueous surfactant 

suspensions have revealed distinct electronic absorption and emission transitions [61]. 

Solubilization of carbon nanotubes in non-aqueous solvents by ftinctionalization has 

also been reported [62]. Efforts on the functionalization and solubilization of carbon 

nanotubes have enabled the exploitation of some of the properties and applications, 

not accessible otherwise in the solid state. In addition to this, dispersions of carbon 

nanotubes in polymeric nanocomposites have also been achieved [63]. Apart from the 

carbon nanotubes, the functionalization and solubilization of boron nitride nanotubes 

has been accomplished [64]. hiterest in such studies has expanded to other 1-D 

systems as well. For example, the solubility of the M06S4.5I4.5 nanowires in common 

solvents has been investigated recently [65,66]. Apart from this work the solubihty 

and dispersion of inorganic nanowires is relatively unexplored. In this context, it is to 

be noted that oxide nanostructures are generally dispersed in polar solvents such as 

dimethylformamide (DMF) and dimethylsulfoxide (DMSO) in optical tweezing and 
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other experiments [67]. We have examined the dispersions of AI2O3, ZnO and MgO 

nanowires in DMF, DMSO and acetonitrile. For this purpose, we have examined the 

sedimentation behavior of the oxide nanowires in the polar solvents, and studied the 

photoluminescence spectra of the dispersions. 

3.3 Experimental 

3.3.1 Synthesis 

The setup employed for the synthesis of oxide nanowires is shown in Figure 

3.5. It consists of stainless steel gas flow lines and a furnace fitted with quartz or 

alumina tube (25 mm i.d.). The flow rate of the gas is crucial for the formation of the 

nanowires and is controlled by means of mass flow controllers. The reaction is carried 

out by placing the starting material (metal/metal oxide) taken in a suitable boat and 

placing it at the center of the furnace and heating it to a pre-set temperature by means 

of a temperature controller in a flowing gas. The exact details of the various reactions 

are described subsequently. 

Synthesis of MgO nanowires and related nanostructures 

Five different procedures were employed for the synthesis of MgO 

nanostructures. hi procedure 1(a), activated carbon, prepared by the thermal 

decomposition of polyethylene glycol (600 units) at 800 °C in an Ar atmosphere, for 5 

h [68], was mixed with MgO powder in a molar ratio (carbon:MgO) of 1:1 and 

ground well to get a fine powder. This mixture was placed in an alumina boat and 

heated in an alumina tube at 1300 °C (3 °C/min) for 5 h in an Ar atmosphere (50 

standard cubic centimeter per minute, seem). The above reaction was carried out in a 
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quartz boat, starting with Mg powder at 850 °C, procedure 1(b). In procedure 2(a) 

charcoal (Sarabhai Chemicals, India), which was activated by heating in a mixture of 

H2 / He at 700 °C for 5 h, was mixed with MgO powder in the molar ratio 1:1. The 

rest of the procedure was the same as in procedure 1(a). In procedure 2(b), Mg powder 

was used instead of MgO. Graphite powder was used as yet another source of carbon 

in procedure 3. The reaction conditions were the same as in procedures 1 and 2. In 

procedure 3(a), graphite was mixed with MgO powder in the molar ratio 1:0.6 and 

placed in an alumina boat. In procedure 3(b), Mg powder was taken instead of MgO, 

groxmd with graphite powder in the ratio 1:1 eind the reaction carried out in a quartz 

boat. In procedure 4(a) the reaction was carried out with multiwalled carbon 

nanotubes (MWNTs) as the carbon source, mixing them with MgO powder in the 

molar ratio (MWNTs:MgO) 1:0.6. In procedure 4(b) Mg powder was taken with 

MWNTs in a quartz boat. The MWNTs that were used in the reaction were prepared 

by the arc-discharge method [69]. In procedure 5, a gold-coated Si substrate was 

placed on top of the reaction mixture and the reaction carried out at 800 °C for 5 h in 

an Ar atmosphere (50 seem). In procedure 5(a), the reaction mixture contained MgO 

and activated carbon (molar ratio of activated carbon:MgO being 0.5:1), while in 

procedures 5(b) and 5(c), graphite powder was used with MgO and Mg powders, 

respectively, in the molar ratio (graphite:MgO/Mg) 0.5:1. The products obtained in all 

the above reactions were white in colour. 

Synthesis of AI2O3 nanowires and nanotubes 

AI2O3 nanowires and nanotubes were synthesized by the carbothermal 

procedure involving the use of a mixture of Al and graphite or active carbon 

powders. In procedure (i), a finely ground intimate mixture of Al and graphite 
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powders (molar ratio 1:1) was placed in an alumina boat kept and heated under the 

flow of Ar (50 seem) and oxygen (10 seem). The temperature was maintained at 

1300 °C for 6 h. In procedure (ii), the above reaction mixture was heated under Ar 

(50 seem) using a zirconia boat. The oxygen flow was not mandatory as it is 

expected that the formation of AI2O3 can result from Al and graphite powders. 

D 

H \*^m/ 

H 

D 

=5 ^ 

A - Programmable furnace, B - Thermocouple, 

C - Alumina/quartx tube, D - Temperature controller 

£ - Boat containing sample, F - FarafTin bubbler 

G - Mass flow controllers, H - Oxygen cylinder 

I - Argon cylinder, J - Outlet 

Figure 3.5: Experimental setup for the synthesis of oxide nanowires. 

There was a difference in the morphologies of the products obtained by the two 

procedures not only due to the absence of oxygen atmosphere in (ii), but also as a 

result of different boats for the reaction. Procedure (iii) involved heating a mixture 

of Al powder and activated carbon (molar ratio 1:1) in Ar. The activated carbon 

was prepared by decomposing polyethylene glycol (600 units) in Ar atmosphere at 
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700 °C for 3h [68]. A finely ground intimate mixture of Al powder with activated 

carbon was taken in a zirconia boat placed in an alumina tube and heated in Ar (50 

seem) at a temperature of 1200 °C (heating and cooling rates 3 °C/min) for 3 h. 

The product from each of the procedures was white wool-like, formed on top of 

the boat or fine grey powders found at the bottom of the boat. 

Synthesis of crystalline SiOi nanowires 

The procedure used for the synthesis of the Si02 nanowires was as follows. 

Fumed silica (Sarabhai Chemicals, India) was thoroughly mixed and ground with 

activated charcoal (Sarabhai Chemicals, India) heated to 700 °C in flowing Hi/He 

mixture or with activated carbon prepared by the decomposition of polyethylene 

glycol-600 units in an Ar atmosphere at 700 °C [68]. The mixture was placed in an 

alumina boat and heated to 1300 °C (heating and cooling rates, 3 °C/min) for 5 h in 

flowing Ar (50 seem) or a mixture of Ar (50 seem) and H2 (20 seem). The relative 

molar ratio of the carbon source with respect to fumed silica was varied between 0.5 

and 2. The final product that was obtained in the alumina boat at the end of the 

reaction was a white or grey powder. 

Synthesis of In203 nanowires and related nanostructures 

In203 nanowires were prepared by different procedures. In procedure (i), In203 

powder (Aldrich) was mixed with charcoal [(Sarabhai Chemicals, India) activated 

by heating to 700 °C in flowing H2 / He mixture] in stoichiometric quantities, taken 

in an alumina boat and heated in an Ar atmosphere at 1000°C for 5 h (heating and 

cooling rates 3 °C/min). The molar ratio of activated charcoal with respect to In203 

was varied between 1-3, and the flow rate of Ar was varied between 50-150 seem. 
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Graphite powder was also used instead of activated charcoal in this procedure. 

Accordingly, a mixture of In203 and graphite powder with a molar ratio of 1:3 was 

heated in Ar at 1000 °C for 5 h. In procedure (ii), a mixture of In metal powder and 

activated charcoal with two different molar ratios (1:1 and 1:2) was heated in Ar at 

1000 °C for 5 h (heating and cooling rates 3 °C/min, Ar flow rate: 50 seem). In all the 

above procedures, reactions were carried out in a mixture of oxygen (10-25 seem) 

with Ar. The product, obtained as a spongy yellow powder, was collected in the boat 

as well as near the cooler end (outlet) of the furnace tube. 

Dispersion of oxide nanowires in polar solvents 

The AI2O3 and MgO nanowires used for this study were prepared by the 

carbon-assisted synthesis as mentioned above. The synthesis of the ZnO nanowires on 

the other hand was carried out starting from a mixture of zinc oxide / zinc oxalate and 

MWNTs or active carbon in Ar atmosphere along with O2 at 900 °C. 

The dispersions of the various oxide nanowires were obtained as follows. A 

known quantity of the nanowires (32 mg of AI2O3 or ZnO nanowires) was dispersed 

in DMF, DMSO or acetonitrile (30 ml of the solvent individually) and sonicated for 1 

h. The dispersion was allowed to stand for about 12 h after which the sediment 

(sediment-1) that settled down was weighed and collected for scarming electron 

microscopy (SEM). The remaining dispersion was resonicated and allowed to 

sediment for 60 h. Thereafter the remaining sediment (sediment-2) was again weighed 

and collected for SEM. Similarly a drop of the dispersion was taken and deposited on 

a glass slide and observed under the microscope. SEM observations of the dispersions 
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were carried out at regular intervals of time to monitor the presence of nanowires in 

each case (for example 12, 24, 36, 48 and 60 h) (Scheme 2). 

Scheme 2: SEM study of AljO^/ZnO nanowires in DMF, DMSO and acetonitrile 

Dispersion = 32mg/30 ml 

i 
Sonicated for 1 h 

i 
allowed to stand for 12 h 

i 
Sediment after 12 h (sediment-1) 

Remaining dispersion resonicated 

and allowed to sediment for 60 h 

i 
Decantation to separate sediment (sediment-2) 

[SEM was carried out on the starting sample, sediment-1, sediment-2, dispersions at various 

intervals of time (12, 24, 36, 48, 60 h respectively] 

The dispersions of the MgO nanowires were obtained as follows. A known 

quantity of the nanowire (7 mg) was dispersed in DMF (15 ml) and sonicated for 1 h. 

This dispersion was allowed to stand during the course of which a drop of the 

dispersion taken at various intervals of time was deposited onto a copper grid for 

transmission electron microscopy (TEM). The TEM observations of the dispersions 

were carried out at regular intervals of time (3, 6, 12, 24, 96 h). Apart from this the 
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sediment that was obtained at the end of 96 h was also observed by TEM (Scheme 3). 

The dispersions of the various oxide nanowires in DMF, DMSO and acetonitrile were 

characterized by PL spectroscopy. 

Scheme 3: TEM study of MgO nanowires in DMF 

Dispersion = 7mg/15 ml 

i 
Sonicated for 1 h 

i 
allowed to stand 

A drop of the dispersion was added onto the TEM grid for microscopic analysis at various 

intervals of time (T = 0, 3, 6, 12, 24, 96 h). The sediment collected after 96 h was also 

observed by TEM. 

3.3.2 Characterization 

The MgO, AI2O3, Si02 and InaOa nano structures obtained by the different 

procedures were characterized as follows. 

X-ray diffraction 

Powder X-ray diffraction (XRD) patterns were recorded using CuKa radiation 

with a Rich-Siefert, XRD-3000-TT diffractometer. Samples were prepared by finely 

grinding the product and depositing on a glass slide. 

Scanning electron microscopy 
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Scanning Electron Microscopy (SEM) images were obtained with a LEICA 

S440i scanning electron microscope. Energy dispersive analysis of X-rays (EDAX) 

was performed with a Oxford microanalysis group 5526 system attached to the SEM 

employing Links (ISIS) software and a Si(Li) detector. Samples for SEM and EDAX 

were prepared by spreading 10-20 mg of product onto a conducting carbon tape 

pasted on an aluminum stub, followed by sputter-coating with a gold film. EDAX 

analysis was carried out in the spot profile mode with a beam diameter of 1 ju.m at 

several places on the sample. 

Transmission electron microscopy 

Transmission Electron Microscopy (TEM) images were obtained with a 

JEOL JEM 3010 operating with an accelerating voltage of 300 kV. Samples for 

TEM studies were prepared by dispersing the nanostructures by sonication in CCI4. A 

drop of the suspension was put on a holey carbon coated Cu grid and allowed to 

evaporate slowly. 

Photoluminescence 

Photoluminescence measurements were carried out at room temperature with a 

Perkin Elmer model LS50B luminescence spectrometer. The excitation wavelength 

used depended on the sample that was being studied. 

Raman Spectroscopy 

Raman spectra were recorded at room temperature with a Nd-YAG laser (532 

nm) and an Ar-ion laser (488 nm and 514.5 nm). 
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Differential scanning calorimetry (DSC) 

Differential Scanning calorimetry (DSC) measurements was carried out with a 

Perkin-Elmer instrument employing a heating rate of 20 K min~\ 

3.4 Results and discussion 

3.4.1 MgO nanowires and related nanostructures 

The various procedures mentioned in the experimental section under synthesis 

all gave MgO nanostructures as verified by the XRD patterns. The patterns were 

characteristic of the cubic structure of MgO (a = 4.211 A ; JCPDS Card No: 45-0946). 

It must be noted that when MgO or Mg powder alone was heated in an alumina boat 

at 1300 or 850 "C for 5 h in an Ar atmosphere, we failed to obtain nanostructures of 

MgO. The product obtained from the reaction of activated carbon with MgO powder 

by procedure 1(a) contained different types of nanostructures. The SEM image of the 

sample in Figure 3.6 (a) illustrates this result. The image reveals the various 

nanostructures formed, including nanosheets and nanobelts. The diameter of these 

nanostructures varies from 20 to 200 nm. The nanosheets have a width of about 8 \im 

and length in the range of 10 |im. The nanobelts on the other hand are of widths 

ranging from 50 to 200 nm and lengths going to several micrometers. The TEM 

image of a nanostructure given in Figure 3.6 (b) shows an interesting feature with 

jagged-edges. The inset in Figure 3.6 (b) shows the selected area electron diffraction 

(SAED) pattern of this jagged-edged nanostructure, revealing its single crystalline 

nature. The reflections correspond to the (222) and (420) planes of cubic MgO. The 

jagged-edged or saw-like structure is an interesting observation in the case of MgO. 

When the reaction was carried out using commercial activated charcoal, by procedure 
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2(a), we obtained a good yield of different nanostructures comprising nanowires and 

nanobelts with high aspect ratios. The SEM image in Figure 3.6 (c) shows the 

morphology of the different nanostructures formed. The transmission electron 

micrograph in Figure 3.6 (d) shows the nanostructures, comprising nanobelts along 

with different shapes and edge structures. The diameter of the nanostructures varies 

from 20 to 50 nm, with length extending to several tens of micrometers. 

The reaction of MgO powder with graphite, by procedure 3(a) also yielded a 

mixture of different nanostructures including belts, wires, etc., as seen in the SEM 

image (Figure 3.7 (a)). The diameter of the nanowires varies in the range 50-200 nm 

and their length extends to several tens of microns. The use of MWNTs as the carbon 

source, by procedure 4(a), gave the best yield of uniform nanowires (see the SEM 

image in Figure 3.7 (b)). The diameter of the nanowires varies from 50 to 150 rmi and 

their length extends to tens of microns. In Figure 3.7 (c) we show a finger-shaped 

nanowire with decreasing diameter towards the apex. The inset in Figure 3.7 (c) is the 

SAED pattern of the nanowire taken from its apex. The reflections correspond to the 

(200) and (220) planes of cubic MgO. The TEM image of yet another nanowire is 

shown as an inset in Figure 3.7 (c). The HREM image of a nanowire given in Figure 

3.7 (d) shows a lattice spacing of 0.21 nm corresponding to the (200) planes of cubic 

MgO. The growth direction of the nanowire (shown by an arrow in Figure 3.7 (d)) is 

perpendicular to the (200) planes and is along the <100> axis. The SAED pattern and 

HREM image confirm the single-crystalline nature of the nanowires. Thus by 

employing MWNTs, we could obtain nanowires of uniform distribution. The reaction 

of Mg powder with activated carbon by procedure 1(b) gave nanowire-networks in 

good yield. The SEM image in Figure 3.8 (a) reveals the 
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overall morphology of the ID nanostructures. The image shows single nanowires as 

well as those that form complex junctions along with star-shaped nanostructures. 

TEM images reveal the formation of MgO nanotubes as well, as can be seen from 

Figure 3.8 (b). The diameter of the nanotube is ~ 50 nm and the length extends up to a 

micron. The reaction of Mg powder with activated charcoal by procedure 2(b) gave 

nanostructures with complex networks, as revealed by the SEM image in Figure 3.8 

(c). The TEM image in Figure 3.8 (d) shows nanostructures with T-junction, having 

rectangular cross-section morphology and a peculiar dot-pattern. The slight shrinkage 

in cross-section along the direction of branch length may be due to the gradual 

decrease in the vapor supply during the growth. The diameter of the nanostructures 

varies from 100 to 300 nm and their length extends to tens of micrometers. The 

presence of dot-patterns in this case is significant and can be understood similar to 

that of the dot-patterned GeOi nanowires [70]. 

The reaction of Mg with graphite powder, by procedure 3(b) yields interesting 

nanostructures. In Figure 3.9 (a) we show one such nanostructure, a nanotree like 

morphology with nanotube branches. The diameter of these nanotubes is about 100 

nm and their length extends to a few microns. When the reaction was carried out with 

MWNTs by procedure 4(b), structures such as cubes with nanorod-fmgers originating 

from them were obtained (see SEM image in Figure 3.9 (b)). In Figure 3.9 (c) we 

show the TEM image of one such structure with nanorods originating from it. Such 

nanocubes with nanorods originating from them have been observed for the first time 

in the case of MgO. In Figure 3.9 (d), we show the TEM image of a single nanotube 

obtained by this preparation. The diameter of the nanotube is ~ 60 nm and its length 

goes up to a micron. The inset in Figure 3.9 (d) shows the SAED pattern of the 
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3.4 Results and discussion 

nanotube with Bragg reflections corresponding to the (200) and (220) planes of cubic 

MgO. Also shown as an inset in Figure 3.9 (d) is a helical-shaped nanotube obtained 

from the reaction of Mg powder and graphite by procedure 3(b). 

The reactions of Mg and MgO with carbon on gold-coated Si substrates 

yielded uniform nanowires of MgO. In Figure 3.10 (a) we show the SEM image of 

aligned MgO nanowires with gold catalyst particles at their tips, obtained by 

procedure 5(a). The diameter of the nanowires is about 100 nm and their length 

extends to several tens of microns. The reaction with graphite by procedure 5(b) gave 

high yields of uniform MgO nanowires with high aspect ratios as revealed by the 

SEM image in Figure 3.10 (b). The diameter of the nanowires ranges fi-om 100 to 200 

nm, their length extending to tens of micrometers. Figure 3.10 (c) gives a SEM image 

of well-formed nanowires obtained from the reaction of Mg powder and graphite by 

procedure 5(c), grown on a gold-coated silicon substrate at 800 "C. Figure 3.10 (d) 

shows the TEM image and the SAED pattern (inset) of the nanowires with tapered 

tips. The spots in the pattern correspond to the (220) Bragg planes of cubic MgO, 

revealing their single-crystalline nature. The diameter of the nanowires is around 30 

nm and their length goes up to a micron. 

The MgO ID nanostructures showed characteristic photoluminescence 

properties. With an excitation wavelength of 315 nm, we obtained a peak at around 

440 nm. Rosenblatt et al. [71] have obtained a similar band by time-resolved spectra 

of bulk MgO with different defect densities. They have attributed these bands to F+ 

and F centres. Zhang and Zhang [16] have reported an intensive green light emission 

from MgO nanobelts. The 440 nm emission peaks in our case may also be attributed 

to the existence of oxygen vacancies or surface states of the ID MgO nanostructures. 
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wsi^'m&:i^M 

Figure 3.10: (a) SEM image of aHgned MgO nanowires with gold nanoparticles at 

their ends, prepared by procedure 5(a). (b) SEM image of the nanowires 

prepared by procedure 5(b) on a silicon substrate with gold coating, (c) 

SEM image of the nanowires prepared by procedure 5(c), on a gold-

coated silicon substrate at 800 °C. (d) TEM image of the nanowires 

with the SAED pattern, shown as an inset. 

The growth of the different ID nanostructures of MgO can be explained in 

terms of the following two mechanisms. The first is the vapor-solid (VS) mechanism, 

which occurs predominantly in the present study. 
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3.4 Results and discussion 

MgO (s) + C ^ MgOx (v) + CO (1) 

2MgOx (v) + O2 -> 2MgO (s) (2) 

MgO first gets reduced to a "suboxide" as shown in reaction (1). The suboxide 

combines with the oxygen present in the reaction system, to give MgO particles as in 

Eq. (2). The oxide particles get transported by the Ar gas and are deposited in the 

boat. The nanowires are formed from the nuclei of MgO particles. The morphology of 

the nanostructures is determined by the level of supersaturation of MgO vapor, 

resulting in nanowires as well as complex networks. The nanowires and nanotubes 

may require a lower supersaturation than the complex networks or the cubes, the 

complex structures being favored by the presence of defects. After a nanowire grows 

to a certain length, the defects present in it may switch the growth direction, resulting 

in the formation of branches perpendicular to it. The vapor-liquid-solid (VLS) 

mechanism [72] would apply when we employ the gold-coated Si substrates. Here, 

the MgO vapor is transported by the Ar gas and deposited on the Au-coated Si 

substrate for further nucleation and crystallization. The SEM image in Figure 3.10 (a) 

clearly reveals the presence of Au particles at the tips of nanowires, establishing the 

validity of the VLS mechanism. 

The present study on the synthesis of one-dimensional MgO nanostructures by 

employing different sources of carbon has shown that MgO nanowires and related 

nanostructures can be obtained in copious quantities by carbon-assisted synthesis 

(Table 1). The variety of nanostructures obtained includes nanosheets, nanobelts and 

nanotrees (Scheme 4). Using the Au covered Si substrates carbon-assisted synthesis 
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permits the formation of ahgned nanowires. A variety of novel nanostructures have 

been obtained for the first time. 

