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Preface

This thesis consists of four parts of which Part-1 gives a brief overview of the
synthesis, properties and applications of nanomaterials. Part-2 deals with the synthesis and
characterization of different nanostructures of metal oxides and a detailed study of their gas-
sensing characteristics. Nanoparticles, nanowires, nanorods and nanotubes of metal oxides
such as ZnO, In,03, W03, V,0s, TiO, and SnO, have been prepared by different chemical
routes and characterized by transmission electron microscopy, X-ray diffraction, energy
dispersive X-ray analysis and Raman spectroscopy. Sensing characteristics of the thick films
of oxide nanostructures for Hj, ethanol, aliphatic hydrocarbons, H,S, NH3; and nitrogen
oxides have been studied. Hydrogen sensing characteristics of single nanowires of ZnO,
TiO, and WO, 7; as well as hydrocarbon sensing characteristics of single WO, 7, nanowires
have also been investigated by conducting atomic force microscopy. The best sensitivities
are found with nanostructures of ZnO (~1720 at 125 °C, H,), (~2500 at 125 °C, Ethanol),
WO, (~106 at 200 °C, aliphatic hydrocarbon), WO3 (~ 3300 at 250 °C, H,S), In,O3 (~ 60 at
150 °C, NO, NO; and N,0) and SnO; (~ 250 at 300 °C, NH3).

Part-3 of the thesis contains results of studies on the electrical properties and
hydrogen-sensing characteristics of field effect transistors (FETs) based on nanorods of ZnO
and WO, 7,. Electroluminescence and rectifying properties of heterojunction light emitting
diodes (LEDs) based on ZnO nanorods have been studied. n-ZnO NR/p-Si and n-ZnO NR/p-
PEDOT/PSS heterojunction LEDs have been fabricated with ZnO nanorods (NRs) grown by

a low-temperature method as well as by employing pulsed laser deposition.

Part-4 of the thesis deals with the supercapacitive behavior of RuO; and IrO,
functionalized mesoporous carbon. Results of studies on the interaction of single-walled
carbon nanotubes (SWNTs) with electron donor and acceptor aromatic molecules are

reported based on electrical measurements.
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Part 1

Nanomaterials: A Brief Survey

1.1 Introduction

In the last few years, a little word has attracted enormous attention, and
investigation from all over the world. The word is “nano”. What it presents in terms of
science and technology, which are also called nanoscience and nanotechnology, is much
more than just a word describing a specific length scale. It has dramatically changed every
aspect of the way we think in science and technology and will certainly bring more and
more surprises into our daily life as well as into the world of the future [1]. “Nano” means
one billionth (10'9), so 1 nanometer refers to 10 meter and is expressed as 1 nm. 1 nm is
so small that things smaller than it can only be molecules, clusters of atoms or particles in
the quantum world. Nanometer is a special point in the overall length scale because
nanometer scale is the junction where the smallest manufacturable objects meet the largest
molecules in nature. The structures, devices and systems having at least one dimension in
nanometer scale are not only smaller than anything that we have ever made before, but
also possibly the smallest solid materials that we are able to produce. Besides, in
nanometer scale, the properties of materials that we are familiar with in our daily life,
such as color, melting point, electronic, catalytic or magnetic properties [2], will change
dramatically or be replaced by completely novel properties due to what is usually called

size effect [3]. Simply saying, nanoscience tells us how to understand the basic theories
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and principles of nanoscale structures, devices and systems (1-100 nm); and
nanotechnology tells us what to do and how to use these nanoscale materials.

On December 29 1959, Richard P. Feynman described the problems of
manipulating and controlling things on a small scale and predicted that there is plenty of
room at the bottom [4], which, as the central idea of nanoscience and nanotechnology, has
long been the pursuit of scientists worldwide. In the past decades, the development of
various chemical or physical methods have enabled us to partly fulfill this goal [5-18],
based on which many new and promising fields have been established, including
nanofabrication, nanodevices, nanobiology, and nanocatalysis, etc. Among all kinds of
nanosystems such as zero- [5], one- [6-7], and two-dimensional [8] systems, one-
dimensional (1D) nanostructures are particularly interesting in that they usually have
diameters in nanometer scale and lengths in micro- and/or even macroscale, the controlled
growth of which involves the breaking of crystal symmetry and are quite different from
the general concept of crystal growth [9].

Size effects constitute a fascinating aspect of nanomaterials. Bulk metals possess a
partially filled electronic band and their ability to conduct electrons is due to the
availability of a continuum of energy levels above the Fermi level, Er. However when
bulk metal is broken down, the continuum of electronic states break down and ultimately,
the material becomes insulating. The emerging discreteness of energy levels would not
manifest themselves as long as the gap is less than KgT. For semiconductors, the Eg is in
between the filled and the unfilled levels. As the size of the system decreases, the energy
levels become discrete, with a similar spacing as in metals. Thus, the band gap of the

semiconductor effectively increases.
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Similarly, the shape of the nanocrystals plays a crucial parameter in the
determination of their properties [14-18]. The shape of the nanocrystals can be classified
by their dimensionality. Figure 1.1.1 illustrates the basic geometrical motifs of
nanocrystals: zero-dimensional (OD) isotropic spheres, cubes, and polyhedrons; 1D rods
and wires; 2D discs, prisms and plates. The most distinct shape effects are observed in the