Table 1: MgO nanostructures obtained under different experimental conditions 

Procedure 

1(a) 

1(b) 

2(a) 

2(b) 

3(a) 

3(b) 

4(a) 

4(b) 

5(a) (Au / 
Si) 

5(b) (Au / 
Si) 

5(c) (Au/ 
Si) 

Source 

Activated carbon: MgO 
(1:1) 

Activated carbon: Mg 
(1:1) 

Activated charcoal: 
MgO 
(1:1) 

Activated charcoal: Mg 
(1:1) 

Graphite: MgO 
(1:0.6) 

Graphite: Mg 
(1:1) 

MWNTs: MgO 
(1:0.6) 

MWNTs: Mg 
(1:1) 

Activated Carbon: MgO 
(1:0.5) 

Graphite: MgO 
(1:0.5) 

Graphite: Mg 
(1:0.5) 

Nanostructures 

Sheets, belts, wires, jagged-edge 
structures. 

Star shaped wires, complex networks, 
tubes. 

Wires, belts, zigzag shaped structures. 

Wires, T-junctions, complex 
networks. 

Wires, belts. 

Tree-like structures, tubes. 

Wires. 

Tubes, cubes with finger outgrowths. 

Wires. 

Wires. 

Wires. 
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3.4 Results and discussion 

Scheme 4: MgO nanostructures obtained under different experimental conditions 

nanowire/ 
nanorod 

star-shaped 
nanostructure 

T-junction 

nanocube with 
nanorods 
emanating 
from them 

nanotree 
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3.4.2 AI2O3 nanowires and nanotubes 

The XRD patterns of the nanostructures of alumina prepared by the various 

procedures showed them to possess the rhombohedral structure of a - AI2O3 with 

lattice parameters, a = 4.759 A and c = 12.991 A (JCPDS Card No: 11-0661). In 

Figure 3.11, we show the SEM image of the hollow alumina structures obtained by 

using procedure (i) which involves the heating of Al and graphite powders in an 

Ar + O2 mixture. The hollow alumina structures, consisting of smooth inner cores 

with a diameter of around 1 -2 ^m, were found to be abundant. 

Figure 3.11: SEM image of hollow alumina nanostructures obtained by 

using procedure (i). 
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In Figure 3.12 (a) and (b), we show the SEM images of the alumina 

nanostructures obtained by procedure (ii), that involves the heating of Al and 

graphite powders in Ar. The nanostructures comprise of nanowires of high aspect 

ratios. Certain other network-like structures, with a radial outgrowth originating 

from a single stem-like structure, are also seen. Such novel nanostructures have 

been observed earlier in the case of the oxides of Sn and Zn [73-75]. 

Figure 3.12: (a) and (b) SEM images of nanowires and other 

nanostructures of AI2O3 obtained by procedure (ii). 
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TEM images of the alumina nanotubes, prepared by the use of active 

carbon as in procedure (iii), are shown in Figure 3.13. The nanotubes generally 

have an outer diameter of 40-50 nm and an inner diameter of 20-25 nm. Certain 

collapsed nanotube-like structures also occur as shown in Figure 3.13 (c). Similar 

nanotube structures of alumina have been obtained earlier by the use of MWNTs 

as templates and by electrochemical processes [28-33]. 

Figure 3.13: (a), (b) and (c) TEM images of nanotubes of AI2O3 obtained by 

procedure (iii). 
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3.4 Results and discussion 

The nanowires obtained are single-crystalline with a spacing of 0.253 nm 

corresponding to the (104) lattice planes. We show a typical high-resolution 

electron microscope (HREM) image of a nanowire prepared by procedure (ii) in 

Figure 3.14. The nanowire appears to grow in a direction, which makes an acute 

angle of ~ 35° with the (104) planes. 

% nm 

Figure 3.14: HREM image of an AI2O3 nanowire prepared by procedure (ii) 

showing lattice spacing of 0.253 nm corresponding to (104) 

lattice planes. The arrow denotes the growth direction of the 

nanowire, making an angle of ~ 35° with the normal to the (104) 

plane. 
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The PL spectrum of the nanowires and nanotubes of AI2O3, obtained by 

excitation at 255 nm, is shown in Figure 3.15. There is a strong PL band at 380 nm 

in the case of the nanowires and at 386 nm in the case of the nanotubes. 

3 

(0 

(0 
c 

2 5 0 3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 

W a v e l e n g t h ( n m ) 

Figure 3.15: PL spectrum of (a) nanowires and (b) nanotubes of AI2O3. 

In the literature, AI2O3 nanowires and nanobelts are reported to show bands 

around 393 nm and 392 nm at the same excitation wavelength [38]. The PL 

intensities of the nanotubes are stronger than those of nanowires. In the alumina 

nanostructures obtained by us, it is likely that there are oxygen vacancies. The 

origin of the PL emission is likely to be related to oxygen-related defects and F^ 

centers (oxygen vacancies with one-electron centers) [54]. 
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3.4 Results and discussion 

The growth mechanism of the nanowires can be understood on the basis of 

a vapor-soHd mechanism since extensive microscopic investigations reveal no 

catalyst/liquid droplets at the ends of the nanowires. The relevant reactions can be 

written as follows: 

Al (s) + C (s) + O2 (g) ^ AlOx (V) + CO (g) 

AlOx (V) + O2 (g) ^ AI2O3 (s) 

The first step involves the formation of the suboxide in vapor form, which gets 

oxidized to AI2O3 in the presence of oxygen. Similar reactions have been proposed 

for the growth of Ga203 nanowires [3]. Under the vapor-solid reaction conditions, 

AI2O3 nanowires tend to form on the (104) lattice planes, since the reaction is far 

away from thermodynamic equilibrium conditions [76,77]. 

Thus, by varying the source of carbon and starting with Al powder, various 

nanowires, nanotubes and other interesting network-like structures of AI2O3, with 

satisfactory PL characteristics, have been prepared. The nanostructures of AI2O3 

may be useful as catalyst supports. It would not be difficult to prepare such 

nano structures with various metal nanoparticles embedded in them. 
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3.4.3 Crystalline Si02 nanowires 

In Figure 3.16, we show SEM images of the Si02 nanowires obtained under 

different conditions. Shown in Figure 3.16 (a) are crystalline silica nanowires 

obtained on heating a mixture of fumed sihca and activated charcoal (molar ratio of 

1:2) in 50 seem Ar. The nanowires have a diameter between 50 and 100 nm, with 

lengths extending up to tens of microns. We notice the presence of a small quantity ( < 

5 %) of unreacted carbon as identified by energy dispersive x-ray analysis (EDAX). 

The carbon content is, however, reduced or eliminated by starting with a low 

carbon:silica ratio. The XRD pattern of the nanowires shown in Figure 3.17 (a) 

corresponds to that of a-cristobalite with the tetragonal structure (lattice parameters: a 

= 4.97 A, c = 6.92 A, JCPDS (NBS, USA) Card No. 39-1425). We observe no peaks 

due to silicon or other impurities. A low-magnification TEM image of the sample is 

shown in Figure 3.18 (a). Selected area electron diffraction (SAED) patterns of 

several nanowires were recorded at different points along the length of the wires. The 

inset in the Figure 3.18 (a) shows a representative SAED pattern with the Bragg spots 

corresponding to (101), revealing the single crystalline nature of the nanowires. By 

carrying out the reaction of fumed silica with reduced amounts of carbon (molar ratio 

of 1:0.5) in 50 seem Ar, we obtained a high yield of nanowires with no or negligible 

carbon content. We show a typical SEM micrograph of these nanowires in Figure 

3.16 (b). The nanowires have a uniform diameter of approximately 70 nm with 

lengths of tens of microns. The nanowires contain a crystalline core (~ 30 nm) 

sheathed by an amorphous layer as can be seen from the TEM image in Figure 3.18 

(b). Reducing the ratio of carbon to fumed silica appears to increase the amorphous 
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3.4 Results and discussion 

Figure 3.16: SEM images of the silica nanowires found in the alumina boat by the 

reaction of fumed silica with activated charcoal at 1300 °C for 5 h: (a) 

with silica to carbon molar ratio 1:2 in 50 seem Ar, (b) with a molar 

ratio 1:0.5 in 50 seem Ar, and (e) with a molar ratio 1:2 in 50 seem Ar 

and 20 seem H2. 

coating on the crystalline core, while eliminating or minimizing the carbon content. 

The amorphous sheath is Si02 and not carbon. There is, however, some competition 

between the magnitude of the amorphous sheath and carbon content in the 

preparation. Based on independent experiments with nanowires and nanotubes, we 

have found that any amorphous carbon in the sample is eliminated entirely on heating 

in hydrogen around 1000 °C. We therefore conclude that no amorphous carbon is 

present in the silica nanowires subjected to hydrogen treatment at 1000 °C. The sheath 

is not due to SiC which requires a high C:Si02 ratio for formation. 
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Figure 3.17: XRD patterns of the silica nanowires obtained by (a) the reaction of 

filmed silica and activated charcoal (molar ratio 1:2) at 1300 °C for 5 h 

in 50 seem Ar and (b) the reaction of fumed silica and activated 

charcoal (molar ratio 1:1) at 1300 °C for 5 h in 50 seem Ar + 20 seem 

H2. hiset shows the standard JCPDS pattern (Card No. 39-1425). 
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Figure 3.18: Low-magnification TEM images of silica nanowires obtained by the 

reaction of (a) fumed silica with activated charcoal (molar ratio 1:2) in 

50 seem Ar, (b) fumed silica with activated charcoal (molar ratio 1:0.5) 

in 50 seem Ar, and (c) fumed silica with activated carbon (molar ratio 

1:1) in 50 seem Ar and 20 seem H2 at 1300 °C for 5 h. The insets show 

the corresponding SAED patterns. 
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The SAED pattern, shown as an inset in Figure 3.18 (b), reveals the nanowires to be 

single-crystalline a-cristobalite. The Bragg spots in this case arise due to (101) and 

(200) reflections of the tetragonal structure of a-cristobalite. With a 1:1 molar ratio of 

fumed silica and activated charcoal, however, we obtained a good crystalline a-

cristobalite nanowires of diameters in the 70-100 nm range [Figure 3.18 (c)]. The 

diffraction pattern in the inset of Figure 3.18 (c) reveals the crystalline nature of the 

nanowires. 

The high-resolution TEM image of a single silica nanowire presented in 

Figure 3.19, shows (102) planes with the expected spacing of 0.28 nm between the 

planes. The normal to the (102) planes makes an angle of approximately 12° with the 

growth direction of the nanowire. 

A good yield of a-cristobalite nanowires was also obtained when 20 seem of 

H2 gas was passed along with 50 seem Ar while heating a 1:2 mixture of fumed silica 

to activated charcoal as evident from the SEM image shown in Figure 3.16 (c). The 

use of H2 helps to remove the unreacted carbon, as found by us in repeated 

experiments. We find a similar situation in the case of carbon nanotubes where again 

amorphous carbon is best removed by hydrogen treatment at 1000 °C. This can be 

seen by a comparison of Figures 3.16 (a) and 3.16 (c). We show a representative XRD 

pattern of the sample obtained by the reaction of a mixture of fumed silica and 

activated charcoal (molar ratio of 1:1) heated in a mixture of Ar (50 seem) and H2 (20 

seem) in Figure 3.17 (b). The line-widths of the reflections in this XRD pattern are 

somewhat narrower suggesting greater crystallinity. 
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Figure 3.19: High-resolution electron microscopy image of a crystalline silica 

nanowire prepared by the reaction of fumed silica with activated 

charcoal (molar ratio 1:0.5) at 1300 °C for 5 h in 50 seem Ar. 

The arrow denotes the direction of growth of the nanowire. 

The photoluminescence spectrum of the a-cristobalite nanowires was recorded 

along with that of fumed silica. As shown in Figure 3.20 (a), fumed silica exhibits a 

shoulder in the UV region at 375 nm and a broad band in the blue region centered at 

440 nm. These features are nearly absent in the spectrum of the nanowires. The 
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presence of intense blue emission in fumed silica arises from the high density of 

defects and oxygen related vacancies. We have recorded the Raman spectrum of the 

sample and observed two bands at 200 cm"' (Ai) and 424 cm"' (Ai or B2) in addition 

to a weak band around 790 cm"' (E) [Figure 3.20 (b)]. There is a lot of controversy 

regarding the band assignment in the literature of the a- and P- phases of cristobalite 

[78,79]. The spectrum resembles that of the a-phase reported in the literature. 

DSC of the crystalline nanowires revealed a reversible transformation from the 

a-form to the P-form at 510 K [Figure 3.21]. This a-P transition is known to occur in 

cristobalite around this temperature [80]. Under the preparation conditions used by us, 

the nanowires are first formed in the p-form, and are then converted to the a-form on 

cooling to room temperature. 

We could obtain a-cristobalite nanowires only with filmed silica but not with 

other sources of silica. This may be because filmed silica is amorphous, containing 

very tiny particles with a high surface area. Carbon plays a crucial role in the reaction 

in reducing silica to its reactive suboxide SiOx. The presence of a high proportion of 

carbon relative to silica and use of hydrogen give rise to good crystalline nanowires. 

A lower proportion of carbon or the absence of hydrogen results in crystalline Si02 

nanowires coated with an amorphous silica layer. The exothermic nature of the 

reduction of silica by carbon may give rise to considerable local heating, which may 

help the crystallization of filmed silica into the cristobalite form. The reaction 

involved in the formation of crystalline silica can be written as follows: 

Si02 + C ^ SiO + CO (1) 

2SiO + 0 2 ^ 2Si02 (2) 
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Figure 3.20: (a) Photoluminescence spectra of fumed silica and crystalline nanowires 

obtained by the different routes using 325 nm as the excitation 

wavelength and (b) Raman spectra of fumed silica and the nanowires 

prepared by the reaction of fumed silica with activated carbon (molar 

ratio 1:1) at 1300 °C for 5 h in a mixture of Ar (50 seem) and H2 (20 

seem). 
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Figure 3.21: DSC curve of crystalhne silica nanowires 

We do not feel that disproportionation of SiO occurs since elemental Si is not formed 

in the product. The SiO vapors deposited on the walls of the alumina boat react with 

the oxygen contained in the reaction system to form crystalline nanowires. Such 

oxidation reactions are well documented [81,82]. The growth of the nanowires is 

likely to occur by the vapor-solid mechanism since no metal catalyst has been used in 

the synthesis. Accordingly, microscopic investigations do not reveal the presence of 

catalyst/liquid droplets at the ends of the nanowires. In conclusion, we have, for the 

first time, synthesized good single-crystalline nanowires of silica in the a-cristobalite 

form by a simple carbothermal procedure. The nanowires might find useful 

applications. 
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3.4.4 IniOs nanowires and related nanostructures 

In Figure 3.22 (a) and (b), we show the SEM images of the In203 nanowires 

obtained by procedures (i) and (ii) respectively. In procedure (i), the ratio of the In203 

and activated charcoal was 1:1 and the Ar flow rate was 150 seem, while in procedure 

(ii), the ratio of In and activated charcoal was 1:2 and the Ar flow rate was 50 seem. 

The diameter of the nanowires obtained by us varies in the 50-100 nm range, with the 

length extending upto several microns. The images also indicate yields of the 

nanowires to be high. 

^9 

Figure 3.22: (a) and (b) SEM images of In203 nanowires prepared by procedure (i) 

and (ii). 
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The x-ray diffraction patterns of the nanowires obtained by procedures (i) and 

(ii) are shown in Figure 3.23 (a) and (b) respectively. The patterns correspond to 

In203 with the cubic c-type rare earth oxide (Ia3, bixbyite) structure [10] with a = 

10.11 A [JCPDS Card No: 06-0416]. The XRD pattern in Figure 3.23 (a), also shows 

additional peaks corresponding to metallic In. We do not see the XRD peaks due to In 

metal in Figure 3.23 (b), suggesting possible differences in the mechanism of 

formation by procedures (i) and (ii). 

CM 

CM 

In 

CM 
CVJ 

"^Wm^^y'^h^ 

15 20 25 30 35 40 

(6) 

Figure 3,23: (a) and (b) XRD patterns of In203 nanowires prepared by 

procedure (i) and (ii). 
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TEM images of individual nanowires obtained by procedure (i), starting with 

In203 and activated charcoal are shown in Figure 3.24 (a) and (b). The diameter of the 

nanowire is around 70 nm. The inset in Figure 3.24 (b) shows the selected area 

diffraction (SAED) pattern of the nanowire with Bragg spots corresponding to (200) 

and (222) planes, revealing the single-crystalline nature of the nanowire. A high 

resolution electron microscope (HREM) image of a nanowire is shown in Figure 3.24 

(c). The HREM image shows (200) planes with the expected spacing of 0.502 nm 

between the planes. The presence of (200) planes perpendicular to the nanowire axis 

suggests that the growth of the nanowire is along the [100] direction. There is also 

support fi-om other workers that [100] is the growth direction of the In203 nanowires 

[54,83,84]. We show the TEM images of In203 nanostructures obtained by procedure 

(ii) starting with a 1:1 molar ratio of the In metal and activated charcoal. The 

nanowire in Figure 3.24 (d) has a diameter of - 100 nm and the inset in this figure 

shows the SAED pattern of the nanowire with Bragg spots corresponding to (400) and 

(440), revealing that they are single-crystalline. The TEM image in the inset of Figure 

3.24 (d) shows a nanostructure with a diameter of- 200 nm possessing ragged edges. 

The presence of teeth on both sides of the nanostructure is unusual. By using ordinary 

crystalline graphite powder in place of activated charcoal, we were able to obtain a 

good yield of single crystalline nanowires by procedure (i), although the diameter of 

the nanowires was somewhat larger. 

We have characterized the In203 nanowires by photoluminescence spectra 

using 330 nm as the excitation wavelength. The spectra show a blue emission peak at 

426 nm, with a shoulder at 406 nm and a smaller feature at 450 nm. It is known that 
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3.4 Results and discussion 

bulk In203 does not emit light at room temperature [85]. It is, therefore, significant 

that the nanowires exhibit the blue emission. Other workers have reported emission 

bands at 480 nm and 520 nm in In203 nanoparticles [86], at 617 nm in nanotubes [87], 

at 470 nm in nanofibers [54] and at 570 nm in nanobehs [84]. Quantum confinement 

can be ruled out since the exciton Bohr diameter for indium oxide is in the range 

between 2.6 and 5 nm and the diameter of the nanowires that we have obtained are 

much larger. The origin of the emission is likely to be oxygen-related vacancies, 

which are created under the conditions of preparation. The oxygen vacancies would 

induce the formation of new energy levels in the bandgap. The emission occurs due to 

the radiative recombination of a photo-excited hole with an electron occupying the 

oxygen vacancies [54-56,83,84]. We have previously observed such oxygen-related 

emission in the case of Ga203 [3]. Annealing in oxygen does not eliminate the blue 

emission but instead enhances it [55]. A similar observation has been made in the 

case of In203 nanoparticles [86]. 

While we obtain In203 nanowires fi-om both procedures (i) and (ii), starting 

from either In203 or hi metal, the mechanism of formation appears to be different in 

the two procedures. One would be tempted to suggest that the formation of the In203 

nanowires by procedure (i), wherein we start with In203 and carbon, is by the vapor-

solid (oxide-assisted) process as in the case of Ga203 [3]. The reaction of carbon with 

Ga203 yields a suboxide in the vapor phase. The suboxide gets oxidized subsequently 

to produce the nanowires. Although indium suboxides are known, it is significant that 

we observe the presence of metallic In (see Figure 3.23 (a)). The mechanism therefore 

is likely to be different. Carbothermal reduction of In203 leads to the formation of the 

metallic In possibly via the suboxides, as given by, 
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In203 (s) + 3 C (s) ^ 2 In (v) + 3 CO (g) (1) 

The metal vapor gets oxidized to give In203 as given by, 

4 In (v) + 3 O2 (g) -* 2 In203 (s) (2) 

In order to better understand what really happens in the formation of the 

nanowires, we have examined the TEM images in detail. The TEM images in Figure 

3.25, show interesting nanostructure morphologies, a common one being the tree-like 

structure (Figure 3.25(a)), wherein periodic ladder-like steps are formed on a central 

column by nanowire segments containing metal droplets at the tips. These were 

obtained with a 1:1 molar ratio of the oxide and activated charcoal at an Ar flow rate 

of 100 seem. The inset in the same figure shows nanotrees (small tree-like structures) 

formed at a higher Ar flow rate of 150 seem. These images show nanowires with In 

metal droplets at the tips. In some of the TEM images, we have found spherical metal 

clusters as well as metal droplets with short nanowires attached to them as in a peg or 

a nail (see inset of Figure 3.25 (d)). We also commonly observe nano-paintbrush or 

nanobouquet structures obtained under similar conditions (Figure 3.25 (b-d)), 

somewhat comparable but distinctly different to those described in the literature in the 

case of Ga203 nanowires generated from Ga metal [88]. What is, however, different is 

that in the case of Ga203, no metal droplets were observed at the neinowire tips. The 

formation of the nanobouquet structure would require the formation of the metal 

nuclei initially by the deposition of the metal vapor. The initially formed nuclei are 

trapped and the subsequent growth from the nuclei results in the nanowire, albeit the 

oxidation step wherein the oxide is formed along the nanowire except the tip. This is 

reminiscent of the vapor-liquid-solid (VLS) growth mechanism, except that in the 
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3.4 Results and discussion 

present case, it is a self-catalytic VLS mechanism [89,90], the reduction of the metal 

oxide causing the formation of metallic clusters which themselves serve as nuclei for 

growth and oxidation. Agglomeration of neighboring nanoscale nuclei is likely to be 

responsible for the bouquet morphology. The relatively low decomposition 

temperature of InaOa (b.pt = 850 " C) and the low melting point of In metal (156 "C) 

favor this mechanism. The requirement of equimolar or greater proportion of carbon 

can be understood in terms of the VLS mechanism and reaction (1). 

In Figure 3.26, we provide a schematic description of the various features 

found in the TEM images of Figure 3.25. The first stage would involve the formation 

of fine In metal droplets. The initially formed droplets form smaller clusters under Ar 

flow. The metal clusters act as nuclei to give rise to nanowires (I) by the VLS 

mechanism. The nanowires are tapered due to the crowded environment present when 

they grow from individual metal clusters. While the nanobouquet structures (III, 

Figure 3.25 (b) and (c)), arise from metal nuclei coming closer, the tree-like structures 

(IV, Figure 3.25 (a)) arises from the decomposition of the oxide along the length of 

the nanowires giving rise to new metal nuclei. When the Ar flow rate is high, we 

observe multiple growth occurring from a single-nucleation center as well as the high­

way type branching (II) shown in Figure 3.25 (d). In procedure (ii), where we start 

with the In metal, the oxide coating on the surface gets reduced by the carbon. The 

metal nanowires initially formed then get oxidized in-situ rapidly and completely into 

the In203 oxide nanowires [55], under ambient conditions. It is noteworthy that we do 

not observe metal droplets at the nanowire tips or bouquet structures when we start 

with In metal thereby providing evidence for the vapor-solid mechanism. The metal 
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vapor form droplets which form nanowires just as in the case of Si. The nanowire gets 

oxidized under ambient conditions. 

Thus, in the synthesis of the hi203 nanostructures we have varied parameters 

such as the source of In and the flow rates of the gas. Interestingly, at high flow rates 

we observe various nanostructures such as the nanotrees and nanobouquets. At very 

high flow rates, we encounter nanostrutures with multiple arms. In all of this, the self-

assisted VLS mechanism seems to be operative aided by the carbothermal reduction, 

which is the first step in the formation of these nanostructures. The formation of In203 

nanowires starting from In, on the other hand, can be understood in terms of the VS 

mechanism. 

3.4.5 Dispersion of oxide nanowires in polar solvents 

The dispersions of the various oxide nanowires in the polar solvents showed 

interesting features as found from electron microscopy and PL spectroscopy. 

Dispersions of AI2O3 nanowires in DMF were stable upto 24 h in contrast to those in 

DMSO and acetonitrile which were not stable, with the sedimentation starting much 

earlier. In the case of acetonitrile, the sedimentation started just after it is allowed to 

stand. MgO nanowires dispersed in DMF are more stable upto 12 h in comparison to 

DMSO and acetonitrile. Starting with a known amount of AI2O3 nanowires dispersed 

in the various solvents, we measured the proportion of solute in the solvent at the end 

of 60 h and found that DMF and DMSO have about 6 % of the solute remaining in 

solution, whereas in the case of acetonitrile it was 3 % or less. Visual observations 

indicated that DMF forms the best dispersions in comparison to DMSO and 

acetonitrile. In the case of ZnO nanowires dispersed in DMF, the proportion of solute 
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remaining in the solvent was about ~ 9 %. Such a high percentage of solute stably 

dispersed in the solvent is useful for several measurements and applications, which 

cannot otherwise be achieved in the solid state. 

In Figure 3.27 (a), we show the SEM image of the starting AI2O3 nanowires. 

The nanowires occur individually and in large bundles. In Figure 3.27 (b), we show 

the SEM image of the nanowire dispersion in DMF obtained after 60 h. The presence 

of large bundles of the nanowires can be seen, indicating the stability of the bundles 

of nanowires in the dispersion. The SEM image in Figure 3.27 (c) shows the AI2O3 

nanowires dispersed in DMSO after a period of 36 h. The image reveals smaller 

bundles and isolated nanowires, in contrast to that in DMF. The SEM image of the 

dispersion of the AI2O3 nanowires in acetonitrile obtained after 60 h is shown in 

Figure 3.27 (d), revealing isolated individual nanowires in large numbers. The SEM 

image of the sediment obtained from acetonitrile after 12 h is shown in Figure 3.27 

(e). Large bundles of nanowires are seen in the sediment in contrast to the dispersion. 

The SEM image in Figure 3.28 (a) shows the raw MgO nanowires used for the study. 

The nanowires extend to several microns in length. The TEM image of the MgO 

nanowires in DMF shown in Figure 3.28 (b) reveals nanowires of uniform diameter of 

150-200 nm obtained in the dispersion at a time period of 24 h. The dispersion of the 

ZnO nanowires obtained in DMF after a time period of 24 h and the sediment after 12 

h are shown in SEM image of Figure 3.28 (c) and (d) respectively. The SEM image in 

Figure 3.28 (c) reveals the presence of bvindles of nanowires, whereas the image of 

the sediment in Figure 3.28 (d) reveals the presence of a few isolated nanowires 

(along with other types of particles) that seem to have been excluded from the 

dispersion during the course of time. Thus, sedimentation studies have shown that in 
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general DMF is a good solvent for obtaining stable dispersions of the nanowires. In 

comparison, DMSO and acetonitrile may not be as suitable, acetonitrile being the 

poorest solvent of the three. 

The PL spectra of the dispersions of AI2O3 nanowires excited at 300 nm are 

shown in Figure 3.29. Shown in the inset is the spectrum of the AI2O3 nanowires in 

the solid state. The spectrum in the solid state reveals two bands at 380 nm and 420 

nm which are generally known to arise from oxygen-related defects [1,2,38]. The 

nanowire dispersion in DMF shows two sharp and clear bands at 408 nm and 430 nm, 

slightly red-shifted from the spectrum of solid AI2O3. The spectrum of the dispersion 

in DMSO shows weak features which are slightly red-shifted relative to the bands in 

DMF. Thus, the peak positions in DMSO are 410 nm and 435 nm. The spectrum of 

the dispersion in acetonitrile shows several bands between 400-450 nm in the region 

extending upto 475 nm which may arise from isolated nanowires. 

The PL spectra of the ZnO nanowire dispersions (Figure 3.30) show 

interesting features (excitation wavelength, 280 nm). The solid spectrum shows a 

peak at 395 nm and a shoulder around 420 nm the emission corresponding to near-

band edge emission in the case of ZnO [1,2] (inset of Figure 3.30). The PL spectrum 

of the nanowires in DMF shows slight red-shifts with the peak positions at 406 nm 

and 429 nm. The presence of clear and intense bands in this case is noteworthy. In the 

case of the nanowire dispersions in DMSO, there is a band centered at 420 nm and a 

shoulder at 435 nm. The acetonitrile dispersion shows only a small feature centered at 

420 nm. 
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Figure 3.29: PL spectra of AI2O3 nanowire dispersions in the various polar solvents. 

Inset shows the PL spectrum in the solid state. 

147 



Synthesis and characterization of MgO, AI2O3, Si02 and hi203 nanowires 

c 
• 

c 
0) 

C 
a> 

DMF 

DMSO 

acetonitrile 

300 350 400 450 500 550 600 

Wavelength (nm) 

"" r 

300 350 400 450 500 550 600 
Wavelength (nm) 

Figure 3.30: PL spectra of ZnO nanowire dispersions in the various polar solvents. 

Inset shows the PL spectrum in the solid state. 
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Figure 3.31: PL spectra of MgOnanowire dispersions in the various polar solvents. 

Inset shows the PL spectrum in the solid state. 
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The PL spectrum of solid MgO (see inset of Figure 3.31) shows a peak at 443 

nm, (excitation wavelength, 300 nm), the emission corresponding to oxygen 

vacancies. The PL spectrum of the nanowires in DMF shows two peaks around 406 

nm and 430 nm. hi addition, there is a band around 535 nm. These emission bands 

have been reported previously in the case of bulk MgO by Rosenblatt and coworkers 

[71]. In the case of DMSO dispersions, there is a slight red shift with peaks appearing 

at 411 rmi and at 435 nm. The dispersion of the nanowires in acetonitrile shows 

several features centered around 430 nm (Figure 3.31). 

3.5 Conclusions 

We have been able to synthesize one-dimensional nanostructures of MgO, 

AI2O3, Si02 and hi203 by a simple carbothermal procedure involving the use of 

carbon as one of the reactants. The method that we have used is simple and avoids 

contamination due to external catalysts. It also provides some insight into the 

mechanism of formation of the nanowires. Crystalline silica nanowires (a-

cristobalite) have been synthesized for the first time by this method. Apart from this a 

variety of novel and interesting nanostructures have been obtained in large quantities 

for the first time. These nanostructures could be of use in sensors and other devices. 

Thus this method offers a wide scope for the preparation of many other oxide 

nanowires in significant amounts for a variety of applications. Investigations of the 

dispersions of AI2O3, MgO and ZnO nanowires in polar solvents by electron 

microscopy and PL spectroscopy have revealed that of the solvents that have been 

examined, DMF seems to be the best for obtaining stable nanowire dispersions, 

although acetonitrile dispersions in the case of AI2O3 nanowires may represent 
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features of isolated nanowires. Stable oxide nanowire dispersions in DMF should be 

useful not only to investigate the properties but also in some applications. 
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Chapter 4 

BN, GaN, InN nanowires and related 

nanostructures 

Summary* 

In this chapter, the synthesis and properties of nanostructures of Ill-V nitrides 

such as BN, GaN, InN and related materials are presented. In the case of BN, simple 

methods of preparing nanotubes and nanowires have been investigated. The methods 

involve heating boric acid with activated carbon, multi-walled carbon nanotubes, 

catalytic iron particles or a mixture of activated carbon and iron particles, in the 

presence of NH3. While with activated carbon, BN nanowires constitute the primary 

product, high yields of clean BN nanotubes are obtained with multi-w ailed carbon 

nanotubes. Aligned BN nanotubes are produced when aligned multi-walled carbon 

nanotubes are employed as the starting material suggesting the templating role of the 

carbon nanotubes. BN nanotubes with different structures have been obtained by 

reacting boric acid with NH3 in the presence of a mixture of activated carbon and Fe 

particles. 

Single crystal GaN nanowires have been obtained by heating gallium 

acetylacetonate [Ga(acac)3] with NH3 in the presence of carbon nanotubes or activated 

carbon at 910 °C. GaN nanowires were also obtained when the reaction of Ga(acac)3 

* Papers based on these studies have appeared in J. Nanosci. Nanotech. (2001), Chem. Phys. Lett. 
(2002), (2003), Solid. State. Sci. (2004) and Small (2005). 
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with NH3 was carried out over catalytic Fe/Ni particles dispersed over silica. In order 

to tune the diameter of the nanowires, we have carried out the synthesis by emplojdng 

single-walled carbon nanotubes or by varying the proportion of the metal catalyst. 

The fonner procedure with carbon nanotubes is preferable because it avoids the 

presence of metal particles in the nanowire bundles. 

Mn-doped GaN nanowires have been prepared by reacting a mixture of 

acetylacetonates with NH3 at 950 °C in the presence of multi-walled (MWNTs) and 

single-walled (SWNTs) carbon nanotubes, the nanowires prepared with SWNTs being 

considerably smaller in diameter. GaMnN nanowires with 1%, 3% and 5% Mn so 

obtained have been characterized by X-ray diffraction, ED AX analysis and 

photoluminescence (PL) spectra. The GaMnN nanowires are all ferromagnetic even at 

300 K, exhibiting magnetic hysteresis. The PL spectra of the GaMnN nanowires 

prepared with SWNTs show a large blue-shift of the Mn̂ "*" emission. 

Various methods have been employed to prepare nanostructured GaN 

exhibiting reasonable surface areas. The methods include ammonolysis of 7-Ga203 or 

Ga^Os prepared in the presence of a surfactant, and the reaction of a mixture of Ga203 

and Ga(acac)3 with NH3. The latter reaction was also carried out in the presence of 

H3BO3. All the methods yield good GaN samples as characterized by X-ray 

diffraction, electron microscopy and photoluminescence measurements. Relatively 

high surface areas were obtained with the GaN samples prepared by the ammonolysis 

of 7-Ga203 (53 m^ g"'), and of Ga203 prepared in the presence of a surfactant (66 m^ 

g~'). GaN obtained by the reaction of NH3 with a mixture of Ga203, Ga(acac)3 and 

boric acid gave a surface area of 59 m^ g"'. GaN nanoparticles prepared by the 

nitridation of mesoporous Ga203 samples generally retain some porosity. 
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Summary 

Owing to the importance of InN as an electronic material, we considered it 

important to carry out a systematic investigation of the nanostructures produced at 

relatively low temperatures, with specific interest in the optical properties. We report 

a study of nanowires and nanotubes of InN synthesized at low temperatures by a new 

chemical route involving the use of indium acetate and 1,1,1,3,3,3-hexamethyl 

disilazane (HMDS). The nanostructures have been characterized by X-ray diffraction, 

electron microscopy, and various spectroscopic methods. It has been shown that the 

near-infrared band around 0.7 eV is characteristic of these materials. 
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4.1 Introduction 

III-V semiconductors are compounds comprising elements of groups III (e.g. 

gallium or indium) and V (e.g. arsenic or phosphorous) of the periodic table (Figure 

4.1). Many of these compounds, for example gallium arsenide (GaAs) or indium 

phosphide (InP) are materials used for high-frequency (e.g. high-bandwidth 

coimectivity) or optoelectronic (e.g. integrated optics or LEDs) applications. III-V 

nitride semiconductor materials are unique in their ability to reliably and efficiently 

emit light with wavelengths from green through ultraviolet. Ill- V nitride-based 

optoelectronics are emerging as an important enabling technology with a wide range 
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Figure 4.1: Periodic table of III-V semiconductors. 

of applications, from traffic lights and large outdoor full-color displays to high-

density digital video disk (HD DVD) players and laser printers. Although nitride-

based light-emitting diodes (LEDs) have been commercially available since 1993, 

many problems remain that have prevented the full realization of optoelectronic 

devices from this material system. The III-V nitrides have not only become 
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technologically important for optoelectronics and high power electronics, but also a 

fast growing and exciting area of research [1,2]. 

III-V semiconductor nanowires have unique electrical and optical properties, 

which are used as building blocks in nanoscale devices. Nanowires especially those of 

III-V semiconductors are increasingly used in electronic devices including field-effect 

transistors, sensors, detectors and light-emitting diodes. More complicated devices are 

expected soon, requiring new and improved ways of growing such wires. Researchers 

have examined various ways of growing III-V semiconductor nanowires, including 

laser ablation, chemical vapor deposition (CVD) and template-assisted growth. We 

have been interested in preparing III-V semiconductor nitride nanowires and 

nanotubes of BN, GaN and InN by simple chemical routes at low temperatures. We 

have been successful in synthesizing large quantities of these nitride nanostructures 

by a variety of methods. Moreover we have studied their optical properties and 

understood their mechanism of growth. More importantly we have also been able to 

dope nanowires of GaN for instance with Mn and have studied their magnetic 

properties. We have been able to synthesize porous nanostructured GaN and have 

studied their adsorption properties also. In what follows we describe the scope of the 

investigations on these systems. 

4.2 Scope of the present investigations 

(a) Boron Nitride 

Boron Nitride is isoelectronic with carbon, and like carbon, its properties are 

highly dependent on the crystalline modification under study. The structure of h-BN 

is analogous to the graphitic form of carbon, with strong bonding within the atomic 
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(a) 

(b) 

0.334 nm 

Figure 4.2: (a) Structure of hexagonal BN, closed circles: B, open 

circles: N (b) Structure of graphite. 
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layers and weak bonding between layers, the h-BN differs by having the planar, fused, 

six-membered rings directly stacked on top of each other, with the boron atoms in one 

layer serving as the nearest neighbour to the N atoms in adjacent layers (Figure 4.2 

(a)). In the graphitic carbon structure, the carbon atoms in adjacent layers are slightly 

offset (Figure 4.2 (b)). The layered structures of BN and graphite, with very strong in-

plane covalent bonding and weak interplanar attractions, are unique in ceramic 

materials, and this feature results in a number of quite anisotropic mechanical, thermal 

and electrical properties. 

Boron Nitride nanotubes have a band gap of 5.5 eV (versus 5.8 eV for bulk 

hexagonal BN) and the gap is nearly independent of tube diameter, chirality and the 

number of tube walls. The measured Young's modulus (1.22 Tpa) of BN nanotube 

exceeds those of all known insulating fibers. Thus a BN nanotube may serve as a 

perfect insulating tubular shield for any conducting material encapsulated within. 

The calculated uniform electronic properties of BN tubes contrast sharply with the 

heterogeneity of carbon tubes and other carbon-containing tubes such as those formed 

from BC2N and BC3, suggesting that BN tubes may have significant advantages for 

applications. Nanotubes and nanorods of boron nitride (BN) have attracted 

considerable attention in the last two years. Nanotubes of boron nitride were first 

prepared by Chopra et al. [3] by a carbon-free plasma discharge between a BN packed 

tungsten rod and a cooled copper electrode. Arc discharge between ZrB2 electrodes in 

a nitrogen atmosphere also yields BN nanotubes [4]. BN nanotubes have been 

prepared by the carbothermal reduction of ultradisperse amorphous boron oxide and 

B4C in the presence of nitrogen between 1100 and 1450 °C [5], and by thermal 

annealing of ball-milled boron powder in an ammonia atmosphere [6]. Most of the 
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recent efforts, however, employ chemical methods involving suitable catalysts. Thus, 

Lourie et al. [7] have synthesized BN nanotubes by the CVD deposition of borazine 

over nickel boride catalyst particles at a temperature of about 1100 °C. A chemical 

vapor deposition route employing melaminediborate at 1700 °C yields BN nanotubes, 

although the material occurs along with amorphous B-N-0 clusters [8]. Carbon 

nanotubes have been used to prepare BN nanotubes by the reaction with B2O3 in a 

nitrogenous atmosphere. Thus, Golberg et al. [9] have synthesized multi-walled BN 

nanotube ropes by carrying out the reaction of a mixture of B2O3 and MWNTs at 

1500 °C in a nitrogen atmosphere in the presence of a M0O3 catalyst. Tang et al. [10] 

have obtained nanotube and nanobamboo structures of boron nitride by the reaction of 

boron and iron oxide in flowing ammonia gas in the 1200 -1500 °C range. It was our 

interest to develop simple chemical methods for preparing BN nanotubes and 

nanowires and hence we have explored various strategies for this purpose. We find 

that a variety of BN nanotubes and nanowires can be readily produced by the reaction 

of boric acid with ammonia in the presence of activated carbon or carbon nanotubes, 

with or without catalytic iron particles. By using aligned carbon nanotube bundles, we 

have obtained aligned BN nanotubes. Furthermore, the temperature of the reaction 

can be as low as 1000 °C. In these preparations, NH3 acts as a nitriding agent and also 

provides the reducing atmosphere, required for the reaction. 

(b) Gallium Nitride 

GaN is a wide band gap semiconductor (~ 3.4 eV), generally having the 

wurtzite structure (Figure 4.3). Gallium nitride is one of the important materials today 
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because of its applications in light emitting diodes, laser diodes, field-effect 

transistors and a variety of other electronic and opto-electronic devices [11,12]. 

Figure 4.3: Structure of GaN. 

There has been much activity in the preparation of quantum-dot and quantum-

well structures of GaN in recent years, and the preparation of nanowires is also 

attracting interest. GaN nanowires of 4-50 nm diameter were prepared by Han et al. 

[13] by the reaction of gallium sub-oxide (Ga20) vapor with NH3 gas in the presence 

of carbon nanotubes. GaN nanowires of 14 nm diameter were prepared by Cheng et 

al. by gas phase reaction of GaiO vapor with NH3 in an anodic alumina membrane 

[14]. The growth direction was ascertained by neither Han et al. [13] nor Cheng et al. 

[14]. GaN nanowires (10—40 nm dia.) are formed by the reaction of Ga and NH3 over 

catalytic nickel nanoparticles deposited on solid substrates [15], where the direction of 

the growth of the fiber is along [120], whereas nanowires of 20-50 nm diameter are 
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obtained by the reaction of molten gallium with ammonia in the presence of 

polycrystalline indium powder [16]. Single crystal GaN nanowires (10 nm dia.) with a 

growth direction along [100] have been prepared by laser-assisted catalytic growth, 

wherein a pulsed laser is used to vaporize a solid target containing GaN and a Fe 

catalyst [17]. Hot filament chemical vapor deposition in ammonia atmosphere, 

employing a mixture of Ga203 and carbon as the solid source, has yielded GaN 

nanowires (5-12 nm dia.) in the absence of a catalyst [18]. We have been able to 

obtain good single crystal GaN nanowires by employing a GaOx precursor. The 

methods employed involve (i) the reaction of gallium acetylacetonate [Ga(acac)3] with 

NH3 in the presence of carbon nanotubes or activated carbon, (ii) the reaction of NH3 

with Ga(acac)3 in the presence of a small proportion of iron (III) acetylacetonate 

[Fe(acac)3] or nickel (II) acetylacetonate (in silica gel). In order to tune the diameter 

of the nanowires, we have carried out the synthesis by employing single-walled 

carbon nanotubes or by varying the proportion of the metal catalyst. 

(c) Mn-doped GaN 

Dilute magnetic semiconductors are being investigated extensively over the 

last several years, typical of these materials being Mn doped GaAs, which is 

ferromagnetic with a Tc of 110 K. There is great current interest in the study of Mn 

doped GaN, with the main objective of examining whether ferromagnetism can be 

induced in this material. Zajac et al. [19] reported Mn doped GaN to be paramagnetic, 

but Theodoropoulou et al. [20] find that p-type GaN films, on implantation with high 

doses of Mn (3-5 %), exhibit ferromagnetic behavior upto ~ 250 K. Reed et al. [21] 

have recently reported ferromagnetism in Gai.xMnxN films in the temperature range 

228-370 K. We were interested in exploring whether single-crystalline Mn doped 
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GaN nanowires could be produced and also in examining their magnetic and optical 

properties. Pure single crystalline GaN nanowires themselves have been synthesized 

by a variety of techniques as mentioned above in the section of GaN [13-18]. We have 

modified the procedure based on using carbon nanotubes (used for synthesizing 

vindoped GaN nanowires as described earlier) to prepare Mn doped GaN nanowires 

and investigated their photoluminescence and magnetic properties. We have 

employed both MWNTs and SWNTs to prepare GaMnN nanowires in order to vary 

the diameter of the nanowires. 

(d) Porous GaN 

There has been some interest recently in preparing porous GaN, but the efforts 

have only been partially successful [22-24]. Relatively large surface areas or pore 

sizes are obtained only when long-chain amines are used as templates with a gallium 

precursor, where a small amount of carbon is always present in the final product. We 

have attempted to prepare GaN nanoparticles by several procedures and characterized 

the samples by various methods including surface area measurements. The various 

procedures employed include ammonolysis of mesoporous y-GaaOs, of a mixture of 

Ga(acac)3 with Ga203 and also of Ga203 in the presence of a surfactant. 

(e) Indium Nitride 

Indium nitride has attracted increasing attention in the last few years because 

of its useful properties of potential value in opto-electronic devices and other 

technologies [25]. InN generally has the well known wurtzite structure (Figure 4.4). 
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Figure 4.4: Structure of InN. 