density of energy states (DOS) [19]. The DOS (p (E)) of nanocrystals simultaneously
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evolves from continuous levels into discrete states as the dimensionality is decreased from
3D to 0D as described by the relation p (E) ~ E"? ~(where n=dimensionality; Figure
1.1.2). In 3D crystals, p (E) is a smooth square-root function of energy. The 2D crystals
confined along a specific direction (e.g. z-axis) and 1D crystals confined along two
directions (e.g. X, y direction) show staircase and saw-tooth like DOS states, respectively,

while 0D crystals show &-function like DOS.
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Figure 1.1.2: Shape evolution of crystals and their shape dependent properties. (a) The
plot of density of states (DOS) versus energy for 3D, 2D, 1D and OD crystals. (b)
Confinement of 3D crystals along one- (z), two- (xy), and three (xyz) directions results in

2D, 1D and 0D nanocrystals [20].

The band-gap energy (E,) of nanocrystals is also influenced by their shape. The

band-gap energy diagram of CdSe nanocrystals with various diameters and lengths,
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depicted in figure 1.1.3 (a), clearly exhibits shape effects [21]. Strong quantum
confinement effects are observed as a function of the diameter reduction, while weaker
quantum confinement effects are observed as a function of the length reduction. CdSe
emission gradually changes from circular to linearly polarized as the nanocrystal shape

evolves from spherical to rod like {Figure 1.1.3 (b)}[22].

Figure 1.1.3: (a) Band-gap
energy diagram of CdSe
nanorods [21] and (b) shape-

dependent polarized emission

Length

R ';o T properties of CdSe [22]. CdSe

nanorods have linearly

b)
polarized emission properties,

while  circularly  polarized

emission is observed from

Polarization

spherical CdSe nanoparticles.

Angle

1.2. Synthetic strategies

Modern materials science is characterized by a close interplay between physics and
chemistry. This is especially true for nanomaterials. On the one hand, are the top-down
methods which rely on continuous breakup of a piece of bulk matter while on the other
are the bottom-up methods that build up nanomaterials from their constituent atoms. The
top-down and bottom-up approaches can also be considered to be physical and chemical

methods, respectively.
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1.2.1 Physical methods

Most physical methods involve the evaporation of a solid material to form a
supersaturated vapor from which homogenous nucleation of nanoparticles occurs. In these
methods, the size of the particles is controlled by temporarily inactivating the source of
evaporation, or by slowing the rate by temporarily inactivating the source of evaporation,
or by introducing gas molecules to collide with the particles. Some of the physical
methods to prepare nanocrystals are arc discharge, ion sputtering, laser ablation, spray
pyrolysis, etc [23].

1.2.2 Chemical methods

Chemical methods have emerged to be indispensable for synthesizing nanocrystals of
various types of materials. These methods are generally carried out under mild conditions
and are relatively straight forward. Any chemical reaction resulting in a sol consists of
three steps: seeding, particle growth and growth termination by capping. An important
process that occurs during the growth of a colloid is Ostwald ripening. Ostwald ripening
is a growth mechanism whereby smaller particles dissolve releasing monomers or ions for
consumption by larger particles, the driving force being the lower solubility of large
particles. Ostwald ripening limits the ultimate size distribution obtainable to about 15% of
the particle diameter when the growth occurs under equilibrium conditions [23].

(a) Metal nanocrystals by reduction

Metal nanocrystals can be obtained by reducing the corresponding soluble metal salts
and by terminating the growth with appropriate surfactants or ions. A variety of reducing
agents are used to reduce metals salts to get nanocrystals of metals. Some of them are (1)

borohydride reduction [24], (2) citrate reduction [25], (3) alcohol reduction [26] and (4)
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reduction using alkylaluminates (AlR3, R=C;-Cg) [27]. In 7% century Faraday prepared
gold nanoparticles in lab by reducing gold salt. He termed them as “divided metal”, which
giving rise to a brilliant rose color.
(b) Solvothermal Synthesis

The Solvothermal method provides a means of using solvents at temperatures well
above their boiling points, by carrying out the reaction in a sealed vessel. The pressure
generated in the vessel due to the solvent vapors elevates the boiling point of the solvent.
Typically, solvothermal methods make use of solvents such as ethanol, toluene and water.
These are widely used to synthesize zeolites, inorganic open-framework structures and
other solid materials. Due to the high pressures employed, one often obtains high-pressure
phases of the materials. In the past few years, solvothermal synthesis has emerged to
become the chosen method to synthesize nanocrystals [28, 29]. Solvothermal methods are
ideally suited for the synthesis of nanocrystals of metal chalcogenides and halides, rather
than metal nanocrystals.
(c) Photochemical synthesis

Photochemical synthesis of nanoparticles can be carried out by the light induced
decomposition of a metal complex or the reduction of metal salts by photogenerated
reducing agents such as solvated electrons. The former is called photolysis and the latter
radiolysis. The formation of photographic images on AgBr film is a familiar photolysis
reaction. Metals such as Au, Cd and T1 have been obtained by photolysis [30, 31].
(d) Arrested precipitation

Nanocrystals can be obtained from solutions that precipitate the bulk matter under

conditions unfavorable for the growth of particulates in the precipitate. For example, the
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precipitation of metals salts by chalcogens can be arrested by employing a high pH. To
prepare nanocrystals of CdS, CdSe, CdTe, HgSe, HgTe and CdHgTe, typically, a solution
containing the metal salt (perchlorate) and the capping agent is treated with NaOH to raise
the pH, degassed by bubbling inert gas (to prevent the oxidation of chalcogen source)
followed by the introduction of the chalcogen in the form of Na,S, NaHSe, etc under inert
conditions [23].
(e) The liquid-liquid interface

Nanocrystals and films of metals, semi-conductors and oxides can be produced by
reactions taking place at the interface of two liquids such as toluene and water [23]. In this
method, a suitable organic derivative of the metal taken in the organic layer reacts at the
interface with the appropriate reagent present in the aqueous layer to yield the desired
product. For example, by reacting Au(PPh3;)Cl in toluene with THPC in water,

nanocrystals of Au can be obtained at the interface of two liquids.