There have been several efforts to prepare InN nanostructures, but the results 

reported are not altogether complete and satisfactory. Nanocrystals of InN have been 

produced by the reaction of InCls and LisN at 250 °C but the material obtained 

contained a mixture of both the cubic and hexagonal phases [26]. The reaction of 

IniSs and NaNHi gave rise to hexagonal nanocrystals with diameters in the range of 

10-30 nm, with an absorption band centered around 1.9 eV [27]. Indium halide CVD 

on a Si(lOO) substrate in the presence the of NH3 has been used to produce flower-like 

hexagonal crystals, but the size of the crystals is in the micrometer regime [28]. In the 

decomposition of azido precursors, a solution-liquid-solution (SLS) process gives rise 

to ~ 20 nm diameter InN fibers which are polycrystalline [29]. Decomposition of 

another azido precursor yielded InN whiskers of 10-200 nm diameter by the vapor-

liquid-solid (VLS) process, but the optical properties of the whiskers have not been 
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reported [30]. InN nanowires have been grown on a gold-coated silicon substrate by 

the thermal evaporation of pure In metal in the presence of NH3. The nanowires had a 

diameter in the 40-80 nm range, with a strong broad emission peak at 1.85 eV [31]. 

By employing a VLS route, in which a mixture of In203 and In metal was reacted 

with NH3 at ~ 700 °C, nanowires with diameters in the 10-100 nm range were 

obtained, but the optical spectra were not reported [32]. CVD with a mixture of ln203 

and In along with NH3 on a Si/Si02 substrate coated with 20 nm thick gold, ga\ e 

nanowires of 15-30 nm diameter with an absorption band at ~ 1.85 eV [33]. We 

notice that some of the procedures used to produce the InN nanostructures employ 

relatively high temperatures, which can give rise to defects or cause decomposition. 

Where low-temperature reactions have been employed, optical properties reported are 

not in tune with the present understanding of the material. While most of the studies 

on InN nanostructures report the 1.9 eV absorption band as characteristic of the 

material, it is now believed that the characteristic band of InN is in the near IR region 

[34-36]. Because of the importance of InN as an electronic material, we considered it 

important to carry out a systematic investigation of the nanostructures produced at 

relatively low temperatures, with specific interest in the optical properties. We report 

a study of nanowires and nanotubes of InN synthesized at low temperatures by a new 

chemical route. 

4.3 Experimental 

4.3.1 Synthesis 

(a) BN nanotubes and nanowires 
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In order to prepare BN nanotubes and nanowires, the following methods of 

synthesis were employed. Procedure (i) involved the carbothermal reduction of a 

mixture of activated carbon and boric acid in the presence of ammonia at 1300 °C. 

The activated carbon was prepared by decomposing polyethylene glycol (600 units) in 

argon atmosphere at 700 °C for 3h [37]. An intimate mixture of finely ground 

activated carbon and H3BO3 (mole ratio 3:1) was taken in an 8 mm quartz tube closed 

at one end, and held vertically inside a larger quartz tube placed in a furnace 

(experimental set-up: see Figure 4.5). NH3 gas was passed through the quartz tube 

(flow rate 10 seem) and the temperature of the furnace, maintained initially at 200 °C 

for 2 h, was slowly raised to 1300 °C and maintained at that temperature for 3 h. 

Procedure (ii) was similar to procedure (i), except that a mixture of 0.36 g of 

multiwalled carbon nanotubes and 0.62 g boric acid was taken in the inner quartz 

tube. Reactions with the carbon nanotubes were also performed at a lower 

temperature of 1000 °C. MWNTs were prepared by the arc evaporation of graphite 

while aligned carbon nanotube bundles were prepared by the pyrolysis of ferrocene in 

the presence of acetylene at 1100 °C [38]. Procedure (iii) employed a homogeneous 

solution of an iron catalyst and H3BO3 in silica gel as the starting material. About 

0.6183 g of H3BO3 (0.1 mol) and 0.404 g of Fe(N03)3.9H20 (0.001 mol) were 

dissolved in 20 ml methanol. To this solution, 2 ml of tetraethylorthosilicate (TEOS) 

was added and stirred for 20 min. About 1.5 ml of 48% HF was added dropwise and 

the solution stirred till it formed a gel. This gel was dried at 60 °C for 12 h and was 

powdered. This homogeneous mixture containing finely divided Fe particles was 

calcined at 200 °C and subsequently heated in NH3 (flow rate, 10 seem) at 1200 °C 

for 4 h (experimental set-up: see Figure 4.6). In Procedure (iv), an intimate mixture of 
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0.36 g of activated carbon with 0.618 g of H3BO3 and 0.404 g of ferric nitrate (mole 

ratio of 3:1:0.1) was dried in the oven at 60 °C for 6 hrs, and then heated in a flow of 

NH3 (flow rate, 10 seem) at 1300 °C for 4 hrs. 

valve 

Figure 4.5: Vertical furnace configuration employed for the 

synthesis of the nitride nanostructures. 

The products in the above procedures were generally obtained as light grey powders 

formed at the bottom of the inner quartz tube. White deposits formed at the mouth of 

the inner quartz tube and also at the outlet of the outer quartz tube. The white product 

was identified as pure BN. The grey product had some carbon depending on the 

carbon content in the starting composition. 
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Furnace 

Mass flow controller 

Quartz / Alumina Boat 
containing re actants 

Alumina Tube (25mm) 

Outlet 

Temperature 
Controller 

Paraffin 
Bubbler 

Figure 4.6: Horizontal furnace configuration employed for the 

synthesis of the nitride nanostructures. 

(b) GaN nanowires 

The procedures employed by us for the preparation of GaN nanowires are as 

follows. In procedure (i), GaN nanowires were prepared by using MWNTs or 

activated carbon, hi a quartz tube (12 cm length, 6 mm dia.) closed at one end, 100 

mg of Ga(acac)3 were taken, above which 25 mg of MWNTs or activated carbon were 

placed. The quartz tube was placed in another quartz tube of a larger diameter and 

connected to a dynamic NH3 atmosphere (flow rate: 150 ml min'*) with a suitable T 

joint arrangement (experimental set-up: Figure 4.5). This quartz tube set-up was held 

vertically in a tubular furnace, heated to 910 °C, and held at that temperature for 3 h. 

MWNTs prepared by arc discharge as well as by hydrocarbon pyrolysis were used for 

the preparation. Aligned MWNTs prepared by pyrolysis of organometallic precursors 

were also used as templates [38]. Procedure (ii) involves two steps. In the first step, a 

homogeneous mixture of Fe(acac)3 and Ga(acac)3 was prepared in silica gel, followed 
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by calcination and reduction to yield a dispersion of Fe and GaOx particles in the gel. 

The second step involved the reaction with ammonia. The dispersion of GaO^ and the 

Fe catalyst in the silica gel was obtained as follows: 0.991 gm of Ga(acac)3 and 0,353 

g of Fe(acac)3 (corresponding to 0.3 at % of Ga and 0.1 at % of Fe) were dissolved in 

25 ml of methanol. To this solution, 2 ml of tetraethylorthosilicate (TEOS) were 

added slowly under stirring. To the resulting solution, 1.5 ml of 30% HP were added 

drop-wise and stirred for another 30 min to achieve slow gelation. The gel was 

transferred to a petri dish and dried in an oven at 70 °C for 12 h. The dried gel was 

fragmented into small sections (5-15 mm^ area), calcined under argon at 400 °C for 2 

h, and then reduced in hydrogen at the same temperature for further 2 h. This material 

was heated in NH3 (flow rate: 150 ml min'') at 910 °C for 4 h (experimental set-up: 

Figure 4.6). The synthesis of GaN nanowires was also carried out by using Ni 

particles in place of Fe particles in procedure (ii), that is, by using Ni(acac)2 in place 

of Fe(acac)3. Some experiments were conducted with a mixture of H2 and NH3 for 

nitridation, but it was found that H2 did not affect the nitridation in any vva>'. 

Similarly, the reduction step with H2 was not found to be essential. Direct reaction of 

NH3 with the metal oxides in procedure (ii) also gave GaN nanowires. 

(c) Mn-doped GaN nanowires 

Mn-doped GaN nanowires were prepared starting with a mixture of the 

acetylacetonates of gallium and manganese taken in the required mole ratios 

corresponding to 1%, 3% and 5% doping. MWNTs were prepared by arc discharge 

[38] and were of high purity. Since no catalyst was employed there was no 

contamination from the metal particles. Accordingly, thermogravimetry showed 100 

% weight loss. The nanotubes were used as removable templates, which bum off 
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during the course of the reaction. The diameter of the nanotubes was in the 40-50 nm 

range. A thoroughly ground mixture of the acetylacetonates was mixed with MWNTs 

and the mixture was teiken in a quartz tube (12 cm length, 6 mm dia.) closed at one 

end. The quartz tube was placed inside another quartz tube of a larger diameter and 

connected to a dynamic NH3 atmosphere (flow rate: 150 ml min''). This set-up (see 

Figure 4.5) was placed vertically in a furnace, heated slowly (1 °C/ min) to reach the 

melting point of Ga(acac)3 (195 °C), and maintained at that temperature for 1 h. It was 

then heated to the melting point of Mn(acac)2 (260 °C) and maintained at that 

temperature for 1 h. The temperature was then raised to 950 °C (3 °C/ min) and held 

at that temperature for 4 h. This procedure was crucial in obtaining high yields of 

GaMnN nanowires of good quality. The same procedure was employed to prepare 

Mn-doped GaN nanowires with SWNTs as templates, having prepared the SWNTs 

themselves by the literature procedure [39]. The SWNTs individually had diameters 

of ~ 1.2 nm and occurred in bundles. 

(d) Porous GaN 

The methods employed for the preparation of porous nanostructured GaN are 

as follows. Procedure (i) made use of y-Ga203 prepared by slightly modifying the 

procedure reported in the literature [40,41]. Ga(acac)3 was dissolved in ethanol 

(approximately 0.5 g in 40 ml ethanol), concentrated ammonia (25 vol %) solution 

added slowly to the solution under continuous stirring at room temperature until no 

further precipitate formed. The resulting gel was filtered, washed with ethanol, and 

vacuum-dried in a desiccator. The xerogel thus obtained was found to be amorphous 

by x-ray diffraction. Calcination at 500 °C for 1 h yielded the y-polymorph of Ga203, 
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which was characterized by a variety of techniques, hi procedure (i), y-GaiO,̂  was 

converted to GaN by passing NH3 at 700 °C for 2 h (flow rate of NH3: 120 

bubbles/min). hi procedure (ii), Y-Ga203 was converted to GaN by passing NH3 at 750 

°C for 2 h (flow rate of NH3: 120 bubbles/min). hi procedure (iii) Y-Ga203 was 

prepared initially by dissolving Ga(N03)3 in ethanol. (approximately 2 g of the salt 

was dissolved in 35 ml ethanol) and adding concentrated aqueous ammonia (25 vol 

%) slowly under continuous stirring at room temperature until no further precipitate 

formed. The resulting gel was filtered, washed with ethanol, and vacuum-dried in a 

desiccator. Without calcining the xerogel, direct treatment in NH3 was carried out at 

700 °C for 2 h (flow rate of NH3 : 120 bubbles/min). In procedure (iv), the reaction of 

a mixture of Ga(acac)3, Ga203 and activated charcoal taken in the ratio 1:1:1 was 

carried out with NH3 at 800 °C for 2 h. The flow rate of NH3 was maintained at 120 

bubbles/min. In procedure (v), the above reaction was carried out along with H3BO3. 

The ratio of Ga(acac)3, Ga203, H3BO3 and activated charcoal was 1:1:1:1. In 

procedure (vi), a LaGa03 pellet was heated with ammonia flow at 1000 °C for 12 h at 

50 seem. The extraction of GaN was performed by acid leaching with 2M HNO3 for 

12 h and dried in an oven at 60 °C overnight to obtain GaN. Procedure (vii) involved 

a strategy to synthesize meso-ordered GaN, starting from mesostructured gallium 

oxide prepared by the procedure of Yada et al. [42], using a templating agent. 

Ga(N03)3, sodium dodecyl sulfate (SDS), urea and water were mixed at a molar ratio 

of 1:2:30:60. The mixture formed a precipitate, which was washed and dried at 60 °C 

in air. The template was removed by anion exchanging with 0.05 M sodium acetate in 

ethanol solution at 40 °C for 1 h. The powder diffraction pattern of the template-

assisted Ga203 and Ga203 obtained after template removal shows a major peak 
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located at 26 = ca. 2.8° and peak broadening between 2^ = 3-12° due to the decrease in 

crystallinity. After the anion-exchange process, we observed a reduction in the d-

spacing from 31 A to 13 A. This corresponds to the partial collapse of the hexagonal 

structure as reported in the literature [42]. The mesostructured gallium oxide was 

converted to GaN by passing NH3 at 600 °C for 2 h at 50 seem. 

(e) InN nanowires and nanotubes 

One-dimensional nanostructures of InN were obtained by the reaction of 

In(acetate)3 (99.99 %, Aldrich, (0.0005 mole)) and 1,1,1,3,3,3-hexamethyldisilazane 

(HMDS - 5ml) in a 25 ml stainless steel autoclave (Swagelok, home made), kept in a 

furnace at a temperature of 300 °C for a time period of 48 h. No external solvent or 

surfactant was added and HMDS itself acted as the solvent. After the reaction was 

complete, the contents were cooled down slowly to room temperature. The product 

was carefully removed by filtration, washed with absolute ethanol and dried. The 

aspect ratio of these ID nanostructures could be controlled by varying the relative 

reactant concentrations and temperature. 

4.3.2 Characterization 

The different nitride nanostructures obtained by the various procedures 

described above were characterized by a variety of techniques. 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out on a Mettler-Toledo-TG-850 

instrument. 

X-ray diffraction 
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Powder X-ray diffraction (XRD) patterns of the products were recorded using 

CuKa radiation with a Rich-Seifert, XRD-3000-TT diffractometer. Samples were 

prepared by finely grinding the product and depositing on a glass slide. 

Scanning electron microscopy 

Scanning electron microscope (SEM) images were obtained with a Leica S440 

i scanning electron microscope. Energy dispersive analysis of X-rays (EDAX) was 

performed with a Oxford microanalysis group 5526 system attached to the SEM 

employing Links (ISIS) software and a Si(Li) detector. Samples for SEM and ED AX 

were prepared by spreading 10-20 mg of product onto a conducting carbon tape 

pasted on a aluminum stub, followed by sputter-coating with a gold film. EDAX 

analysis was carried out in the spot profile mode with a beam diameter of 1 /xm at 

several places on the sample. 

Transmission electron microscopy 

Transmission Electron Microscopy (TEM) images were obtained with a JEOL 

(JEM 3010) operating with an accelerating voltage of 300 kV. Powder samples for 

TEM studies were prepared by dispersing the samples in CCI4 and sonicating them 

using an ultrasonic bath, A drop of the suspension was put on a copper support grid 

covered with holey carbon film and allowed to evaporate slowly. 

X-ray Photoelectron spectroscopy 

X-ray photoelectron spectra of the nanostructures were recorded with an 

ESCALAB MKIV spectrometer employing AlKa radiation (1486.6 eV) to establish 

the composition. 
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Magnetization measurements 

Magnetization measurements were carried out with a vibrating sample 

magnetometer (VSM 7300). 

Adsorption Studies 

Nitrogen adsorption measurements were made on the samples at liquid 

nitrogen temperature using a Cahn-2000 electrobalance. 

Electronic absorption spectra 

Electronic absorption spectra were recorded using a Perkin-Elmer Lambda 

900 UVA^IS/NIR spectrophotometer. The samples were dispersed in absolute 

ethanol or toluene and recorded in the 2000-200 nm range. 

Photoluminescence 

Photoluminescence measurements were carried out at room temperature with a 

Perkin Elmer model LS50B luminescence spectrometer. The excitation wavelength 

used depended on the sample that was being studied. 

Infrared Spectroscopy 

Infrared spectra were recorded with a Bruker FT-IR spectrometer. The 

samples were prepared by grinding with KBr and pressing into a disk. 

4.4 Results and discussion 

4.4.1 BN nanotubes and nanowires 
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All the four procedures employed by us gave BN nanotubes although their 

yields varied from one method to another. By procedure (i), involving the reaction of 

H3BO3 with activated carbon and NH3, we obtained a high proportion of nanowires. 

The reaction of H3BO3 with carbon nanotubes and NH3, however, gave a high yield of 

BN nanotubes at a relatively low temperature of 1000 °C. While the reaction of 

H3BO3 with NH3 in the presence of a Fe catalyst gave a mixture of nanotubes and 

nanowires at 1200 °C, the reaction of H3BO3 with NH3 in presence of the Fe catalyst 

and activated carbon at 1300 °C yielded nanotubes with varied structures. The 

nanostructures obtained by the various methods generally showed the hexagonal 

structure (a = 2.54 A, c = 6.70 A; JCPDS Card No: 34-0421), but were in mixture 

with a small proportion of the rhombohedral structure, of the type reported by Tang et 

al. [10], Han et al. [43] and Golberg et al. [44], in some of the preparations. 

In Figure 4.7 (a), we show a SEM image of the nanostructures obtained by 

reacting a mixture of H3BO3 and activated carbon with NH3 at 1300 °C by procedure 

(i). These nanostructures comprise both nanowires and nanotubes as revealed by the 

TEM investigations. We show typical TEM images of single crystal nanowires in 

Figure 4.7 (b) and of a nanotube in Figure 4.7 (c). While the nanowires have a 

diameter in the range of 75 nm, the nanotube has an outer diameter of 20 nm. The 

inset in Figure 4.7 (c) shows a BN nanotube, inside a bigger one. This procedure gave 

nanowires as the majority product rather than nanotubes. The basic chemical reaction 

involved here can be written as, 

2H3BO3+3C + 2NH3 -> 2BN + 3CO + 3H2+3H2O ( 1 ) 
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Figure 4.7: Nanostructures obtained by the reaction of H3BO3 and activated 

carbon with NH3 by procedure (i): (a) SEM image, (b) TEM 

image of nanowires, (c) TEM image of a nanotube. Inset shows 

an interesting nanotube in a nanotube. 
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Figure 4.8: SEM and TEM images of aligned BN nanotube bundles obtained by the 

reaction of H3BO3 and aligned multi-walled carbon nanotubes with NH3 

by procedure (ii): (a) and (b) give side and top view SEM images 

respectively, (c) TEM image of pure BN nanotubes obtained at the mouth 

of the inner quartz tube. 
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Unlike the reaction of activated carbon with H3BO3, the reaction with carbon 

MWNTs by procedure (ii) gave good yields of BN nanotubes, although the basic 

chemical reaction remains the same as (1). While BN nanotubes were obtained with 

MWNTs prepared by arc-discharge as well as precursor pyrolysis methods, by using 

aligned MWNT bundles, we could obtain aligned BN nanotube bundles at the bottom 

of the inner quartz tube as shown in the SEM images in Figure 4.8 (a) and (b). In 

Figure 4.8 (c) we show the TEM image of pure BN nanotubes obtained at the mouth 

of the inner quartz tube. The images clearly reveal BN nanotubes aligned in two 

different orientations and establish that the carbon MWNTs not only take part in the 

reaction, but also serve as templates. Shelimov and Moskovits [45], have reported that 

aligned BN nanotubes can be prepared by the decomposition of trichloroborazine on 

porous alumina templates. The present method appears to be considerably simpler. 

We show typical TEM images of the individual BN nanotubes in Figure 4.9 (a). The 

average outer diameter of the nanotubes vanes from 15 to 40 nm. Figure 4.9 (b) 

reveals an interesting bend or kink of the type generally encountered in multi-walled 

carbon nanotubes. Figure 4.9 (c) shows an interesting BN nanotube tip with a 

triangular flag-like shape, similar to the one reported by Saito and Maida [4]. Such 

capped structures in BN nanotubes arise from the presence of odd numbered rings, for 

example by introducing four B2N2 squares and two B3N4 heptagons into the 

hexagonal network. In the inset of Figure 4.9 (c), we show hairy bulb-like structures 

with a diameter of 550 nm. The high-resolution TEM image in Figure 4.9 (d) shows 

discontinuous lattice planes with a spacing of 0.33 nm corresponding to the 

interplanar distance between (002) planes (0.333 nm in bulk hexagonal BN). The 

irregularity of the layers may be because of the high beam sensitivity of these 

nanotubes. An important aspect of the reaction of H3BO3 with carbon nanotubes by 
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procedure (ii) is that the reaction temperature can be as low as 1000 °C. BN nanotubes 

are not obtained at such a low temperatures by the other methods of synthesis. 

Furthermore, there is no need for an additional catalyst in the present procedure. 

We have recorded the X-ray photoelectron spectra of the BN nanotubes and 

nanowires obtained by the different procedures (Figure 4.10). Core level spectra of 

these samples gave distinct B(ls) and N(ls) signals at 190 eV and 398.5 eV 

respectively. These binding energy values correspond well with those reported for BN 

thin films in the literature [46]. After normalizing with respect to the photoionization 

cross sections, the intensities of the signals gave B:N ratios close to 1:1. To ensure 

reproducibility, the samples were subjected to two cycles of Ar etching (4 keV for 15 

min). The proportion of boron and nitrogen remained the same after etching. The 

composition of the white product at the mouth of the reaction tube in procedure (ii) 

was found to be BN with no carbon. The C/B ratio was however high (0.5-3) in the 

grey samples collected from the bottom of the reaction tube in procedure (ii). Han et 

al. [47] have obtained such high C/B ratios in BxCyNz nanotubes. This is surprising 

since the reaction of B2O3 with carbon alone gives lower C/B ratios in the range 0.1-

0.2 [48]. Furthermore, pure BN nanotubes have been obtained from the reaction of 

MWNT and B2O3 in an atmosphere of N2 [43]. In order to ensure the composition of 

the products obtained by procedure (ii), we have varied the C/B ratios in the starting 

compositions and found that the white powder collected at the mouth of the quartz 

tube by sublimation always contained pure BN nanotubes without any carbon. We 

consider the variable C/B ratios in the grey product at the bottom of the reaction tube 

to be due to the unreacted carbon nanotubes left over after the reaction with boric 

acid. The oxygen content in the BN nanotubes was negligible. Considering that pure 
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Figure 4.10: XPS of BN nanotubes showing B(ls) and N(ls) signals, (a) initially and 

(b) after etching (4 keV Ar) for 15 min and (c) after a second etching 

for 15 min. 
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BN nanotubes constitute almost the entire product by procedure (ii), we estimate the 

conversion of boric acid to BN to be 100%. 

We have carried out the reaction of H3BO3 and catalytic Fe particles in an 

ammonia atmosphere at 1300 °C by procedure (iii). We obtain plates and whiskers of 

BN as shown in the SEM image in Figure 4.11 (a). In addition, nanowires are 

obtained in small quantities. We show TEM images of the nanowires in Figure 4.11 

(b). The nanowires have a diameter of 60 nm, with the lengths going upto 1 \im. The 

occasional presence of BN nanotubes is revealed by the TEM image in Figure 4.11 

(c). The nanotube has an iimer diameter of 30 nm and an outer diameter of 140 nm. 

Iron particles coated with an amorphous layer of BN are also formed in this 

procedure, along with nanowires and other structures. We show a typical TEM image 

of a BN-coated iron particle in Figure. 4.11 (d). It appears that the growth of BN 

nanotubes originally starts by the deposition of amorphous BN onto a metal particle. 

The BN coating may pull away from the iimermost layer and grow outward to form a 

tube. The tube growth is likely to terminate when a metal particle collides with the 

growing end of a tube and attaches itself to the dangling bond, forming a stable nitride 

or boride [3]. The chemical reaction involved in the formation of BN by procedure 

(iii) is given by, 

2 H3BO3 + 2 Fe + 2 NH3 ^ 2 BN + FezOs + 3 H2 + 3 H2O ( 2 ) 

The catalytic Fe particles are regenerated by reduction of Fe203 by H2. The 

composition of the nanotubes obtained by procedure (iii) had a B:N ratio of 1:1. 

Procedure (iii) using catalytic Fe particles alone is not satisfactory to produce BN 

nanotubes. We have, therefore carried out the reaction of H3BO3 and activated carbon 
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with ammonia at 1300 C in the presence of catalytic Fe particles by procedure (iv). 

This had the twin objective, one to achieve the reduction of boric acid by carbon and 

the second to provide catalytic particles for the growth of the BN nanostructures. This 

procedure yields various types of nanotubular structures, noteworthy among them 

being the nested cone and the bamboo structures. In Figure 4.12, we show the various 

types of nanotube structures obtained by this procedure. The TEM image in Figure 

4.12 (a) reveals the presence of nested truncated cones along the axis of growth of the 

tube. This is clearly revealed by the magnified image Figure 4.12 (b). The growth of 

the nanotube here progresses outwards with an increase in the diameter as further 

layers are added during the formation [5]. A bamboo structure with tiny hair-like 

features attached to the outer surface is shown in Figure 4.12 (c). A BN nanotube with 

the conventional spherical tip is shown in the HREM image in Figure 4.12 (d). The 

layer spacing here is 0.34 nm and the concentric layers bend nicely at the tip. The B/N 

ratio of these nanotubes was also 1:1, with a very small carbon content (< 0.1). 

The present study shows that clean BN nanotubes are obtained in high yields 

by heating boric acid with multiwalled carbon nanotubes in the 1000 - 1300 °C range. 

That the BN nanotubes are produced at a temperature as low as 1000 °C is 

noteworthy. Interestingly, aligned BN nanotubes are obtained by using aligned carbon 

nanotube bundles as the starting materials. The conversion of boric acid to BN in the 

presence of nanotubes is ~ 100%. Reaction of boric acid with activated carbon in the 

presence of catalytic Fe particles gives BN nanotubes exhibiting a variety of 

structures. In order to prepare BN nanowires, however, a mixture of boric acid with 

activated carbon appears to be the appropriate starting material. 
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4.4.2 GaN nanowires 

The GaN nanowires obtained by the procedures described in the experimental 

section gave good XRD patterns characteristic of the wurtzite structure. We show 

typical XRD patterns in Figure 4.13. The lattice constants were (a = 3.18 A and c = 

5.18 A) with minor differences. X-ray Photoelectron spectra gave characteristic 

Ga(2p) and N(ls) signals. 

In Figure 4.14 (a) we show a SEM image of the GaN nanowires obtained by 

procedure (i), wherein MWNTs prepared by arc discharge were used as templates. 

The yield of the GaN nanowires by this procedure is excellent and the diameter of the 

majority of the nanowires is m the 35-50 nm range, but there were some in the 70-100 

nm range. This variation occurs because of the non-uniformity in the nanotube 

diameter employed as templates. The length of the nanowires extends to a few 

microns. Most of the nanowires were straight as shown in the TEM image in Figure 

4.14 (b), although some odd shapes of the type shown in Figure 4.14 (c) were 

encountered. The linear nanowires are generally single crystalline, showing a layer 

spacing of 0.276 nm corresponding to the [100] planes in the high resolution electron 

microscope (HREM) image as demonstrated in Figure 4.14 (d). The selected area 

electron diffraction (SAED) pattern of the linear nanowires, (see inset of Figure 4.14 

(d)) shows the Bragg spots due to the (100) reflection of the wurtzite structure. The 

(100) planes are nearly perpendicular to the growth direction. The normal to the (100) 

planes actually forms an acute angle of 10° with respect to the growth direction as 

shown in Figure 4.14 (d). The quality and dimensions of the GaN nanowires were not 

significantly different when MWNTs prepared by pyrolysis were employed. Aligned 

nanotubes also gave similar results. 
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Figure 4.13: XRD patterns of the GaN nanowires prepared by (a) using MWNTs 

as templates as in procedure (i), (b) by using a Fe catalyst as in 

procedure (ii). 
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In Figure 4.15 (a) we show a SEM image of the GaN nanowires obtained by 

procedure (ii) wherein the reaction of the GaOx and NH3 was carried out in the 

presence of catalytic Fe particles dispersed over silica. The yield of the nanowires is 

high by this procedure as well. The diameter of the nanowires is in the 30-50 nm 

range and the length goes up to several microns. This procedure yields good single-

crystalline linear nanowires as shown in the TEM images in Figures 4.15 (b) and (c). 

A typical HREM image, shown in Figure 4.15 (d), reveals the characteristic 0.259 nm 

spacing between [002] planes. The S AED pattern given in the inset of Figure 4.15 (d) 

shows Bragg spots corresponding to the [002] reflections of the woirtzite structure. 

The growth direction of the nanowires obtained by this method was found to be 

perpendicular to the [002] planes. Use of the Ni catalyst instead of the Fe catalyst in 

procedure (ii) also gave satisfactory results as revealed in Figure 4.16, In Figures 4.16 

(a) and (b), we show typical SEM and TEM images of GaN nanowires obtained by 

procedure (ii) wherein Ni(acac)2 was used in place of Fe(acac)3. The diameters of the 

nanowires by this method was around 40 imi or larger, with the length going up to 

several micrometers. Figure 4.16 (b) and (c), shows interesting nanotube-like 

structures. The nanostructure in Figure 4.16 (b) shows apparent narrowing on the left 

side where the nanotube becomes a nanowire. This is the first time that GaN 

nanotubes have been synthesized and observed microscopically. 

The diameter of the nanowires obtained by both the procedures were around 

50-100 rmi or larger. In order to obtain thiimer nanowires of GaN, we employed two 

strategies. In place of MWNTs, we employed single-walled carbon nanotubes 

(SWNTs) in procedure (i). The SWNTs were prepared following the literature 

procedure [39]. Another strategy involved the use of a smaller quantity of Fe catalyst 
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Figure 4.16: GaN nanowires obtained by using procedure (ii) with 

catalytic Ni particles, (a) SEM image, (b) TEM image 

of the nanowire and (c) TEM image of nanotube-like 

structures of GaN. 
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Figure 4.17: (a) TEM image of GaN nanowires obtained by procedure (i) using 

SWNTs and (b) TEM image of GaN nanowire obtained by procedure 

(ii) using a lower proportion of the Fe catalyst. Inset in (a) and (b) 

shows the corresponding SAED pattern. 
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in procedure (ii). In Figure 4.17, we show typical TEM images of the nanowires 

obtained by these two modified procedures. Figure 4.17 (a) shows the TEM image of 

the GaN nanowires prepared by using SWNTs (25 mg) and Ga(acac)3 (100 mg). 

Figure 4.17 (b) shows the GaN nanowires prepared by using a lower proportion of Fe 

(O.OlSg Fe(acac)3, 0.16g Ga(acac)3 corresponding to 0.006 at% Fe and 0.06 at% Ga 

respectively) as catalyst. Nanowires obtained by these procedures were considerably 

thinner with diameters in the range of 15-20 nm. It is noteworthy that these 

procedures enable the tuning of the thickness of the nanowires. Inset in Figure 4.17 

(a) shows the S AED pattern of the nanowires with the Bragg spots corresponding to 

[100] and [002] reflection of the wurtzite structure prepared by using SWNTs. The 

inset in Figure 4.17 (b) shows the SAED pattern of the nanowires with Bragg spots 

corresponding to [100] reflection of the wurtzite structure prepared by using a lower 

proportion of Fe. 

In Figure 4.18, we show the photoluminescence (PL) spectra of the GaN 

nanowires prepared by two different procedures. The spectrum at an excitation 

wavelength (X,ex) 220 run shows a broad emission band with a well-defined peak 

around 380 nm. There is also a weak feature around 530 nm. The same spectra were 

obtained when A,ex was 210 or 220 nm. The observed PL features are comparable to 

those of bulk GaN which is known to exhibit a strong blue PL peak around 360 nm 

and a weaker yellow peak around 540 nm. 

A few observations on the nature of the reactions occurring in the different 

procedures are in the order. The basic reaction involves the nitridation of the gallium 

oxide species produced in-situ by the decomposition of Ga(acac)3 in a reducing 
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Figure 4.18: Photoluminescence spectra of GaN nanowires, prepared by procedures 

(i) and (ii). (iii) is the spectrum obtained with SWNTs, whereas (i) is 

with MWNTs. 
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Figure 4.19: TEM images showing nucleation of GaN nanowires from metal-

containing clusters obtained by procedure (ii) with the Fe catalyst. 

atmosphere. We represent the gallium oxide species as GaOx, although it is likely to 

be Ga20. The reaction may be written as, 

GaOx + NH3 -* GaN + XH2O + (3/2 - x) H2 

In procedure (i) the carbon nanotubes not only act as templates to confine the 

reaction and allow the growth of the GaN nanowire, but also take part in the reduction 

of the oxide. In procedures (ii), catalytic Fe or Ni particles are present. Chen et al. 

[15], employed NiO as one of the additives during the formation of nanowires. Under 

the reaction conditions employed by them, it is likely that they had metallic Ni 

particles. The metal particles probably control the diameter of the nanowire by a 

directed flow of the reactant gases. Furthermore, since the transition metal probably 

dissolves both Ga and N, it can provide an appropriate nucleation center for the 
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growth of the GaN nanowires, as suggested by Duan and Lieber [17]. We have also 

found some evidence for the formation of such clusters containing the metal from 

which the GaN nanowire emanates. In Figure 4.19, we show TEM images in order to 

demonstrate the nucleation of the nanowires from the Fe or Ni metal particles in the 

reactions carried out by procedure (ii). Interestingly, the diameter of the nanowires 

corresponds to that of the metal particles. 

GaN nanowires have been synthesized by two different procedures of which 

the best results, both in terms of yield and the quality of the nanowires, are obtained 

by the procedure (i) involving the use carbon nanotubes as templates because it avoids 

the presence of the extraneous metal particles found in procedure (ii). The diameters 

of the wires are generally 50-100 nm or greater. The nanowires so produced possess 

the wurtzite structure and have high aspect ratios. The diameters of the nanowires 

could be reduced to ~ 20 nm by using single-walled nanotubes in procedure (i) or by 

using lower proportion of Fe catalyst in procedure (ii). They also exhibit good 

photoluminescence characteristics similar to those of bulk GaN. The growth direction 

of the nanowires from procedure (i) is nearly perpendicular to the [100] planes, while 

the nanowires obtained from procedure (ii) had a growth direction perpendicular to 

the [002] planes. Incidentally GaN nanotubes have been obtained for the first time. 

4.4.3 Mn-doped GaN nanowires 

Powder x-ray diffraction patterns of the Mn-doped GaN nanowires showed 

them to have the hexagonal structure, with the c - parameter increasing from 5.178 to 

5.190 A with the increase in Mn dopant concentration from 1 to 5% and the a -

parameter remaining essentially constant around 3.190 A [49,50]. This observation 
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showed that Mn was present substitutionally in GaN. Energy dispersive x-ray analysis 

(EDAX) carried out on several samples and on different regions of the nanowires, 

showed the Ga/Mn ratios to be close to those expected from the starting compositions 

[Figure 4.20]. SEM images of the GaN nanowires doped with 1%, 3% and 5% Mn 

prepared with MWNTs showed that the diameter of the nanowires to be generally in 

the 50-75 nm range, with the lengths going upto 1-2 microns. In Figure 4.21 (a) and 

(b), we show typical TEM images of Mn doped GaN nanowires prepared by the use 

of SWNTs as templates. It can be seen that the diameter of these nanowires are much 

smaller than those obtained previously by the use of MWNTs. The average diameter 

of the GaMnN nanowires obtained from SWNTs is in the 20-25 nm range. The inset 

in the figure shows an electron diffraction pattern (Figure 4.21 (b)) with the Bragg 

spots corresponding to the [100] reflection of the wurtzite structure of GaN. The 

electron diffraction patterns showed occasional streaks, but no extra spots due to other 

phases, and confirmed that the GaMnN samples had the same structure of GaN 

although with sUghtly different lattice constants [51]. In Figure 4.21 (c) we show a 

high resolution electron microscope image which not only reveals the single 

crystalline nature of the nanowire, but also that the growth direction is at an acute 

angle with respect to the (101) plane. No defects or other imperfections are apparent. 

Magnetization measurements show that the nanowires prepared by using 

MWNTs with 1%, 3% and 5% Mn are all ferromagnetic with a Tc of around 325 K. 

The samples exhibit magnetic hysteresis at room temperature. We show typical 

hysteresis curves at 300 K and 50 K in Figure 4.22. The M vs H curves show a 

smooth S-shaped loop with a remnant magnetization (MR) of 0.026 emu/g at 297 K 
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Figure 4.20: ED AX spectra of GaMnN nanowires: (a) 1% Mn, (b) 3% 

Mn (c) 5% Mn. 
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Figure 4.21: TEM images of the Mn doped GaN nanowires prepared with SWNTs: 

(a) 1% Mn, (b) 5% Mn, (c) HREM image of 5% Mn doped nanowire. 

Inset in (b) shows the electron diffraction pattern. 
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for the 1% Mn doped nanowires and 0.02 emu/g for the 5% Mn doped GaN 

nanowires. The coercivity (He) in the case of the 1% Mn doped GaN nanowires is 970 

Oe and for the 5% doped nanowires 630 Oe. The value of remnant magnetization for 

the 5% doped sample at 50 K is 0.03 emu/g, whereas the coercivity is 620 Oe. The 

thinner diameter (25 nm) nanowires obtained from the use of SWNTs show a 

coercivity of 1400 Oe in the case of the 5% Mn doped samples. The 25 nm diameter 

nanowires also show a tendency for saturation at 50 K. The remnant magnetization of 

this sample is 0.06 emu/g at 50 K. The values of coercivity in the GaMnN nanowires 

found here are higher than those reported for thin fihns [52a]. The origin of 

ferromagnetism of Mn doped GaN nanowires is not entirely clear. We cannot rule out 

the formation of GaMn alloys which is known to be ferromagnetic [52b-d]. 

PL spectra of the GaMnN nanowires prepared with MWNTs are shown in 

Figure 4.23. At an excitation wavelength of 325 nm, the undoped nanowires show a 

broad emission band with a well-defined peak around 380 nm and a weak feature 

around 530 rmi. These PL features are comparable to those of bulk GaN. The Mn 

doped samples show a PL band centered around 420 imi, the red shift arising from 

hole-doping [53]. We also see the characteristic Mn̂ "̂  emission around 610 nm, due to 

the ^T, -* ^Ai internal Mn^^ (3d^) transition [54]. The FWHM of the Mn^^ emission 

band decreases with increase in Mn concentration. We have also examined the PL 

spectra of the 25 nm GaMnN nanowires prepared with SWNTs. The spectra show 

interesting differences from the spectra of the nanowires prepared with MWNTs as 

evident. The PL spectrum of the 25 nm nanowires of GaN in Figure 4.24, shows the 

main feature at ~ 410 nm, slightly blue-shifted compared to that of the larger diameter 

nanowires (Figure 4.23). The Mn emission from the smaller nanowires is significantly 
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Figure 4.23: Photoluminescence spectra of the GaMnN nanowires prepared with 

MWNTs. The PL spectrum of the undoped nanowires is also shown. 

Mn^* emission from the GaMnN nanowires is seen around 610 nm. 
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Figure 4,24: Photoluminescence spectra of the GaMnN nanowires prepared with 

SWNTs. The spectrum of the undoped nanowires is also shown. Mn̂ "̂  

emission exhibits a blue-shift compared to the bands of the larger 

diameter nanowires in Figure 4.23. 
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different. The characteristic Mn emission is strongly blue-shifted in the spectra of 

the smaller diameter nanowires as can be seen fi-om Figure 4.24, compared to the 

spectra in Figure 4.23. Thus, the emission is shifted to around 574 nm. A similar blue-

shift of the Mn^^ emission has been reported in doped ZnS nanoparticles, where the 

shift is essentially due to the decrease in the cluster size [55-57]. The intensity of the 

Mn emission also increases with the Mn content in the case of the 25 nm nanowires. 

In conclusion, Mn-doped GaN nanowires have been prepared by heating 

appropriate mixtures of Ga and Mn acetylacetonates along with carbon nanotubes in 

the presence of NH3 at 950 °C. The nanowires prepared with single-walled carbon 

nanotubes are much thinner (~ 25 imi) than those prepared with multi-walled carbon 

nanotubes (~ 70imi). This is the first time that doping has been carried out in the case 

of GaN nanowires. The nanowires are ferromagnetic at room temperature, a feature 

that may be of value in device technologies. The origin of magnetism is, however, not 

clear. Photoluminescence spectra show a significant blue-shift of the Mn emission 

in the 25 nm nanowires. 

4.4.4 Porous GaN 

hi Figure 4.25 (a), we show the TEM image of y-Ga203. The image shows that 

the sample is nanostructured with evenly distributed worm-like pores. High 

magnification images were difficult to obtain due to the instability of the material 

under the electron beam. The average particle size estimated fi-om the TEM images 

was around 5 (± 1) nm. The inset in Figure 4.25 (a) shows the electron diffraction 

(ED) pattern of the Y-Ga203, exhibiting diffuse rings. The d-spacings corresponding to 

the rings agree with those from x-ray diffraction. The x-ray diffraction pattern showed 
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the characteristic (220), (311) and (440) peaks of y-GaaOs [JCPDS file: 20-0426]. 

This polymorph is known to be metastable and to have a spinel-type structure similar 

to that of Y-AI2O3. In Figure 4.25 (b), we show the N2 adsorption isotherm of the 

sample obtained at 77K. The isotherm is a typical Type IV isotherm characteristic of a 

mesoporous material [58]. There is a slight hysteresis at higher p/po values, as 

expected for mesoporous solids. The surface area calculated by the BET method was 

187 m^g''. The value is slightly higher than that reported in the literature [40,41]. The 

PL spectrum of the Y-GaaOs shown in Figure 4.25 (c), has a blue emission band 

centered at 440 nm. The emission probably occurs due to oxygen vacancies, which 

result during the synthesis [59]. 

In Figure 4.26 (a) and 4.27 (a), we show the SEM and TEM images 

respectively of GaN obtained by procedure (i). The images show an agglomeration of 

particles of uniform size and pore distribution. The particle size is in the 5-10 nm 

range. The x-ray diffraction pattern of the sample (Figure 4.28 (a)) showed it to be 

amorphous. The inset in Figure 4.26(a), shows the ED pattern of the nanoparticles 

obtained by this method, with rings corresponding to the (101), (102) and (110) Bragg 

reflections of hexagonal GaN [JCPDS file: 02-1078]. hi Figure 4.29 (a), we show the 

PL spectrum of the GaN nanoparticles prepared by procedure (i). The spectrum shows 

the UV-blue emission band centered at 420 run with a shoulder at 390 nm 

characteristic of near-band edge emission of wide band gap GaN. The N2 adsorption 

of the sample showed a Type IV isotherm with a BET surface area of 53 m^g"' (Figure 

4.30 (a)). It is noteworthy that the sample is reasonably porous, even after conversion 

to the corresponding nitride, though the surface area is greatly reduced. In 

comparison, the GaN obtained by procedures (ii) and (iii) gave BET surface areas of 
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Figure 4.25: (a) TEM images of the y-GsLjO^. (b) and (c) N2 adsorption 

isotherm and PL spectrum of y-Ga203. 
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Figure 4.26: (a)-(c) SEM images of GaN obtained by procedure (i), (iv) and (v). 
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Figure 4.27: (a)-(c) TEM images of GaN obtained by procedure (i), (iv) and 

(v). Insets show the corresponding E.D. patterns. 
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60 70 80 

Figure 4.28: (a)-(c) XRD patterns of GaN obtained by procedure (i), (iv) and (v). 
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Figure 4.29: (a)-(c) PL spectra of GaN obtained by procedure (i), (iv) and (v). 
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7 1 9 1 

36 m g' and 20 m g' respectively. GaN obtained by the reaction of NH3 with Ga203 

or Ga(acac)3 mixed with carbon gave low surface areas of 20 m^g'̂  or less. We, 

therefore, employed a mixture of Ga203 and Ga(acac)3 as the starting material based 

on a recent literature report [24]. We show the SEM and TEM images of the GaN 

particles obtained by procedure (iv) in Figures 4.26 (b) and 4.27 (b), respectively. The 

x-ray diffraction pattern of these GaN particles is shown in Figure 4.28 (b). The 

corresponding ED pattern shows rings with (002), (101) and (110) reflections (see the 

inset in Figure 4.28 (b)). The average size of the particles inferred from TEM images 

is around ~ 25 nm. The PL spectrum in Figure 4.29 (b) shows the characteristic 

emission of GaN. The BET surface area from the nitrogen adsorption isotherm is 45 

m^ g"'. We show the SEM and TEM images of the GaN particles obtained by 

procedure (v) in Figure 4.26 (c) and 4.27 (c) respectively. The only difference in this 

procedure is that boric acid was present in the reaction mixture. The average size of 

the particles as inferred from the TEM images is ~ 30 nm. The ED pattern shows 

Bragg reflections (002), (101) and (110) (see the inset in Figure 4.27 (c)). The x-ray 

diffraction of the GaN particles obtained by this method is shown in Figure 4.28 (c). 