1.3 Synthesis of nanocrystals

Nanocrystals are zero-dimensional particles and can be prepared by several
chemical methods, typical of them being reduction of salts, solvothermal synthesis and
decomposition of molecular precursors, of which the first is the most common method
used in the case of metal nanocrystals. Metal oxide nanocrystals are generally prepared by
the decomposition of precursor compounds such as acetate, acetylacetonate and
cuferronates in appropriate solvents, often under solvothermal conditions. Metal
chalcogenide or pnictide nanocrystals are obtained by the reaction of metal salts with a
chalcogen or pnicogen source or the decomposition of single source precursors under

solvothermal or thermolysis conditions. Addition of suitable capping agents such as long-
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chain alkane thiols, alkyl amines and trioctylphosphine oxide (TOPO) during the
synthesis of nanocrystals enables the control of size and shape. Monodisperse
nanocrystals are obtained by post-synthesis size-selective precipitation.

(a) Metals

Reduction of metal salts in the presence of suitable capping agents such as
polyvinylpyrrolidine (PVP) is the common method to generate metal nanocrystals.
Furthermore, the sealed reaction conditions and presence of organic reagents reduce the
possibility of atmospheric oxidation of the nanocrystals [3, 32]. The popular citrate route
to colloidal Au, first described by Hauser and Lynn [33], involves the addition of
chloroauric acid to a boiling solution of sodium citrate. The average diameter of the
nanocrystals can be varied from 10-100 nm range by varying the concentration of
reactants. Au nanocrystals with diameters between 1 to 2 nm are obtained by the
reduction of HauCly with tetrakis (hydroxymethyl)phosphonium chloride (THPC) which
also acts as a capping agent [34].

Liz-Marzan and co-workers [35] have prepared nanoscale Ag nanocrystals by using
dimethylformamide as both a stabilizing agent and a capping agent. By using
tetrabutylammonium borohydride or its mixture with hydrazine, Jana and Peng [36]
obtained monodisperse nanocrystals of Au, Cu, Ag and Pt. In this method, AuCls,
Ag(CH3;COO), Cu(CH3COOQ),, PtCly were dispersed in toluene with the aid of long-chain
quaternary ammonium salts and reduced with tetrabutylammonium borohydride which is
toluene-soluble. Ag nanoprisms {Figure 1.3.1 (a)} are produced by irradiating a mixture
of sodium citrate and bis(p-sulfonatophenyl) phenylphosphine dihydrate dipotassium

capped Ag nanocrystals with a fluorescent lamp. In another method, AgNOs is reduced
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with a mixture of borohydride and hydrogen peroxide and this method has been extended
to synthesize branched nanocrystals of Au of the type shown in figure 1.3.1 (b) and (c)

[37].

Figure 1.3.1: (a) Ag nanoprisms obtained by controlled irradiation of bis(p-
sulfonatophenyl) phenylphosphine dihydrate dipotassium capped Ag nanocrystals. (b)

Low and (c) high-magnification images of branched Au nanocrystals [37].

(b) Metal oxides

Metal oxide nanocrystals are mainly prepared by the solvothermal decomposition
of organometallic precursors. Solvothermal conditions afford high autogenous pressures
inside the sealed autoclave that enable low-boiling solvents to be heated to temperatures
well above their boiling points. Thus, reactions can be carried out at elevated temperatures
and the products obtained are generally crystalline compared to those from other solution-
based reactions.

Rockenberger et al. [38] described the use of cupferron complexes as precursors to
prepare Y-Fe,O3, CuyO and Mn304 nanocrystals. CoO nanocrystals with diameters in 4.5—
18 nm range have been prepared by the decomposition of cobalt cupferronate in decalin at
543 K under solvothermal conditions [39]. Nanocrystals of MnO and NiO are obtained

from cupferronate precursors under solvothermal conditions [40]. Nanocrystals of CdO
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and CuO are prepared by the solvothermal decomposition of metal-cupferronate in
presence of trioctylphosphine oxide (TOPO) in toluene [41]. ZnO nanocrystals have been
synthesized from the cupferron complex by a solvothermal route in toluene solution [42].
v-Fe,O3 and CoFe,0, nanocrystals can also be produced by the decomposition of the
cupferron complexes [43]. Metallic ReOs nanocrystals with diameters in the 8.5 - 2.5 nm
range are obtained by the solvothermal decomposition of the Re,O;-dioxane complex
under solvothermal conditions [44].

Apart from solvothermal methods, thermolysis of precursors in high boiling
solvents, the sol-gel method, hydrolysis and use of micelles have been employed to
synthesize the metal oxide nanocrystals. Thus, Park et al. [45] have used metal-oleates as
precursors for the preparation of monodisperse Fe;O04, MnO and CoO nanocrystals. 1-
Octadecene, octyl ether and trioctylamine have been used as solvents. Hexagonal and
cubic CoO nanocrystals can be prepared by the decomposition of cobalt acetylacetonate in
oleylamine under kinetic and thermodynamic conditions respectively [46]. Hexagonal
pyramid-shaped ZnO nanocrystals have been obtained by the thermolysis of the Zn-oleate
complex [47]. ZnO nanocrystals have been prepared from zinc acetate in 2-propanol by
the reaction with water [48]. ZnO nanocrystals with cone (Figure 1.3.2), hexagonal cone
and rod shapes have been obtained by the non-hydrolytic ester elimination sol-gel
reactions [49]. In this reaction, ZnO nanocrystals with various shapes were obtained by
the reaction of zinc acetate with 1, 12-dodecanediol in the presence of different
surfactants. It has been found that reactions of alcohols such as ethanol and #-butanol with

Zn powder readily yield ZnO nanocrystals [50].

11



Nanomaterials: A Brief Survey

Figure 1.3.2: (a) and (b) TEM images of cone shaped ZnO nanocrystals. Inset in (b)

shows a dark field image of a single cone-shaped nanocrystal [49].

Nanocrystals of BaTiO; are obtained by the thermal decomposition of MOCVD
reagents (alkoxides such as BaTi(O,CC7H;5)[OCH(CHs),]s) in diphenyl ether containing
oleic acid, followed by the oxidation of the product with H,O, [51]. Thermal
decomposition of uranyl acetylacetonate in a mixture solution of oleic acid, oleylamine,
and octadecene at 423 K gives uranium oxide nanocrystals [52]. Treatment of metal
acetylacetonates under solvothermal conditions produces nanocrystals of metal oxides
such as Ga;0s, ZnO and cubic In,O3 [53]. Nearly monodisperse In,O; nanocrystals have
been obtained starting with indium acetate, oleylamine and oleic acid [54]. TiO,
nanocrystals can be prepared by the low-temperature reaction of low-valent
organometallic precursors [55]. Pure anatase TiO; nanocrystals have been prepared by the
hydrolysis of TiCls with ethanol at 273 K followed by calcination at 360 K for 3 days

[56]. The growth kinetics and the surface hydration chemistry have also been investigated.
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Pileni and co-workers [57, 58] have pioneered the use of oil in water micelles to prepare
particles of CoFe,04, y-Fe,03, and Fe;O,4. The basic reaction involving hydrolysis is now
templated by a micellar droplet. The reactants are introduced in the form of a salt of a
surfactant such as sodium dodecylsulfate (SDS). Thus, by adding CH3NH3OH to a micelle
made of calculated quantities of Fe(SDS), and Co(SDS),, nanocrystals of CoFe,0, are

obtained.

1.4 Synthesis of nanowires, nanorods and nanotubes

There has been considerable interest in the synthesis, characterization and
properties of nanowires of various inorganic materials [1, 3]. Nanowires have been
prepared using vapour phase methods such as vapour-liquid-solid (VLS) growth,
vapour—solid (VS) growth, oxide-assisted growth and the use of carbothermal reactions. A
variety of solution methods such as seed-assisted growth, polyol method, and oriented

attachment have also been developed for the synthesis of one-dimensional nanostructures.
(a) Metals

Metal nanowires are commonly prepared using templates such as anodic alumina
or polycarbonate membranes, carbon nanotubes and mesoporous carbon [59-62]. The
nanoscale channels are first impregnated with metal salts and the nanowires obtained by
reduction, followed by the dissolution of the template. Nanowires of metals and
semiconductors have also been grown electrochemically. This method has been employed
to prepare linear Au—Ag nanoparticle chains [63]. Here, sacrificial Ni segments are placed
between segments of noble metals (Au, Ag). The template pore diameter fixes the
nanowire width, and the length of each metal segment is independently controlled by the

amount of current passed before switching to the next plating solution for deposition of
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the subsequent segments. Nanowires are released by the dissolution of the template, and
subsequently coated with SiO,. Au nanorods and nanowires have been alternatively
prepared by a simple solution based reduction method making use of nanoparticle seeds
[64]. Au nanoparticles with ~4 nm diameter react with the metal salt along with the weak
reducing agent such as ascorbic acid in the presence of a directing surfactant yielding Au
nanorods. This method was extended to prepare dog-bone like nanostructures [65]. The
reaction is carried out in two-steps, wherein the first step involves the addition of an
insufficient amount of ascorbic acid to the growth solution, leaving some unreacted metal
salt after the reaction, which is later deposited on the Au nanorods by the second addition
of ascorbic acid. Addition of nitric acid enhances the proportion of Au nanorods with high
aspect ratios (~20) in seed-mediated synthesis [66]. The growth of Au nanorods by the
seed-assisted method does not appear to follow any reaction limited or diffusion limited
growth mechanism [67]. A layer-by-layer deposition approach has been employed to
produce polyelectrolyte-coated gold nanorods [68]. Au-nanoparticle modified enzymes
act as biocatalytic inks for growing Au or Ag nanowires on Si surfaces by using a
patterning technique such as dip-pen-nanolithography [69]. Single-crystalline Au
nanorods shortened selectively by mild oxidation using 1 M HCI at 343 K [70]. Aligned
Au nanorods can be grown on a silicon substrate by employing a simple chemical
amidation reaction on NH,-functionalized Si substrates [71]. A seed-mediated surfactant
method using a cationic surfactant has been developed to obtain pentagonal silver
nanorods [72]. A popular method for the synthesis of metal nanowires is the use of the
polyol process, [73, 74] wherein the metal salt is reduced in the presence of PVP to yield