The PL spectrum in Figure 4.28 (c) shows the characteristic emission of GaN. In 

Figure 4.30 (b), we show the N2 adsorption isotherm for the GaN, which appears to be 

of Type II unlike the previous cases. The BET surface area is 59 m^g"'. The GaN 

sample obtained by procedure (vi) gave a BET surface area of 10 m^g"'. However, the 

results from procedure (vii) were encouraging. The x-ray diffraction pattern of the 

GaN particles (Figure 4.31 (a)) by this procedure showed them to be amorphous. The 

surface area of the sample is 66 m^g"\ with a Type IV adsorption isotherm. The pore 

diameter is 43 A. (see Figures 4.31 (b) and (c)). In some ways, the properties of the 
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GaN obtained by procedure (vii) are comparable to those obtained by procedure (i) 

starting from y- GaiOs. 
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Figure 4.30: N2 adsorption isotherms of GaN obtained by (a) procedure (i) and (b) 

procedure (v). 
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Figure 4.31: (a) XRD pattern of GaN obtained by procedure (vii). (b) N2 adsorption 

isotherm and (c) pore diameter distribution of GaN obtained by 

procedure (vii). 
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Thus nanostructured GaN has been prepared by a variety of methods to 

investigate their properties, in particular the porous nature of the samples. Of all the 

methods employed for the preparation of nanoparticles, ammonolysis of y-GaaOs as 

well as GaaOa prepared in the presence of a surfactant gave relatively good surface 

areas. GaN prepared by the ammonolysis of a mixture of Ga203 and H3BO3 also 

7 1 

exhibits a high surface area (59 m g') . It is noteworthy that nanostructured GaN 

prepared starting from mesoporous Ga203 samples show type IV adsorption isotherms 

with surface areas of the order of 60 m^g"'. 

4.4.5 InN nanowires and nanotubes 

Reaction of indium acetate with HMDS in the absence of a solvent at 300 °C 

yielded interesting nanostructures consisting of both nanowires and nanotubes with 

yields of 40 and 60 %, repectively. The XRD pattern of these nanostructures was 

characteristic of wurtzite InN (Figure 4.32). The SEM image in Figure 4.33 (a) shows 

the presence of a large number of nanowires and nanotubes. The nanowires have 

diameters in the 50-100 nm range with lengths extending upto 1 iim, as seen in the 

low-resolution TEM images in Figure 4.33 (b). We have also found the presence of a 

few Y-junction nanowires (Figure 4.33 (c)). The nanowires are single-crystalline with 

Bragg spots corresponding to the (100), (101), and (002) planes in the selected-area 

electron diffraction (SAED) pattern (see inset of Figure 4.33 (c)). HREM images of 

the nanowires gave interplanar spacing of ~ 2.7 A, which corresponds to the (101) 

plane of the wurtzite structure, with the growth direction of the nanowires being 

parallel to the (101) plane. Figure 4.33 (d) and (e) shows TEM images of the InN 

nanotubes. They show an interlayer spacing of 3.08 A corresponding to the (100) 

planes as shown in the HREM image in Figure 4.33 (f). This spacing is distinctly 
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lower than the interlayer spacing of 3.4 A in carbon nanotubes. The inset in Figure 

4.33 (f) shows the SAED pattern of the InN nanotube with Bragg spots corresponding 

to the (100) planes. 

!/2 

Figure 4.32: Powder XRD patterns of hiN nanostructures. 
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4.4 Results and discussion 

Figure 4.33: (a) SEM image of a mixture of InN nanowires and nanotubes, (b) and 

(c) TEM images of nanowires, (d) and (e) TEM images of nanotubes 

and (f) HREM image of a wall of the nanotube. Insets in (c) and (f) 

show electron diffraction patterns. 
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Optical absorption spectrum of the nanowires and nanotubes gave a sharp 

band around 1475 nm (~ 0.8 eV; Figure 4.34). Interestingly, no distinct absorption 

features were found in the 600-1000 nm region. This is significant since the 

nanostructures were prepared at a low temperature (300 °C), well below the 

decomposition temperature of hiN (500 °C) [60]. We, therefore, propose that the 0.7 

eV band is not due to an impurity, such as through the inclusion of metallic In [34]. 

Wu et al. [35 (a)] have pointed out that the intrinsic bandgap in the 0.7-0.8 eV range 

is characteristic of InN rather than the commonly reported 1.9 eV. The variation of the 

bandgap between 0.7 and 1.7 eV is reported to arise as a result of the dependence on 

the electron concentration [35 a-b] Theoretical calculations show that the intrinsic 

bandgap of InN is ~ 0.65 eV [36]. The 1.9 eV band has been considered to arise from 

oxygen incorporation [61] The absorption spectrum reported in the present study 

clearly show that the band in the 0.7-0.8 eV region is exhibited by the nanostructures 

of InN. Because of the absence of a clear band centered around 1.9 eV in the samples 

prepared by us at low temperatures, we have reason to believe that the 1.9 eV band 

may not be intrinsic, unlike the 0.7 eV band. Room-temperature PL emission 

spectrum of the InN nanostructures presented herein gave a band centered at around 

675 nm (Figure 4.35), but we could not record the low-energy band in the near-

infrared region. The 675 nm PL band arising from defects is known to be 

characteristic of InN [31,33]. The infrared spectra of the nanostructures showed a 

band around 450 cm "' due to In-N stretching mode [27]. 

The present study has enabled the successful preparation of InN nanowires, 

and nanotubes by employing a new chemical route starting from indium acetate and 

HMDS. The nanostructures have been characterized by X-ray diffraction, electron 

222 



4.4 Results and discussion 

3 

a 

» 
o 
c 
n 

i_ 

O 
(0 

< 

5 0 0 1 0 0 0 1 5 0 0 
W a v e l e n g t h ( n m ) 

Figure 4.34: Electronic absorption spectrum of a mixture of nanowires 

and nanotubes (prepared by the reaction of indium acetate 

with HMDS). 
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Figure 4.35: PL spectrum of a mixture of nanowires and nanotubes. 
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microscopy, and various spectroscopic methods. It has been shown that the near-

infrared band around 0.7 eV is characteristic of these materials. 

4.5 Conclusions 

We have successfully synthesized a variety of nanostructures of group III-V 

nitrides by a combination of novel and simple chemical routes. In the case of BN and 

GaN this has been made possible by employing activated carbon, MWNTs and in 

some cases Fe (or Ni) catalyst. Interestingly we have observed GaN nanotubes for the 

first time. More importantly we have been able to successfully synthesize Mn-doped 

GaN nanowires (by a modified procedure similar to that of the synthesis of GaN 

nanowires) and study their optical and magnetic properties. This is the first effort 

towards doping of GaN nanowires. 

A general scheme by which various nitride nanotubes (e.g., BN) and 

nanowires/nanorods (e.g., GaN) may be derived based on the use of carbon nanotubes 

as templates is given in Figure 4.36, It can be seen that the synthesis of BN nanotubes 

results fi-om the substitution of carbon atoms in the graphite network. The synthesis of 

the other nitrides, on the other hand (e.g., GaN), is by a CNT confined reaction giving 

rise to nanowires/nanorods. The other reactions using activated carbon as a reactant 

involve a vapor-solid mechanism whereas those involving the catalyst proceed 

through the VLS mechanism resulting in nanowires. In the case of the synthesis of the 

various nitrides that is related to the use of carbon, the vapor phase reactions involved 

in the formation of nitrides need to be understood. In most of the cases involving the 

use of carbon the formation of a sub-oxide is inevitable as the first step which then 
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Figure 4.36: General scheme involved in the fonnation of the nitride 

nanostructures starting from CNTs as templates. 
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Table 4.1: Most abundant vapor species from laser ablation of oxides. 

Metal oxides 

B2O3 

AI2O3 

GajOs 

Si02 

Ge02 

N2 

BON 

AlON, AIN 

GaN, GaON 

SiN 

GeN 

NH3 

BON 

AlON 

G3^(mi3)J'^ 

SiN 

GeON^̂ ^ 

C + N2 

BN 

AlON, AIN 

GaN 

SiN 

GeN, GeON 

(a) GaN species in presence of carbon 

(b) GeON and GeN species in presence of carbon 

goes onto form the nitride subsequently in the following step (e.g., BN and GaN). A 

mass-spectrometric study of the vapor species produced by means of a cluster 

apparatus through reactive laser ablation of metal oxides in different atmospheres has 

indeed shown that nitridic and oxynitridic are indeed formed in the vapor phase in the 

presence of nitrogen and ammonia [62] (Table 4.1). The nitridic species formed in the 

vapor phase appear to condense to form solid nanowires. 

We have also been able to synthesize porous nanostructured GaN and have 

studied their adsorption properties. A novel chemical route has been identified in the 

case of the synthesis of InN nanostructures. Moreover, we have established the band 

gap of InN to be in the near-ir-region (~ 0.7 eV). Clearly, the simple and facile 

synthetic routes described here will enable the preparation of a variety of nitride 

nanostructures. 
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Chapter 5 

Surfactant-assisted synthesis of metal 

chalcogenide nanostructures 

Summary* 

Semiconductor nanowires of metal chalcogenides have been synthesized by 

the use of surfactants such as Na-AOT (sodium bis(2-ethylhexyl sulfosuccinate)) and 

Triton X-100 ((t-octylphenoxypolyethoxyethanol). The nanowires of ZnS, ZnSe, CdS, 

CdSe, CuS and CuSe synthesized by such a surfactant-assisted method have high 

aspect ratios. Nanotubes of CdS and CdSe were obtained, for the first time, by using a 

high surfactant concentration. A lower surfactant concentration, on the other hand, 

favors the formation of nanowires. All the nanostructures have been characterized by 

X-ray diffraction, electron microscopy and optical spectroscopy. The chalcogenide 

nanostructures possess hexagonal structures, independent of the structures of the 

stable phases of these materials. The electronic absorption spectra and 

photoluminescence spectra of the nanostructures show blue-shifts in comparison to 

those of the bulk samples. 

Raman studies have been carried out on the synthesized CdSe nanotubes and 

ZnSe nanowires obtained by the surfactant-assisted synthesis. The Raman spectrum of 

the CdSe nanotubes shows modes at 207.5 and 198 cm''; the former arises from the 

longitudinal optic phonon mode red-shifted with respect to the bulk mode because of 

Papers based on these studies have appeared in Appl. Phys. Lett. (2001), Israel J. Chem. (2001) and J. 
Nanosci and Nanotech. (June 2002), (Oct 2002). 
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phonon confinement, and the latter is the / = 1 surface phonon. Analysis based on the 

phonon confinement model demonstrates that the size of the nanoparticle responsible 

for the red-shift is about 4 nm, close to the estimate fi-om the blue-shift of the 

photoluminescence. The Raman spectrum of ZnSe nanowires shows modes at 257 emd 

213 cm'', assigned to longitudinal and transverse optic phonons, blue-shifted with 

respect to the bulk ZnSe modes because of compressive strain. The mode at 237 cm' 

is the surface phonon. 
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5.1 Introduction 

Inorganic nanomaterials, in particular rods, wires, dots and related structures 

of II-VI semiconductors, are assuming great importance because of a variety of 

possible applications [1-3]. First, II-VI semiconductors present a broad range of band-

gaps (from 0.15 eV in HgTe to 3.68 eV in ZnS). Second, most of them present direct 

energy gaps, which makes them particularly important for electro-luminescence 

devices such as light emitting diodes and lasers. They are efficient emitters in the blue 

to the ultraviolet spectral region and excitons in these compounds are much more 

stable than those in the conventional semiconductors that are widely used for 

optoelectronic applications [4-6]. Recent studies showed that the low-dimensional 

nanostructures of Zn-based II-VI wide band gap semiconductors exhibit exciton 

binding energies exceeding their optical phonon energies. As a consequence, the 

quantum yield of the Il-VI-based devices is expected to be comparable to or greater 

than that of the other common semiconductor devices. This advantage makes the 

nanoscale II-VI materials distinct from the other semiconductor materials with respect 

to important applications for optoelectronics [7,8]. We have been interested in 

devising new routes for the synthesis of some of these nanomaterials, in particular the 

sulphides and selenides of Zn, Cd and Cu. In the present study, we have employed a 

surfactant- based approach for the synthesis of these materials. In what follows, we 

describe the scope of the investigations of these materials. 

5.2 Scope of the present investigations 

Of the II-VI semiconductor chalcogenides, zinc sulfide is a direct wide band 

gap transparent semiconductor (band gap ~ 3.68 eV) and one of the most important 
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materials used in photonics research [9-11]. It is also an important material for a 

variety of applications such as electroluminescent devices, solar cells, and other 

optoelectronic devices. One-dimensional nanostructures of ZnS are attractive because 

they are candidates for electronic and optoelectronic nanodevices [12,13]. ZnSe is 

also a direct band gap semiconductor, with a room temperature band gap energy and 

an emission at 2.8 eV. This suggests that ZnSe is potentially a good material for short-

wavelength lasers and other photoelectronic devices. Therefore ZnSe is of great 

interest as a model material in a variety of forms such as thin films, quantum wells, 

and bulk crystals [4,5,14-17]. Thus ZnSe-based optoelectronic devices have been the 

subject of intensive research [18]. 

CdS is a wide band gap semiconductor (2.42 eV) and has extensive 

applications in nonlinear optical materials, light-emitting diodes, solar cells, electronic 

and optoelectronic devices. Routkevitch et al. [19], have obtained nanowires of CdS 

with the length upto 1 \xm and diameter 9 nm by electrochemically depositing the 

semiconductor directly into the pores of AAO films from electrolyte in dimethyl 

sulfoxide. CdS single-crystal nanowires were prepared using electrochemically 

induced deposition in the pores of an AAO template from an acidic chemical bath 

containing cadmium chloride and thioacetamide [20]. Wurtzite-structured CdSe is an 

important II-VI semiconductor compound for optoelectronics [21]. CdSe quantum 

dots are the most extensively studied quantum nanostructure model system for 

investigating a wide range of nanoscale electronic, optical, optoelectronic, and 

chemical processes [22]. CdSe was also the first example of self-assembled 

semiconductor nanocrystal superlattices [23]. With a direct band gap of 1.8 eV, CdSe 

quantum dots have been used for laser diodes [24], nanosensing [25], and biomedical 
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imaging [26]. Although CdSe quantum dots have been the dominant material for 

studying the quantum confined effect, there are only a few reports on the synthesis of 

one-dimensional nanostructures of CdSe. Shape controlled synthesis of CdSe 

nanocrystals has been carried out by injection of precursor molecules into hot 

surfactants [27-29]. Nanorods of both CdS and CdSe have been prepared by the 

arrested precipitation of the respective ions in a micellar solution of CTAB [30]. CdS 

and CdSe nanowires have been prepared by injecting the reactants or by direct 

electrodeposition into AAO membranes [31,32]. 

CuS is interesting because besides being an excellent semiconductor it also 

exhibits properties of commercial importance as a pigment, catalyzer and a colored 

indicator of nigrosine [33]. Wang et al. [34], has grown nanowires of copper sulfide 

in a medium containing surfactant. In this method rough oxidized copper surface was 

treated with H2S in the presence of Na-AOT to obtain nanowires of CuxS with 

diameter 10-100 nm and length 0.3 -30 \ixa. Copper selenide on the other hand is 

widely used in solar cells as an optical filter and superionic material [35-37], as a 

sensor and as a laser material [38]. Various traditional methods have been utilized to 

synthesize copper selenides. The usual morphologies of copper selenides as prepared 

are microparticles [39], films [40], and plate-like nanocrystals [41]. 

From the discussion presented above it is evident that the synthesis of one-

dimensional nanostructures of II-VI semiconductor chalcogenides is relatively 

unexplored. The successful synthesis of nanostructures of these chalcogenides by new 

chemical routes should offer a broad scope for a range of applications. In this 

connection, we have explored ways of preparing nanostructures of sulfides and 

selenides of Zn, Cd and Cu by soft chemical routes. For this purpose, we have 
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employed surfactant-assisted synthesis wherein Na-AOT (sodium bis(2-ethylhexyl) 

sulfosuccinate) and Triton X-100 (t-octyl- C6H4- (OCH2CH2)x OH (x=9,10)) are 

employed as surfactants. By this means, we have been able to obtain nanowires of 

sulfides and selenides of Zn, Cd and Cu with high aspect ratios. More importantly, we 

have been able to obtain nanotubes of some of these chalcogenides for the first time, 

typically those of CdS and CdSe. The nanowires and nanotubes of the various 

chalcogenides posses the hexagonal structure. We have investigated the optical 

absorption and emission spectra of the nanostructures of these materials since they 

have not been examined in detail earlier. In addition to the optical measurements, 

Raman spectroscopic studies were carried out on the CdSe nanotubes and ZnSe 

nanowires. The main motivation for the Raman study of these samples was to 

examine confinement effects of optical phonons, if any, in these nanotubes and 

nanowires. 

5.3 Experimental 

5.3.1 Synthesis 

Surfactant-assisted synthesis was employed to prepare nanowires of sulfides 

as well as of selenides of Zn, Cd and Cu. A typical procedure for the synthesis of the 

sulfide nanostructures is as follows. The starting materials were the respective oxides 

of Zn, Cd and Cu. A suspension of the oxide (10 mmol) was prepared in the presence 

of the surfactant (AOT in 30 ml cyclohexane). An aqueous solution (40 ml) of 

thioacetamide (10 mmol) in an acidic or basic medium (HCl or NaOH was 
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Structure of AOT, sodium bis(2-ethylhexyl sulfosuccinate) 

\ 
— C-CH2 

/ 

—c O—(CH2—CH2—0)nH 

n = 9-10 

Structure of Triton X-100 (t-octylphenoxypolyethoxyethanol) 

used to liberate S ') was added drop-wise to the emulsion, imder stirring. The reactant 

mixture was then refluxed in an inert atmosphere at ~ 40-60 °C for 16 hours and lefit 

overnight. The product obtained was washed thoroughly with ether and dried. Triton 

X-100 was used as the surfactant directly (without any cyclohexane) and the refluxing 

temperature was ~ 105 °C. 
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The selenide nanostructures were prepared by the following procedure: A 

suspension of the respective oxide (10 mmol) was prepared using AOT in 30 ml 

cyclohexane or Triton X-100. To this, a solution of NaHSe (NaBHVSe in 50 ml 

water) was added drop-wise under inert conditions, refluxed for 12 hours and left 

overnight. In both the sulfides and selenides, the starting material to chalcogenide 

ratios were 1:1. The product was washed with ether and dried. A Triton X-100 

concentration of 8-16 mmol generally yielded nanowires of the metal chalcogenides. 

A higher surfactant concentration of 24-40 mmol predominantly yielded nanotubes in 

some cases. Similarly in the case of AOT, a lower concentration of 2.25 mmol gave 

nanowires while higher concentration of 4.5 mmol gave nanotubes. Bulk samples of 

these chalcogenides were prepared by standard procedures. 

5.3.2 Characterization 

The chalcogenide nanostructures obtained by the various procedures described 

above were characterized by a variety of techniques. 

Powder X-ray diffraction (XRD) patterns of the products were recorded using 

CuKa radiation with a Rich-Seifert, XRD-3000-TT diffractometer. Samples were 

prepared by finely grinding the product and depositing on a glass slide. 

Scanning electron microscope (SEM) images were obtained with a Leica S440 

i scanning electron microscope. Energy dispersive analysis of X-rays (EDAX) was 

performed with a Oxford microanalysis group 5526 system attached to the SEM 

employing Links (ISIS) software and a Si(Li) detector. Samples for SEM and EDAX 

were prepared by spreading 10-20 mg of product onto a conducting carbon tape 

pasted on a aluminum stub, followed by sputter-coating with a gold film. EDAX 
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analysis was carried out in the spot profile mode with a beam diameter of 1 /xm at 

several places on the sample. 

Transmission Electron Microscopy (TEM) images were obtained with a JEOL 

(JEM 3010) operating with an accelerating voltage of 300 kV. Powder samples for 

TEM studies were prepared by dispersing the samples in CCI4 and sonicating them 

using an ultrasonic bath. A drop of the suspension was put on a copper support grid 

covered with holey carbon film and allowed to evaporate slowly. 

Electronic absorption spectra were recorded using a Perkin-Elmer Lambda 

900 UV/VIS/NIR spectrophotometer. The samples were dispersed in absolute 

ethanol or toluene and recorded in the 2000-200 nm range. 

Photoluminescence measurements were carried out at room temperature with a 

Perkin Elmer model LS50B luminescence spectrometer. The excitation wavelength 

used depended on the sample that was being studied. 

Raman measurements were carried out at room temperature with a 5145-A 

line fi-om an argon ion laser and a micro-Raman setup in back-scattering geometry. 

The power on the sample was ~ 0.1 mW. 

5.4 Results and discussion 

5.4.1 Nanostructures of ZnS and ZnSe 

The XRD pattern of the nanowires of ZnS (Figure 5.1) show them to have the 

hexagonal structure although the stable structure of bulk ZnS is cubic. The XRD 

pattern of ZnSe nanowires showed them to be predominantly hexagonal, with a small 
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proportion of the cubic phase (Figure 5.1). The stable phase of ZnSe is cubic. The 

XRD patterns of the nanowires were crystalline and some of the reflections are broad 

because of the small particle size, atleast in two dimensions. The hexagonal lattice 

parameters of ZnS and ZnSe nanostructures along with the bulk values are shown in 

Table 5.1. The uncertainities in the observed unit cell parameters are somewhat large 

because of the widths of the reflections. From the comparison of the lattice constants 

of the ZnSe nanowires with those of the bulk samples, it is clear that the lattice for 

ZnSe nanowires is stretched along the c-axis by ~ 0.37 A and is compressed along the 

a-axis by ~ 0.15 A. ED AX analysis of the ZnS and ZnSe nanowires showed the metal 

to chalcogen ratio to be 1:1. 

hi Figure 5.2 (a-c), we show TEM images of the ZnS nanowires obtained by 

using Triton X-100. The diameter is in the 10-50 nm range and the length in the range 

of 8-10 |am. The inset in Figure 5.2 (c) shows the electron diffraction pattern of ZnS 

nanowires corresponding to d(lOl) of 2.854 A. 