nanowires of the desired metal. For example, Ag nanowires have been rapidly synthesized
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using a microwave-assisted polyol method [75]. CoNi nanowires are obtained by
heterogeneous nucleation in liquid polyol [76], while Bi nanowires have been prepared
employing NaBiOs as the bismuth source [77]. Pd nanobars are synthesized by varying
the type and concentration of reducing agent as well as reaction temperature [78]. Metal
nanowires are obtained in good yields by the nebulized spray pyrolysis of a methanolic
solution of metal acetates [79]. This method has been employed for the synthesis of
single-crystalline nanowires of zinc, cadmium and lead. The nanowires seem to grow by

the vapour—solid mechanism.
(a) Metal oxides

A seed-assisted chemical reaction at 368 K is found to yield uniform, straight, thin
single-crystalline ZnO nanorods on a hectogram scale [80]. Zinc oxide nanowires have
been synthesized in large quantities using plasma synthesis [81]. Variable-aspect-ratio,
single crystalline, 1D nanostructures (nanowires and nanotubes) can be prepared in
alcohol/water solutions by reacting Zn** precursor with an organic base, tetraammonium
hydroxide [82]. It has been found recently that reaction of water with zinc metal powder
or foils at room temperature gives ZnO nanowires [83]. A multi-component precursor has
been used to produce nanoparticles and nanoribbons of ZnO [84]. Porous ZnO
nanoribbons are produced by the self-assembly of textured ZnO nanoparticles. Nanobelts
of ZnO can be converted into superlattice-structured nanohelices by a rigid lattice rotation
or twisting [85]. Well-aligned crystalline ZnO nanorods along with nanotubes can be
grown from aqueous solutions on Si wafers, poly(ethylene terephthlate) and sapphire [86].
Atomic layer deposition was first used to grow a uniform ZnO film on the substrate of

choice and to serve as a templating seed layer for the subsequent growth of nanorods and
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nanotubes. On this ZnO layer, highly oriented two-dimensional (2D) ZnO nanorod arrays
were obtained by solution growth using Zn(NOs), and hexamethylenetetramine in
aqueous solution. Controlled growth of aligned ZnO nanorod arrays has been
accomplished by an aqueous ammonia solution method [87]. In this method, an aqueous
ammonia solution of Zn(NO3); is allowed to react with a zinc-coated silicon substrate at a
growth temperature of 333-363 K. 3-D interconnected networks of ZnO nanowires and
nanorods have been synthesized by a high temperature solid—vapour deposition process
[88]. Templated electrosynthesis of ZnO nanorods wherein, electroreduction of hydrogen
peroxide or nitrate ions is carried out to alter the local pH within the pores of the
membrane, with the subsequent precipitation of the metal oxide within the pores [89]. 1-D
ZnO nanostructures have been synthesized by oxygen assisted thermal evaporation of zinc
on a quartz surface over a large area [90]. Pattern- and feature-designed growth of ZnO
nanowire arrays for vertical devices has been accomplished by following a pre-designed
pattern and feature with controlled site, shape, distribution and orientation [91]. In figure

1.4.1 we have shown SEM images of ZnO nanostructures.

The ionic liquid 1-n-butyl-3-methylimidazolium tetrafluoroborate has been used to
synthesize nanoneedles and nanorods of manganese dioxide (MnQO;) [92]. Crystalline
silica nanowires were prepared by Deepak et al. [93] by a carbothermal procedure.
Crystalline SiO, nanowires have also been prepared by a low temperature iron assisted

hydrothermal procedure [94].
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Figure 1.4.1: SEM images of ZnO nanostructures [85].

IrO, nanorods can be grown by metal-organic chemical vapour deposition on
sapphire substrates consisting of patterned SiO, as the non-growth surface [95]. By
employing the hydrothermal route, uniform single-crystalline KNbO; nanowires have
been obtained [96]. MgO nanowires and related nanostructures have been produced by
carbothermal synthesis, starting with polycrystalline MgO or Mg with or without the use
of metal catalysts [97]. This study has been carried out with different sources of carbon,
all of them yielding interesting nanostructures such as nanosheets, nanobelts, nanotrees

and aligned nanowires. Orthogonally branched single crystalline MgO nanostructures
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have been obtained through a simple chemical vapour transport and condensation process
in a flowing Ar/O, atmosphere [98].

Ga,03 powder reacts with activated charcoal, carbon nanotubes or activated
carbon around 1373 K in flowing Ar to give nanowires, nanorods and other novel
nanostructures of Ga,Osz such as nanobelts and nanosheets [99]. Catalyst-assisted VLS
growth of single-crystal Ga,O; nanobelts has been accomplished by graphite-assisted
thermal reduction of a mixture of Ga,O3 and SnO, powders under controlled conditions
[100]. Zig-zag and helical one-dimensional nanostructures of o-GarOs; have been
produced by the thermal evaporation of Ga,0Os in the presence of GaN [101]. Large scale
synthesis of TiO, nanorods has been achieved by the non-hydrolytic sol-gel ester
elimination reaction, wherein the reaction 1is carried out between titanium(IV)
isopropoxide and oleic acid [102]. Single-crystalline and well facetted VO, nanowires
with rectangular cross sections have been prepared by the vapour transport method,
starting with bulk VO, powder [103]. Copious quantities of single-crystalline and
optically transparent Sn-doped In,O3; (ITO) nanowires have been grown on gold-sputtered
Si substrates by carbon-assisted synthesis, starting with a powdered mixture of the metal
nitrates or with a citric acid gel formed by the metal nitrates [104]. Vertically aligned and
branched ITO nanowire arrays, which are single-crystalline, have been grown on yttrium
stabilized zirconia substrates containing thin gold films of 10 nm thickness [105].

Bicrystalline nanowires of hematite (a-Fe,Os) have been synthesized by the
oxidation of pure Fe [106]. Single-crystalline hexagonal a-Fe,Os nanorods and nanobelts
can be prepared by a simple iron—water reaction at 673 K [107]. Mesoporous quasi-single

crystalline nanowire arrays of Coz04 have been grown by immersing Si or fluorine doped
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SnO, substrates in a solution of Co(NOs), and concentrated aqueous ammonia [108].
Networks of WOs_, nanowires are obtained by the thermal evaporation of W powder in
the presence of oxygen [109]. A general and highly effective one-pot synthetic protocol
for producing one-dimensional nanostructures of transition metal oxides such asWgOuo,
TiO;, Mn304 and V,0s5 through a thermally induced crystal growth process starting from
mixtures of metal chlorides and surfactants has been described [110]. Self-coiling
nanobelts of Ag,V40;; have been obtained by the hydrothermal reaction between AgNO;
and V,0s [111]. Polymer assisted hydrothermal synthesis of single crystalline tetragonal
perovskite PZT (PbZr s, Tip4303) nanowires has been carried out [112]. Nanowires of the
type II superconductor YBa,CusOg have been synthesized by a biomimetic procedure
[113]. The nanowires produced by the calcination of a gel containing the biopolymer
chitosan and Y, Ba and Cu salts have mean diameters of 50+5 nm with lengths up to 1
pm. Nanorods of V,0s prepared by the polyol process self-assemble into microspheres

[114].

1.5 Synthesis of Carbon nanotubes

Carbon nanotubes, first observed in 1991 [115], occur as multiwalled nanotubes
(MWNTs) and single-walled nanotubes (SWNTs) [116]. Primary methods for CNTs
synthesis include arc-discharge [115, 117], laser ablation [118], gas-phase catalytic
growth from carbon monoxide [119], and chemical vapor deposition (CVD) from
hydrocarbons [120—122]. Because impurities in the form of catalyst particles, amorphous
carbon, and nontubular fullerenes are also produced during CNTs synthesis, subsequent

purification steps are required to separate the tubes. The gas-phase processes tend to
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produce nanotubes with fewer impurities and are more amenable to large-scale
processing.

The arc-discharge technique generally involves the use of two high purity graphite
rods as the anode and cathode. The rods are brought together under a helium atmosphere
and a voltage is applied until a stable arc is achieved. The exact process variables depend
on the size of the graphite rods. As the anode is consumed, a constant gap between the
anode and cathode is maintained by adjusting the position of the anode. The material
deposits on the cathode to form a buildup consisting of an outside shell of fused material
and a softer fibrous core containing nanotubes and other carbon particles. To create
SWNTs, the electrodes are doped with a small amount of catalyst particles [116, 117, 123
—125].

Initially used for the production of fullerenes, laser ablation technique has, over
the years, been improved to allow the production of SWNTs [118, 126, 127]. In this
technique, a graphite target held in a controlled atmosphere oven at temperatures near
1200 °C is vaporized by a laser and the vapors condensed over a water-cooled target. To
produce SWNTs, the graphite target is doped with a catalyst [118].

Both the arc-discharge and the laser ablation techniques produce a limited volume
of sample in relation to the size of the carbon source (the anode in arc-discharge and the
target in laser ablation) and require subsequent purification steps to separate the tubes
from undesirable byproducts. These limitations have motivated the development of gas-
phase techniques, such as chemical vapor deposition (CVD), in which nanotubes are
formed by the decomposition of a hydrocarbon or carbon monoxide gas. The gas-phase

techniques are amenable to continuous processes since the carbon source is continually
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replaced by flowing gas. In addition, the purity of the as-produced nanotubes can be
relatively high, minimizing subsequent purification steps. Nikolaev et al. described the
gas-phase growth of SWNTs with carbon monoxide as the carbon source [119]. They
reported that the highest yields of SWNTSs occurred at the high temperature and pressure
(1200 °C, 10 atm). Smalley and his co-workers have refined the process to produce large
quantities of SWNTs with increased purity. Other gas-phase techniques utilize
hydrocarbon gases as the carbon source for production of both single and multi-walled
carbon nanotubes [128 — 131]. Figure 1.5.1 shows TEM images of MWNTs, DWNTs and

SWNTs.