The electronic absorption spectrum of bulk ZnS shows a peak around 350 nm 

[42]. Nanowires of ZnS (10-30 nm dia) are reported to show an absorption peak at ~ 

326 nm [42]. Nanoparticles of ZnS of 5 nm diameter are reported to show an 

absorption maximum around 270 nm, compared to 310 nm in the case of 

nanoparticles of 40 nm diameter [43]. We find that the ZnS nanowires with an 

average diameter in the 10-50 nm range prepared by us exhibit an absorption band 

between 325 and 365 nm with a peak around 340 nm (Figure 5.3 (a)). The PL 

spectrum of bulk ZnS is reported to show a band in the 450-500 nm regime [42]. The 

bulk sample prepared by us showed a PL band with features in the 450-550 nm 

region. ZnS nanowires of 10-30 nm diameter are reported to show a broad PL 

242 



5.4 Results and discussion 

I & 

s JL-v~— 
!3 

CuS 

1_ 

Minority phase 

Figure 5,1: XRD patterns of the semiconductor chalcogenide 

nanostructures. Asterisk indicates a minority phase. 
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Figure 5.2: (a)-(c) TEM images of ZnS nanowires (10-50 nm dia) obtained by 

using Triton X-100 as the surfactant. Inset in (c) shows an electron 

diffraction pattern, suggesting the single crystalline nature of the 

nanowire. 

244 



5.4 Results and discussion 

3 
(0 

lA 
C 
4) 

320 330 340 350 360 370 

Wavelength (nm) 

m 

325 350 375 400 425 450 475 500 525 550 575 

Wavelength (nm) 

Figure 5.3: (a) Electronic absorption spectrum of ZnS nanowires. Position of the 

absorption maximum of the bulk sample is shown, (b) PL spectrum of 

ZnS nanowires relative to the bulk sample. 
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emission band centered at ~ 366 nm and a weak shoulder peak at ~ 330 nm [42]. The 

nanowires prepared by us show a broad band peaking around 430 nm and extending 

upto 550 nm (Figure 5.3 (b)). There is a definite blue-shift in the PL maximum of the 

nanowires (Table 5.2). It should be noted that ZnS nanoparticles of 2-5 nm diameter 

show a PL band at ~ 425 nm [43,44]. This band may be due to emission from the 

recombination of electron and holes in trapped surface states in the band gap region 

[45]. 

In Figure 5.4, we show the TEM images of the ZnSe nanowires obtained with 

Triton X-100. The diameter of the nanowires varies between 50 and 150 nm and the 

length is in the 5-15 )im range. The inset in Figure 5.4 (a) shows the electron 

diffraction pattern of ZnSe nanowires corresponding to d(llO) of 1.97 A. Shown in 

Figure 5.4 (c), is the TEM image of a ZnSe nanowire revealing that small spherical 

structures pack themselves together to form a wire-like structure. The average 

diameter of the nanowire in this case is ~ 100 nm. 

The absorption spectrum of nanoparticles of ZnSe of 5 nm diameter shows a 

band around 420 nm, while nanoparticles of 3 nm diameter show the absorption 

maximum around 380 nm [46,47]. The ZnSe nanowires with 50-150 nm diameter 

prepared by us, on the other hand, show a broad band centered around 480 nm (Figure 

5.5 (a)). The PL spectrum of bulk ZnSe has a band at 465 nm whereas in the case of 

the nanoparticles of 3 nm diameter it is reported at 400 nm [46,47]. The PL spectrum 

of ZnSe nanowires prepared by us shows a sharp peak at 425 nm and a weak shoulder 

at 435 nm (Figure 5.5 (b)). Here again there is a blue-shift of the PL band of the 

nanostructures (Table 5.2). 
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Figure 5.4: TEM images of ZnSe nanowires (50-150 nm dia) obtained by 

using Triton X-100 as the surfactant. Inset in (a) shows the 

electron diffraction pattern of the nanowire. 
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Figure 5.5: (a) Electronic absorption spectrum of ZnSe nanowires, (b) PL spectrum 

of ZnSe nanowires. Positions of the absorption/emission maxima of the 

bulk sample are shown 
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5.4.2 Nanostructures of CdS and CdSe 

The CdS nanostructures obtained by us have the hexagonal structure as 

revealed by the XRD patterns (Figure 5.1), although the stable structure of CdS is 

ordinarily cubic. The lines were somewhat broad due to the small dimensions of the 

nanostructures. The observed hexagonal lattice parameters are close to those of the 

bulk phase (Table 5.1). It is noteworthy that CdS, which is ordinarily cubic, occurs in 

the hexagonal structure in the nanowires and nanotubes. ED AX analysis of the CdS 

nanostructures showed the metal to chalcogen ratio to be 1:1. In Figure 5.6 (a) we 

show a SEM image of the CdS nanowires obtained by using a lower concentration of 

Triton X-100 as the surfactant. TEM images of the CdS nanowires are shown in 

Figures 5.6 (b), (c) and (d). The diameter and the length of these nanowires are in the 

ranges 80-160 nm and 3-4 jam respectively. Most of the nanowires are polycrystalline 

as shown from the electron diffraction pattern given in the inset of Figure 5.6 (c). The 

value of d(lOO) in the diffraction pattern is of 3.66 A as expected. The product 

obtained by using a higher surfactant concentration of Triton X-lOO gave nanotubes. 

Figure 5.7 gives two TEM images of the nanotubes of CdS, with an external diameter 

in the 45-60 nm range and a central tubule diameter of ~ 15 nm. The central tubule 

appears to be surroimded by polycrystalline aggregates. The wall thickness is ~ 15 nm 

while the length of the nanotube varies between 2 and 5 |am. The inset in Figure 5.7 

(b) shows a typical ED pattern of the CdS nanotube with diffuse rings. The innermost 

ring corresponds to d(lOO) = 3.66 A. We have measured the electronic absorption 

spectrum of the nanotubes of CdS in comparison with that of the bulk samples in the 

powder form (Figure 5.8). We see that the high-intensity absorption maximum found 

in bulk CdS around 540 nm is blue shifted to considerably lower wavelengths in the 
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Figure 5.7: (a) and (b) TEM images of nanotubes of CdS (central tubule diameter ~ 

15nm) obtained by using a higher concentration of Triton X-100. Inset in 

(b) shows the electron diffraction pattern. 
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Figure 5.8: Electronic absorption spectra of CdS. Broken line curve represents the 

spectrum of the bulk and the solid curve represents that of the nanotubes. 

nanotubes. This result is interesting in that the nanotubes are extended along one 

direction and have nanometric dimensions in only two directions. In spite of this 

limitation, there is the effect of quantum confinement. 

The nanowires and nanotubes of CdSe possess the hexagonal structure just as 

the stable structure of this compound (Figure 5.1). The observed hexagonal lattice 

parameters are close to those of the bulk phase thus ruling out any kind of 

compressive or tensile strain in the sample (Table 5.1). The lines were somewhat 

broad due to the small dimensions of the nanostructures. ED AX analysis of the CdSe 
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Figure 5.9: (a) and (b) TEM images of the nanowires of CdSe (15-20 nm dia) using 

Triton X-100 as the surfactant, (c) HREM image of a nanowire showing 

the polycrystalline nature. Inset in (a) shows the electron diffraction 

pattern of the nanowires. 
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(a) 5nm 

i'^^myrm^i^'g. 

(b) 6 nm 

Figure 5.11: HREM image of CdSe nanotubes (a) as synthesized and 

(b) vacuum annealed at 300 - 400 °C. 
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nanostructures showed the Cd to Se ratio to be 1:1. CdSe nanowires and nanotubes 

are obtained depending on the concentration of Triton X-100. In Figure 5.9, we show 

the TEM images of the CdSe nanowires. The inset in Figure 5.9 (a) shows diffuse 

rings in the electron diffraction pattern of the nanowires, with a d(lOO) value of 3.69 

A. The TEM images in Figures 5.9 (b) and (c) also suggest the nanowires to be 

polycrystalline. The diameter of the nanowires is in the 15-20 nm range and the length 

in the 1-2 \xm range. In Figure 5.10 we show TEM images of the CdSe nanotubes, to 

demonstrate their tubular nature. The nanotubes are generally long, with lengths going 

upto 5 fxm. The outer diameter of the nanotubes is in the 15-20 nm range while the 

diameter of the central tubule is in the 10-15 nm range. The wall thickness is therefore 

around 5 nm. The nanotubes also appear to be polycrystalline as indicated by the 

electron diffraction pattern, given as an inset in Figure 5.10 (b) and (c). The ED 

pattern of the nanotubes, given as an inset in Figure 5.10 (b), shows diffuse rings 

indicating the polycrystalline nature of the material. The rings corresponding to 

d(lOl) - 3.25 A and d(l 10) = 2.10 A are clearly seen. The diffraction pattern given as 

an inset in Figure 5. 10 (c) gives a d(lOl) value of 3.24 A. It must be noted that some 

nanowires are present even when nanotube structures predominate at high surfactant 

concentrations. The proportion of nanowires increases with the decrease in surfactant 

concentration. It appears that at the high concentrations employed, the surfactant 

molecules aggregate, providing a template for the growth of the nanotubes of the 

chalcogenides. 

In Figure 5.11 we show the HREM images of (a) the as synthesized CdSe 

nanotube and (b) the nanotube after annealing the as-obtained material to 300-400 °C 

under high vacuum. The images clearly reveal the tubular space and the presence of 
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some ordered layers surrounding the central tubule. The interlayer spacing is 3.23 A, 

just as in multiwalled carbon nanotubes. It appears that annealing the nanotubes 

removes the surfactant and also improves the crystallinity of the nanotubes. A closer 

look at the TEM images of the CdSe nanowires/nanotubes reveals that they are 

basically made up of spherical clusters which pack themselves to form the 

nanostructure. The electronic absorption spectrum of CdSe nanotubes show a broad 

band with the highest intensity maximum around 550 nm compared to the bulk 

polycrystalline sample, which has a maximum around 650 nm. It is interesting that the 

nanotubes show a blue-shift due to quantum confinement, even though they are 

extended along one dimension (Figure 5.12). 

d 
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o 
1/3 

•AOO 500 600 700 
Wavelength (nm) 

Figure 5.12: Electronic absorption spectra of CdSe. Broken curve represents the 

bulk and the solid curve represents nanotubes. 

257 



Surfactant-assisted synthesis of metal chalcogenide nanostructures 

r 

T Cd8«(ntnolub««) 
0 CdS«(bun() 

300 400 500 600 7 0 0 8 0 0 900 1000 

Figure 5.13: PL spectra of the nanotube and the bulk samples of CdSe. 

Quantum confinement effects in the nanotube are also seen in the photoluminescence 

(PL) spectra. In Figure 5.13, we show the PL spectrum of the CdSe nanotubes. The 

spectrum of the nanotubes shows a broad maximum around 560 nm while the bulk 

sample does not show such a feature in this region. The band around 750 nm in the PL 

spectrum is blue-shifted in the case of the nanotubes. 

5.4.3 Nanostructures of CuS and CuSe 

In the case of copper sulfide, the product obtained corresponds to CuS with a 

hexagonal structure (Figure 5.1). The stable structure of CuS is also hexagonal (Table 

5.1). EDAX analysis of the CuS nanowires showed the Cu to S ratio to be 1:1. In 

Figures 5.14 (a) and (b), we show the SEM and TEM images of CuS nanowires 
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obtained by using AOT as the surfactant. The average diameter of the wire-Hke 

structures varies between 5 and 20 nm, with the lengths extending upto 0.2 \xm or 

longer. In Figures 5.14 (c) and (d), we show the SEM and TEM images of the CuS 

nanowires obtained by using Triton X-100 as the surfactant. The average diameter is 

in the 5-15 nm range and length varies between 150 and 900 nm. The inset in Figure 

5.14 (d) shows the electron diffraction pattern of the CuS nano wires corresponding to 

d(103) of 2.8 A. The CuS nanowires tend to be single-crystalline. Use of Triton X-

100 yielded better CuS nanowires as can be seen from an examination of the Figure 

5.14. Electronic absorption spectrum of the CuS nanowires of 5-20 nm diameter 

prepared by us exhibit a broad band between 300 and 600 nm with a distinct band 

around 400 nm and a long wavelength band peaking around 1000 nm (Figure 5.15 

(a)). A 400 nm shoulder-like feature has been observed in CuS nanoparticles. The 

electronic absorption spectrum of CU2S nanowires is reported to have a broad feature 

extending between 350 nm and 750 nm with a maximum around 470 nm [48]. The 

band in the near infrared appears to be characteristic of CuS, arising from an electron 

acceptor state lying within the band gap [49]. The Photoluminescence (PL) spectrum 

of the CuS nanowires shows a broad band between 375 and 500 nm centered around 

437 nm, with a shoulder-like features around 410 and 485 nm (Figure 5.15 (b)). A 

bulk sample of CuS prepared by us showed a broad band centered around 563 nm 

with a shoulder around 587 nm (Table 5.2). 

The copper selenide nanowires obtained by us has the hexagonal structure 

(Figure 5.1), just as bulk CuSe under ordinary conditions (Table 5.1). In Figures 5.16 

(a) and (b), we show the SEM and TEM images of the CuSe nanowires obtained with 

Triton X-100. Triton X-100 generally yields better nanowires than AOT. The inset in 
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Figure 5.15: (a) Electronic absorption spectrum of CuS nanowires, (b) PL spectrum 

of CuS nanowires. Spectra of the bulk samples are also shown in the 

figures. 
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J.8nm 

Figure 5.16: (a) SEM and (b) TEM images of CuSe nanowires (~ 70 nm dia) 

obtained by using Triton X-100 as the surfactant, (c) HREM image of a 

CuSe nanowire showing lattice resolution. Inset in figure (b) shows the 

electron diffraction pattern. 
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Figure 5.16 (b) shows the electron diffraction pattern of the CuSe nanowires with 

d(l 10) of 1.90 A. The diameter of the nanowires is around 70 nm on the average, and 

the length is between 1 and 2 |im. A high resolution image (HREM) of a nanowire is 

shown in Figure 5.16 (c). The image clearly reveals an interplanar spacing of 0.33 imi 

corresponding to d (101). The electronic absorption spectrum of bulk CuxSe shows a 

feature in the 500 - 600 nm region and a broad maximum in the near IR region around 

1200 nm [50]. The fundamental absorption edge is around 1.3 eV (950 nm) [51]. Our 

measurements on polycrystalline CuSe have shown a weak band centered around 570 

nm and a strong band above 1000 imi. The CuSe nanowires with an average diameter 

of ~ 70 nm show a broad feature centered around 540 nm with some structure, along 

with an intense band above 1000 nm (Figure 5.17 (a)). The PL spectrum of the CuSe 

nanowires shows a broad band between 385 and 500 nm with a maximum centered 

around 435 nm (Figure 5.17 (b)). A bulk sample prepared by us shows a broad band 

centered around 600 imi (Table 5.2). 

5.4.4 Raman studies of CdSe nanotubes and ZnSe nanowires 

CdSe Nanotubes 

Figure 5.18 shows the Raman spectrum of the CdSe nanotubes, displaying a 

strong peak at 207.5 cm"̂  along with an asymmetry on the low frequency side. The 

spectrum shown by the thin solid line is fitted to a sum of two Lorentzians, shown 

individually by dotted lines. The thick line shows the resultant lineshape. The two 

modes are centered at 207.5 and 198 cm"'. The observed peak at 207.5 cm'' is 

assigned to the longitudinal optic (LO) mode of CdSe, red-shifted by 1.5 cm'' with 

respect to the LO of bulk CdSe (209 cm''), [52] because of phonon confinement. To 
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Figure 5.17: (a) Electronic absorption spectra and (b) PL spectra of CuSe 

nanowires. 
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estimate the size of the nanoparticles responsible for the observed red-shift of the LO 

mode, we use the phonon confinement model. The LO mode phonon dispersion curve 

in bulk CdSe along the FA direction is fitted to [52] 

w(q)' = a ) ' L O - A ' (1) 

where q is expressed in units of (27r/c) and WLO is the bulk phonon fi^equency at ^ = 0. 

The corresponding value of /3 is 142.1 cm"^ The inset in Figure 5.18 shows the 

experimental data (open circles) [52] and the fit to Eq. (1) (solid line). This dispersion 

relation is used to generate the Raman lineshape with the formula [53] 

dq\C{(),q)\'' 
' ( "^- io W-C0(qW + iYJ2Y (2) 

Guided by the results for nanocrystalline Si, where the Gaussian confinement function 

has a Fourier coefficient (|C(0, ^)P = tx^i-q^L^/la) 
works well [54] when a. = 

9.67), we have taken the same function for C(0, q) for CdSe. This analysis shows 

that the peak position of the Raman mode is at 207.5 cm'̂  for Z = 36 A. This value of 

Fo = 7 cm'' was used because the linewidth of the LO Raman mode for bulk ZnS was 

of this order. 

We have also estimated the size of the CdSe nanoparticles responsible for the 

red-shift of the Raman line by 1.5 cm'', using the quantization of the wavevector 

proposed by Trallero-Giner et al. [55]. In this model, for the phonon with angular 

momentum / = 0, ^ is quantized as q„ = jU.„/R (n = 1,2....), where /i„ is a solution of the 

transcendental equation tan [i„ = /i„. This gives pii = 4.492. The fi-equency of the 

phonon and the size of the nanoparticles are related by 

265 



Surfactant-assisted synthesis of metal chalcogenide nanostructures 

a>'' = ajl^~l3'{fiJRy' (3) 

where j3, is obtained by fitting the LO mode dispersion in bulk CdSe, as given by Eq. 

(1). Figure 5.19 shows the variation of the LO phonon frequency with radius R of the 

nanoparticles (in nm) for « = 1. The value of w = 207.5 cm"' corresponds to a 

diameter of 5.7 nm for the nanoparticle. 

s 

a 

a 

100 150 200 250 

Raman shift (cm") 

Figure 5.18: Raman spectra of CdSe nanotubes showing two peaks at 207.5 cm" and 

198 cm"'. The data (thin soUd lines) are fitted to a sum of two 

Lorentzians (dotted lines). The resultant Lorentzian lineshape is shown 

by a thick solid line. The inset shows the phonon dispersion relation 

(open circles) for the LO branch of CdSe along the FA direction [52] 

fitted to Eq. (1), shown by solid line. 
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Figure 5.19: Variation of the LO phonon mode frequency with radius R of the CdSe 

nanoparticles according to Trallero-Giner's model [55], as shown by the 

sohd hne. 

The photoluminescence (PL) spectrum of the same batch of CdSe nanotubes 

showed a broad maximum around 560 nm, whereas the bulk CdSe sample shows a 

photoluminescence band at ~ 750 nm (see Figure 5.13). This shift in the PL spectra 

corresponds to a blue-shift of the bandgap of 0.56 eV. We can estimate the size of the 

CdSe nanoparticles from this blue-shift by using the size dependence of the first 

interband transition energy in CdSe quantum dots calculated by Ramaniah and Nair 

[56], who have used the effective bond orbital model (EBOM) to calculate the blue-

shift of the interband transition energy. The shift of 0.56 eV corresponds to a diameter 

of 3.5 nm for CdSe nanoparticles, agreeing very well with the diameter value obtained 

from the PCM model and observed in the TEM images. We now analyze the mode at 
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198 cm"'. According to Eq. (1.40). The surface phonons satisfy the following equation 

[57]: 

e(a>) = - i ± i 6 , „ ; / = 1 , 2 , . . . (4) 

where / is the phonon orbital angular momentum quantum number. Here €(w) is the 

dielectric function of the bulk material, given by 

e(a,) = ê  + 4i^^^^L^ (5) 
cOj — oj- — tyco 

em is the dielectric constant of the host medium (=1 in our case). From the Lyddane-

Sachs-Teller (LST) relation, eo/̂ oc = (COLQ/ CTO) , the calculated surface phonon mode 

frequency for / = 1 is 199 cm'\ for the parameters COLO = 209 cm"', COTO = 163 cm'', 

and 6oc = 6.2. We thus assign the observed mode at 198 cm'' to the surface phonon 

mode of the CdSe nanoparticles. Adding all of these results together, we can thus say 

that the individual building blocks of CdSe nanotubes are nanoparticles of size ~ 36 A 

to 50 A, which show a confined LO phonon at 207.5 cm'' along with a surface 

phonon mode at 198 cm"' in the Raman spectra. 

ZnSe Nanorods 

The Raman spectrum of ZnSe nanorods is shown in Figure 5.20. The observed 

lineshape can be fitted to a sum of three Lorentzians centered at 257, 237, and 213 

cm"'. In bulk ZnSe, the LO and TO Raman modes are at 252 and 206 cm' , 

respectively [58]. The 257 cm' band is assigned to the LO mode showing a blue-shift 

of 5 cm' with respect to the LO mode of bulk ZnSe. Similarly, the mode at 213 cm' 

is the TO mode blue-shifted with respect to the bulk ZnSe TO mode by 7 cm' . 
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i • 

RaiMn aMft (on'*) 

Figure 5.20: Raman spectra of ZnSe nanorods. The data (shown by thin soUd Unes) 

are fitted to a sum of three Lorentzian Uneshapes, shown by the dotted 

hne, and the total Lorentzian fit is shown by a thick solid line. 

Phonon confinement effects should red-shift the LO phonon but blue-shift the 

TO phonon. The latter happens because the phonon dispersion of the TO phonon in 

bulk ZnSe is a convex function, that is, the frequency increases with q [59]. The 

observed blue-shift of the LO mode in ZnSe nanorods suggests that there is a 

compressive strain in the nanorods with respect to the bulk ZnSe. This is indeed the 

case, as seen in lattice constants given in Table 5.1. The changes in lattice constant in 

nanorods with respect to the bulk ZnSe are Aa/a = - 0.038 (compressive) and Ac/c = 

0.56 (tensile). The volume strain will be AV/V= 2 (Aa/a) + 2 (Ac/c) = -0.0187. Taking 

the experimentally observed value of the Grwneissen parameter [60] y (LO) = 0.9 and 
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Y (TO) = 1.4 for ZnSe, the shift of the mode ft-equency will be Aco (LO) = 4.2 cm"' and 

AM (TO) = 5.4 cm"' (recall that y = - 5 In co/ 5 In V). These shifts are close to the 

experimentally observed values in the ZnSe nanorods. We are therefore not able to 

assess phonon confinement effects in the observed Raman spectrum of ZnSe 

nanorods. We must point out, however, that the PL band of the nanorods (425 nm) 

was only slightly blue-shifted compared with the bulk sample (465 nm). The 

frequency for the / = 1 surface phonon mode for CdSe calculated with Eqs. (4) and 

(5), the LST relation, and Sot = 6.1 is 233 cm"'. We can thus assign the Raman peak at 

237 cm"' to the / = 1 surface phonon mode. 

5.5 Conclusions 

It has been possible to obtain nanowires and nanotubes of the sulfides and 

selenides of Zn, Cd and Cu by the surfactant-assisted synthesis. Triton X-100 appears 

to be an ideal surfactant for this purpose. The average diameter of the nanostructures 

is in the nanometric regime although the actual value varies from one material to 

another. The aspect ratio is large in all cases, the length going upto several 

micrometers. Interestingly CdS and CdSe nanotubes have been successfully prepared 

for the first time by this method. The semiconductor nanostructures prepared by us 

have hexagonal structures. The layered hexagonal structure probably favors the 

formation of the nanostructures. A low concentration of the surfactant yields 

nanowires. At intermediate concentrations both nanowires and nanotubes are formed. 

It appears that at high surfactant concentrations employed, the surfactant molecules 

aggregate, providing a template for the growth of the nanotubes of the chalcogenides 

(Scheme 5.1). 
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5.5 Conclusions 

TABLE: 5.1 Unit Cell Parameters and dimensions of the chalcogenides. 

Chalcogenides. 
Stable structure and unit cell 

parameters, 
(A) 

(a) 
Observed structural cell 

parameters. 
(A) 

ZnS 

ZnSe 

CdS 

CdSe 

CuS 

CuSe 

Cubic 
a = 5.406 

(Hexagonal a = 3.82 , c = 24.96) 

Cubic 
a = 5.668 

(Hexagonal a = 3.99 , c = 
6.55) 

Cubic 
a = 5.818 

(Hexagonal a = 4.13, c = 6.713 ) 

Hexagonal 
a = 4.299, c-7 .010 

(Cubic a = 6.077) 

Hexagonal 
a = 3.792, c =16.344 

Hexagonal 
a = 3.939, c =17.2 

(Orthorhombic a = 3.948, 
b = 6.958, c = 17.239) 

Hexagonal 
a= 3.767, c = 24.848 

Hexagonal ^^^ 
a = 3.84, c = 6.92 

Hexagonal 
a= 4.14, c = 6.695 

Hexagonal 
a= 4.3070, c = 7.046 

Hexagonal 
a= 3.868, c= 16.977 

Hexagonal 
a = 3.896, c =16.060 

(a) The structure of the less stable form is shown in parenthesis. 

(b) Minority cubic phase (a = 5.6247 A) is present. 
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TABLE: 5.2 Optical spectra of nanowires of Cu and Zn chalcogenides. 

Nanowires 

ZnS (30) "̂̂  

ZnSe(lOO) 

CuS (5 - 20) 

CuSe (70) 

Absorption 
maximum (nm) 

326 (350) ^^^ 

475 (485) 

400 (470) 

540 (570) 

Photoluminescence 
maximum (nm) 

430 (500) 

425 (465) 

437(563) 

435 (600) 

(a) average diameter in nm 

(b) Values in parenthesis correspond to the bulk samples 
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5.5 Conclusions 

The electronic absorption spectra and photoluminescence spectra of the 

nanostructures of these metal chalcogenides have been studied in detail (see Table 

5.2). Raman spectroscopy of the CdSe nanotubes reveals a confined LO phonon mode 

at 207.5 cm'' along with a surface phonon mode at 198 cm"'. We beheve that the red-

shift of the LO mode by 1.5 cm"' is due to the presence of nanosized particles acting 

as building blocks of CdSe nanotubes. The phonon confinement model and the blue-

shift of the PL band are used to estimate the size of these building blocks at about 35 

A. In the Raman spectra of the ZnSe nanowires, the / = 1 surface phonon mode is seen 

at 237 cm"'. Since the compressive strain in the sample overcompensates for the 

quantum confinement effects for the LO mode, it is difficult to estimate the 

confinement effect. 
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MO 
+ 

Surfactant 

Surfactant = Triton X-100/ 
Na-AOT 

Thioacetamide + aq. NaOH 

NaHSe (aq. NaBH4 
+ Se) 

Lower cone of Surfactant = Nanowires 
Higher cone of Surfactant = Nanotubes 

Refluxed 
for 12 h/ 

Ar atmosphere 

MS/MSe 
nanotubes/nanowires 

i 
washed 

with ether 

I 
dried and annealed in vacuum 

at 100 °C 

Scheme 5.1: General outline of the synthesis of the various chalcogenide 

nanostructures 
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Chapter 6 

Mn- and Co-doped ZnO 

Summary* 

Following the theoretical predictions of ferromagnetism in Mn- and Co-doped 

ZnO, several workers reported ferromagnetism in thin films as well as in bulk samples 

of these materials. While some observe room-temperature ferromagnetism, others find 

magnetization at low temperatures. Some of the reports, however, cast considerable 

doubt on the magnetism of Mn- and Co-doped ZnO. In order to conclusively establish 

the properties of Mn- and Co-doped ZnO, samples with 6 % and 2 % dopant 

concentrations have been prepared by the low-temperature decomposition of acetate 

solid solutions. The samples have been characterized by X-ray diffraction, ED AX and 

spectroscopic methods to ensure that the dopants are substitutional. All the Mn- and 

Co-doped ZnO samples (prepared at 400 °C and 500 °C) fail to show ferromagnetism. 

Instead, their magnetic properties are best described by a Curie-Weiss type behavior. 

It appears unlikely that these materials would be useful for spintronics, unless 

additional carriers are introduced by some means. 

* A paper based on this study has appeared in J. Mater. Chem., (2005). 
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Mn- and Co-doped ZnO 

6.1 Introduction 

Materials for spintronics are receiving increasing attention in the last few 

years. A variety of materials, specially diluted magnetic semiconductors, have been 

investigated in this connection [1,2]. One of the materials that has been of interest in 

this area is ZnO. ZnO is a wide band gap semiconductor (band gap ~ 3.34 eV) having 

the wurtzite structure (Figure 6.1). ZnO is therefore a candidate for optoelectronic 

applications in the short wavelength range (green, blue, UV). In fact, the high exciton 

binding energy in ZnO (about 60 meV) would allow for excitonic transitions even at 

room temperature, which could mean higher radiative recombination efficiency for 

spontaneous emission as well as a lower threshold voltage for laser emission. It is 

more radiation hard and is multifunctional (piezoelectric and ferroelectric). 

Figure 6.1: Structure of ZnO. 
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6.2 Scope of the present investigations 

6.2 Scope of the present investigations 

In the year 2000, Dietl et al. [3] made the theoretical prediction that Mn-doped 

ZnO and GaN would be ferromagnetic at room temperature and would therefore be 

suitable for applications in spintronics. A report of ferromagnetism in Co-doped Ti02 

[4] gave the hope that Co- and Mn-doped oxides may indeed be useful for spintronics. 

The theoretical calculations of Sato and Katayama-Yoshida [5] showed that ZnO 

doped with several 3d transition metal ions such as V, Cr, Fe, Co and Ni may exhibit 

ferromagnetic ordering. A number of workers have, therefore, investigated ZnO doped 

with transition metal ions in the last few years, in particular thin films of Co- and Mn-

doped ZnO. Results of these studies have been reviewed by Chambers and Farrow [6] 

and Prellier et al. [7]. The latter authors conclude that the Co-doped ZnO films 

generally exhibit ferromagnetism above room temperature, and that a definitive Tc is 

not always found in Mn-doped ZnO thin films. Results from the recent literature, 

however, reveal many contradictions. Thus, thin films of Zni.xMnxO (x = 0.1 and 0.3) 

grown on AI2O3 substrates by laser MBE are reported to show a Tc in the 30-45 K 

range by Jung et al. [8] but Fukumura et al. [9] find a spin-glass behavior with strong 

antiferromagnefic exchange coupling in similar films. A first principles study of Zni. 

xMnxO thin films predicts the coupling between the Mn ions to be antiferromagnetic 

[10]. Studies have been reported on bulk samples of Mn-doped ZnO as well. Han et 

al. [11] report a ferrimagnetic phase transition in the case of Zno.95Mno.05O processed 

at 1170 K, which they attribute to the (Mn,Zn)Mn204 spinel impurity. Such a 

transition was not found in samples prepared at 1370 K. Polycrystalline and single 

crystalline Zni-xMnxO samples have not been found to be ferromagnetic [12]. Mn-

doped ZnO nanowires prepared at high temperatures by carbon-assisted synthesis in 
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this laboratory were only paramagnetic. The recent report of room-temperature 

ferromagnetism in both bulk and thin films of Zni.xMnxO (x = 0.01, 0.02 and 0.1) by 

Sharma et al. [13] has aroused much interest. These workers prepared their samples at 

relatively low temperatures and observed weak ferromagnetism (Tc > 420 °C) with an 

average magnetic moment of 0.16 ^B per ion. The samples prepared at higher 

temperatures (> 700 °C) did not exhibit ferromagnetism. Sharma et al. prepared their 

samples by mixing ZnO and Mn02 powders and calcining the mixture at 400 "C or 

above. The state of Mn in such preparations seems rather uncertain. Clearly, the 

present situation with regard to the magnetic properties of Mn-doped ZnO is far from 

being clear. 

The experimental situation of Co-doped ZnO is similar to that of Mn-doped 

ZnO. Although earlier work on Co-doped ZnO films showed them to be 

ferromagnetic with a Tc > 280 K [14], recent results are not altogether conclusive. 

Zni-xCOxO films obtained by the sol-gel method were found to be ferromagnetic with 

a Tc > 300 K by Lee et al. [15] although the presence of a secondary phase was noted 

in the samples x > 0.25. Films of Co-doped ZnO prepared by pulsed laser deposition 

are reported to be ferromagnetic at room temperature [16], but Norton et al. [17] 

suggest that Co nanocrystallites present in the sample could be responsible for the 

ferromagnetism. Room-temperature ferromagnetism and negative magnetoresistance 

were reported recently by Yan et al. [18] on thin films synthesized on the 

subnanometer scale by sputtering. Polycrystalline monophasic samples do not appear 

to exhibit ferromagnetism [12a]. Risbud et al. [19] show that well-characterized 

stoichiometric bulk samples of Zni-xCoxO are not ferromagnetic and indicate 

dominant nearest-neighbour antiferromagnetic interaction. These samples were 
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prepared by heating a sohd solution of zinc and cobalt oxalates at a temperature of 

1173 K for 15 min. Deka et al. [20] have reported ferromagnetism upto 750 K in 

polycrystalline Zni-xCoxO prepared by combustion synthesis. The reaction 

temperature m such a combustion synthesis will be rather high. Colloidal Co doped 

ZnO nanocrystals prepared by the isocrystalline core-shell method are reported to be 

ferromagnetic [21]. hiterestingly, Zni-xMnxO (x = 0.05 - 0.1) nanocrystals prepared 

under solvothermal conditions by the decomposition of the cupferron precursor was 

only paramagnetic [22]. A first principles study has, however, shown that Co-doped 

ZnO prefers to be in a spin-glass state due to antiferromagnetic superexchange 

interactions [23]. 

The above discussion demonstrates how the occurrence of ferromagnetism in 

bulk as well as in thin films of Mn- and Co-doped ZnO is by no means established. A 

careful examination of the previous results indicates that where ferromagnetism has 

been found, the samples were heated to relatively high temperatures, which could give 

rise to spinel impurity phases. Risbud et al. [19] however, report the absence of 

ferromagnetism in samples prepared at high temperatures. Even where the 

temperature of synthesis is relatively low, some of the synthetic procedures are not 

convincing as to whether the dopant has substituted the Zn site. While it is possible 

that Co clusters may be present in some of the Co-ZnO samples due to the reduction 

of Co^* (that can occur in solution phase even at low temperatures), the presence of 

the magnetic spinel phases carmot be entirely eliminated in some of the preparations. 

Furthermore, the magnetization values reported by many workers is very low and can 

arise from the presence of magnetic impurities, which carmot be detected by x-ray 

diffraction. 
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Considering the situation described above, it seemed desirable to investigate 

the magnetic properties of Mn- and Co-doped ZnO prepared at low temperatures, 

ensuring that the dopant ions are present in substitutional sites. This has been 

accomplished by preparing the doped ZnO samples by the thermal decomposition 

(330 °C) of the soUd solutions of Zn(acetate)2 with Mn(acetate)2 and Co(acetate)2 and 

subjecting to them all possible means of characterization. We have carried out careful 

studies on samples with 6 % Mn and 6 % Co, as well as 2 % Mn and 2 % Co. The 

latter was necessary since the proponents of ferromagnetism state that the dopant 

concentration has to be low (<4 %) for observing ferromagnetism [13, 24]. Samples 

prepared at 400 °C and 500 °C have been studied to avoid any doubtful conclusions 

that may arise because of the temperature employed for the sample preparation, 

hiterestingly, we find that both the 2 % and 6 % Mn- and Co-doped ZnO samples fail 

to exhibit ferromagnetism. 

6.3 Experimental 

Zinc acetate, (CHsCOO)! Zn.2H20, and manganese acetate, (CH3COO)2 

Mn.4H20, supplied by Aldrich, were taken in the required molar ratios (6 mole % or 2 

mole % Mn) and dissolved in 15 ml double distilled water. It was made sure that the 

solution did not have precipitates before drying at 100 °C overnight (~ 10 h). The 

powder obtained after drying was heated in air at 400 °C for 5 h. This sample is 

referred to as I. Another sample was prepared by heating the product of 

decomposition of the acetate solid solutions at 500 °C for 5 h. This sample is referred 

to as II. Heating and cooling rates in both the cases were 1 °C/min. The product 

obtained was light brown in colour in both I and II. 
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6.3 Experimental 

Zinc acetate and cobalt (II) acetate, (CH3COO)2 C0.4H2O, supplied by Aldrich 

were taken in the required molar ratios (6 mole % and 2 mole %) and dissolved in 15 

ml double distilled water. It was made sure that the solution did not have any 

precipitate before drying at 100 °C overnight ( - 1 0 h). The powder obtained after 

drying was heated in air at 400 °C for 5 h (sample I). Another sample was prepared by 

heating the product of decomposition of the acetate solid solutions at 500 °C for 5 h 

(sample II). Heating and cooling rates in both the cases were 1 °C/min. The product 

obtained was dark green in colour in both these cases. 

Thermogravimetric analysis (TGA) of the Zn-Mn and Zn-Co acetate solid 

solutions was carried out on a Mettler-Toledo-TG-850 instrument. X-ray diffraction 

(XRD) patterns were recorded using a Seifert (XRD, XDL, TT, and Cu target) 

instrument. The chemical composition was determined with an Oxford EDX analyzer 

attached with a Leica S-440i SEM instrument. Transmission electron microscopy was 

carried out with a JEOL JEM 3010 instrument operating at an accelerating voltage of 

300 kV. X-ray photoelectron spectra of the samples were recorded with an 

ESCALAB MKIV spectrometer employing AlKa radiation (1486.6 eV). Electronic 

absorption spectra were recorded in the 2000-200 nm range using a Perkin-Elmer 

Lambda 900 UV/VIS/NIR spectrophotometer. Photoluminescence (PL) 

measurements were carried out with a Perkin-Elmer LS50B luminescence 

spectrophotometer with an excitation wavelength of 325 nm. Electron 

paramagnetic resonance (EPR) spectra were recorded with a ER 200 D X-Band 

Bruker instrument. Magnetic properties of the various powder samples were 

measured using a SQUID magnetometer (Quantum Design MPMS) which has a 

base temperature of 2 K and a maximum magnetic field of 5 T. 
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6.4 Results and discussion 

Thermogravimetric analysis curves of the Zn-Mn and Zn-Co acetate solid 

solutions showed that they decompose sharply around 330 °C, giving doped ZnO as 

the product (Figure 6.2). 
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Figure 6.2: TGA plots of (a) Mn-Zn and (b) Co-Zn acetate solid solutions. 

We have characterized the Mn- and Co-doped ZnO samples prepared by the 

decomposition of the acetate solid solutions at 400 °C (I) and 500 °C (II) by 

employing various techniques. X-ray diffraction patterns of the products of 

decomposition of the acetate solid solutions (Figure 6.3) showed the hexagonal 

structure, the Mn-doped samples exhibiting a slightly larger c-parameter (6 % Mn-

doped, a = 3.250 A, c = 5.224 A; 6 % Co-doped, a = 3.249 A, c = 5.207 A and 2 % 

Mn-doped, a = 3.250 A, c = 5.220 A; 2 % Co-doped, a = 3.249 A, c = 5.206 A) in 
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comparison to that of the undoped sample (a = 3.249 A, c = 5.206 A). The increase in 

the c-parameter resuUs from the substitution of Mn̂"*̂  ions because of the larger radius 

of Mn'^ (0.66 A) compared to Zir"" (0.60 A) [8]. On the other hand, the radius of Cô "" 

(0.58 A) is close to that of Zn^* and as a result the cell parameters do not vary 

significantly [19]. The absence of impurity peaks arising from secondary phases or 

precipitates implies that the percentage doping employed is within the solubility limits 

of Mn or Co in ZnO. That the solubility limit of Mn̂ ^ and Co"̂ ^ is far greater than the 

percentages employed by us is well documented [11,15]. 
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Figure 6.3: XRD patterns of (a) 6 % Mn-doped and (b) 6 % Co-doped ZnO. 
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Energy dispersive X-ray (EDAX) analysis (see typical data in Figure 6.4) was 

carried out by comparing the peak areas. The analysis confirms the concentrations of 

Mn and Co to be close to those in the stated compositions. 

Energy (l-ov) 

Figure 6.4: EDAX spectra of (a) 6 % Mn-doped and (b) 6 % Co-doped ZnO. 

hisets show the corresponding EDAX spectra for the 2 % Mn and 

Co-doped ZnO. 
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Transmission electron microscope examination showed the doped samples to 

consist of particles of 30-50 nm diameter. X-ray photoelectron spectroscopy revealed 

that the Mn and Co ions were in the +2 oxidation state. Thus, the Mn (2p) and Co (2p) 

signals were found at 641.45 eV and 778.93 eV respectively [15]. 

The Mn-doped ZnO samples gave a broad absorption band in the 400-450 nm 

region due to ^A, (S) -* "TI (G) transition (Figure 6.5). 
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Figure 6.5: Absorption spectra of (a) ZnO, (b) 6 % Mn-doped and (c) 6 % Co-doped 

ZnO. Inset shows the spectrum of 2 % Co-doped ZnO. 

The Mn-doped sample also gave the characteristic EPR spectrum of Mn^* 

(Figure 6.6) with a g value of 2.003, consistent with that reported in single crystals of 

Mn-doped bulk ZnO [12b]. The Co-doped ZnO samples (Figure 6.5) gave three bands 
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Figure 6.6: EPR spectrum of the 6 % Mn-doped ZnO. 

in the 550-700 nm region due to the ^Aj (F) -* ^E (G) (659 nm), ''A2 (F) -* ^T, (P) 

(615 nm) and '*A2 (F) -» ^Ai (G) (568 nm) transitions characteristic of the tetrahedral 

Co^* ions [25]. The optical energy gaps of the doped ZnO samples were considerably 

smaller, showing thereby that the band gap of ZnO can be tuned by such doping [8]. 

Both the doped samples gave UV as well as blue-green emissions, somewhat weaker 

than in undoped ZnO [26,27]. With the various characterization data mentioned 

above, we conclude that both Mn^^ and Co^^ ions are present substitutionally in the 

Zn'̂ * sites of ZnO, in the samples prepared by us. 

Detailed magnetic measurements were carried out on the 6 % and 2 % Mn 

(Co)-doped ZnO samples. We show the temperature variation of the inverse 

susceptibility XM"' of the Mn-doped samples in Figure 6.7 and the Co-doped samples 
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Figure 6.7: Temperature variation of inverse magnetic susceptibility of 

6 % Mn-doped ZnO heated to 400 "C (I). Inset shows the 

data for sample II heated to 500 °C. 

in Figure 6.8. The zero-field cooled (ZFC) and field cooled (FC, 1000 Oe) data are 

comparable indicating that the material does not possess the characteristics of a spin 

glass. Extrapolation of the inverse susceptibility data in the high temperature region 

gave negative Curie temperatures of- 5 and - 15 K for Mn-doped samples I and II 

respectively; the values were - 65 and - 15 K for Co-doped I and II samples. 
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Figure 6.8: Temperature variation of inverse magnetic susceptibility of 6 

% Co-doped ZnO heated to 400 "C (I). Inset shows the data 

for sample II heated to 500 "C. 

The data can be understood in terms of the model of Spalek et al. [28] employing a 

modified Curie-Weiss law, or the model of Lawes et al. [29] wherein magnetization is 

treated as a sum of a Curie-Weiss term and a Curie term with a large Weiss 

temperature. Furthermore, we do not observe magnetic hysteresis or any other 

evidence for ferromagnetic ordering down to 2 K. The results show that the 6 % Mn-

and 6 % Co-doped ZnO prepared by us exhibit only antiferromagnetic superexchange 

interactions but no ferromagnetism. 
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Figure 6.9: Temperature variation of inverse magnetic susceptibility of (a) 2 % Mn 

doped and (b) 2 % Co-doped ZnO. 
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Some workers claimed that it was necessary to have lower percentage of dopants (< 4 

%) to observe ferromagnetism [13,24]. We, have therefore, carried out investigations 

of 2 % Mn- and Co-doped ZnO samples, (see insets of Figures 6.4 and 6.5). hi Figure 

6.9 (a) and (b), we show the temperature variation of the inverse susceptibility "XM^ of 

the 2 % Mn- and Co-doped ZnO samples (I). The ZFC and FC data show little 

difference. The data in the high-temperature region give paramagnetic Curie 

temperatures of 5 K and 50 K for the Mn- and Co- doped samples, but the M vs H 

curves show no hysteresis (Figure 6.10). 
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Figure 6.10: M vs H plots of (a) 2 % Mn-doped and (b) 2 % Co-doped ZnO obtained 

at an external field of T = 5 K. 
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6.5 Conclusions 

The present investigations on Mn- and Co-doped ZnO establish them not to be 

ferromagnetic and throw considerable doubt about the ferromagnetic nature of these 

materials reported in the literature. It seems unlikely that these materials would be 

candidates for spintronics. This conclusion finds support fi-om the recent work of 

Spaldin [30] who finds that robust ferromagnetism cannot occur in Mn- and Co-doped 

ZnO. If at all, it may occur if additional charge carriers are present, as indeed pointed 

out by Dietl et al. [3] as well. In order to obtain robust ferromagnetism, it may be 

worthwhile to investigate the effect of codoping of Mn- or Co-doped ZnO samples 

with other cations to induce additional charge carriers, or samples with defect-induced 

carriers. 
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