Figure 1.5.1: TEM images of (a) multi-walled, (b) double-walled and (c) single-walled

carbon nanotubes.
1.6 Properties and applications

One-dimensional semiconductor nanowires and nanorods have attracted increasing
attention due to their physical properties arising from quantum confinement (such as
electronic quantum transport and enhanced radiative recombination of carriers).
Nanowires have promising potentials in extensive applications and are the fundamental
building blocks for fabricating short-wavelength nanolasers, field-effect transistors, solar
cells, ultrasensitive nanosized gas sensors, biosensors, nanoresonators, transducers,

actuators, nanocantilevers, and field emitters [132-136]. These nanostructures are the
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ideal systems for studying transport mechanisms in 1D systems, which are of benefit not
only for understanding the fundamental phenomena in low-dimensional systems but also
for developing new generation nanodevices with high performance. Many nanowires
made of materials such as Si, C, InP, GaAs, CdS, SnO,, TiO,, GaN, ZnO, WO; and In,03
have been fabricated for different applications using different synthetic methods [136-
145]. Among these materials ZnO is considered to be the most prospective one due to its
large exciton binding energy (60 meV), high electromechanical coupling constant, and
resistivity to harsh environment. Therefore, 1D ZnO structures stimulated so much
attention, and a large number of publications have appeared lately reporting
nanostructures of various shapes (nanowires, nanobelts, nanorings, nanotubes,
nanopropellers, etc.) grown by different methods.

In recent years, carbon nanotubes have been intensively studied due to their
importance as building blocks in nanotechnology. The special geometry and unique
properties of carbon nanotubes offer great potential applications, including nanoelectronic
devices, energy storage, chemical probes and biosensors, field emission displays [146,
147]. Also considerable experimental and theoretical efforts have been devoted to
hydrogen storage in nanotube-based materials [148-150].

Graphene, a recently discovered single sheet of graphite, has received considerable
attention for its excellent thermal, mechanical and electrical properties [151-154]. The in-
plane thermal conductivity and Young’s modulus of graphene are ~ 3,000 Wm 'K and
1,600 GPa respectively [154]. Being a nearly perfect two-dimensional electron gas, it has
mobilities as high as 20, 000 cm*/V s, which give rise to ballistic transport on the 100 nm

scale even at room temperature [155]. Furthermore, the unique “quasi-relativistic” carrier
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dynamics in graphene provides new transport phenomena, ready to be explored for novel

device applications.
1.6.1 ZnO nanostructures

The crystal structures formed by ZnO are wurtzite, zinc blende and rocksalt.
Among these, wurtzite structure (Figure 1.6.1), where each anion (O;’) is surrounded by
four cations (Zn2+) at the corners of tetrahedron, and vice versa, is thermodynamically
more stable phase at ambient conditions. This tetrahedral coordination is typical of sp’

covalent bonding. But these materials also have a substantial ionic character, which falls

at the borderline between covalent and ionic semiconductor.

© Oxygen

Figure 1.6.1: Wurtzite crystal structure of ZnO [136].
ZnO shows intrinsic n-type conductivity with very high electron density of 10%!
cm™, which is due to availability of lot of oxygen vacancies and Zn interstitials. ZnO has

a relatively open structure, with a hexagonal close packed lattice where Zn atoms occupy
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half of the tetrahedral sites. All the octahedral sites are empty. Hence, there are plenty of
sites for ZnO to accommodate intrinsic (namely Zn interstitials) defects and extrinsic
dopants. The electronic energy levels of native imperfections in ZnO are illustrated in
figure 1.6.2. There are a number of intrinsic defect states within the bandgap of ZnO. The
donor defects are: Zn;"*, Zn;", Zn;*, V., V', V, and the acceptor defects are: VoV .
The defect ionization energies vary from —0.05-2.8 eV [156]. Zn interstitials and oxygen
vacancies are known to be the predominant ionic defect types. However, which defect

dominates in native, undoped ZnO is still a matter of controversy [157].
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Figure 1.6.2: Energy levels of native defects in ZnO. The donor defects are
Zn", Zn;", Zn, Vo™, V", V, and the acceptor defects are V 7, V zn.(The Kroger Vink
notation is used: i=interstitial sites, Zn=zinc, O=oxygen, V= vacancy. The terms indicate
the atomic sites, superscripted terms indicate charges, where a dot indicates a positive
charge, a prime indicates a negative charge, and a cross indicates zero charge, with the
charges in proportion to the number of symbols [158].

(a) Lasing action

Room temperature PL spectra of ZnO nanowires showed a strong band-edge
emission at ~380 nm [132-135]. In addition, a very weak blue band (440-480 nm) and an

almost negligible green band (510-580 nm) were observed. These samples were explored
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to for possible stimulated emission by measuring the excitation density-dependent
emission with excitation from the fourth harmonic of a Nd:yttrium-aluminium-garnet
(Nd:YAQ) laser. Light emission was collected in the direction normal to the end surface
plane (along the c-axis) of the nanowires and lasing was observed in the absence of any

fabricated mirrors with increasing pump power as shown in figure 1.6.3.
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Figure 1.6.3: (A) Emission spectra from nanowire arrays below (line a) and above (line b

and inset) the lasing threshold. The pump power for these spectra are 20, 100, and 150
kW/em?, respectively. (B) Integrated emission intensity from nanowires as a function of
optical pumping energy intensity. (C) Schematic illustration of a nanowire as a resonance

cavity [159].
(b) Light emitting diodes (LEDs)

Zn0O is considered as a prospective material for fabricating LED structures
emitting in the UV region, because of its large exciton binding energy (60 meV). As the
growth of reproducible p-type ZnO is not developed yet, different groups have utilized
heterojunctions of ZnO nanostructures for the fabrication of LEDs [136]. Yi and

coworkers employed p-GaN for the fabrication of n-ZnO/p-GaN nanorod
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electroluminescent (EL) devices [160]. p-n heterojunctions based on nanorods of ZnO on
p-Si have been studied 161, 162]. Also p-type manganite films [163], strongly p-doped
polymers have been employed to fabricate p-n heterojunctions based on ZnO
nanostructures [164-167].
(c) Field emission

Field emission properties of the aligned nanorods have been studied [168]. The
measurements showed a fairly low turn-on and threshold fields of 2.5 and 4.0 V/mm,
respectively. The nanosize perturbations on the nanoneedle tips are assumed to cause such
excellent performance. The high emission current density, high stability, and low turn-on
field make the ZnO nanorod arrays one of the promising candidates for high brightness

field-emission electron source and flat-panel displays.

(d) Field effect transistors (FET's)

ZnO nanorods [169-171], nanowires [172-176] and nanobelts [177] have been
successfully utilized for FET fabrication. High performance n-channel FETs with back
gate geometry were fabricated using e-beam lithography along with high quality ZnO
nanorods prepared by catalyst-free MOVPE [169]. The nanorods were dispersed on
Si0,/Si substrates where the 250 nm thick SiO, layer was used as gate dielectric on
heavily doped Si and a source-drain electrode of 2-5 um prepared by e-beam lithography
and lift-off method has been employed. The FETs exhibited a transconductance of 140 nS
and a mobility of 75 cm?/V.s. The transconductance of 1.9 uS and electron mobility of
1000 cm?/V.s have been achieved by coating the nanorod surface with a polyamide thin
layer. Noh et al. [174] have demonstrated a top-gated ZnO nanowire FET fabricated by

ink-jet printing technique, where they have used poly (methyl methacrylate) (PMMA) as
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gate dielectric and PEDOT/PSS layer as gate electrode. A transconductace of 513 nS and
a mobility of 21.3 cm?V.s have been found for a FET with 2 um channel length. A
typical ZnO nanobelt FET showed a gate threshold voltage of —15 V, a peak conductivity
of 1.25 x10° Q'em™ [177]. Single crystalline ZnO nanowires with a circular cross
section and omega-shaped gate FET have been utilized to fabricate nanowire devices by
bottom gate configuration (Figure 1.6.4) [178, 179]. ZnO nanowire FETs using a self-
assembled nanodielectric organic gate insulator have been demonstrated [180, 181]. The
field effect behavior of nanocomposite FET containing ZnO nanowires dispersed in a

polymer matrix of MEH-PPV has been studied [182].
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Figure 1.6.4: (a) Schematic and (b) top view SEM image of the Omega-Shaped-Gate

FET fabricated by the photolithographic process, typical output and transfer
characteristics obtained from the Omega-Shaped-Gate FET: (¢) Ips vs Vps characteristics
for Vgs values ranging from —6 to +10 V; (d) Ips vs Vgs characteristics for Vpg values

ranging from 0.2 to 1 V [179].
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(e) Solar cells

Recently, ZnO has been used in dye-sensitized solar cells as an electrode material
[183]. Investigations of nanoporous dye-sensitized ZnO films have shown that ultrafast
electron injection from the dye into the conduction band of the ZnO nanostructures takes
place [184], comparable to the timescale of electron injection into TiO; layers, which has
been the subject of investigation for a long time [185]. Semiconductors should have a
wide bandgap, high charge carrier mobility, and films fabricated from the material need to
deliver a high surface area for efficient dye-sensitization and light harvesting, which can
only achieved by nanostructured film. Therefore, ZnO seems to be a promising material
for this type of solar cell and has the advantage over the metal oxides of easy synthesis of

controlled nanostructures.
(f) Nano-generator

A nanowire nanogenerator based on vertically aligned ZnO nanowires have been
reported [186], which is driven by an ultrasonic wave to produce continuous direct current
output. The nanogenerator was fabricated with vertically aligned zinc oxide nanowire
arrays that were placed beneath a zigzag metal electrode with a small gap (Figure 1.6.5).
The wave drives the electrode up and down to bend and/or vibrate the nanowires. A
piezoelectric semiconducting coupling process converts mechanical energy into
electricity. The zigzag electrode acts as an array of parallel-integrated metal tips that
simultaneously and continuously create, collect, and output electricity from all of the
nanowires. The approach presents an adaptable, mobile, and cost-effective technology for
harvesting energy from the environment, and it offers a potential solution for powering

nanodevices and nanosystems.
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A Uitrasonmic wave

Silicon zigrag electrode
coated with P{

Figure 1.6.5: Nanogenerators driven by an ultrasonic wave. (A) Schematic diagram
showing the design and structure of the nanogenerator. Aligned ZnO NWs grown on a
solid/polymer substrate are covered by a zigzag electrode. The substrate and the electrode
are directly connected to an external load. (B) Aligned ZnO NWs grown on a GaN
substrate. The gold catalyst particles used for the growth had been mostly vaporized; thus,
the final NWs were purely ZnO with flat top ends. (C) Zigzag trenched electrode
fabricated by the standard etching technique after being coated with 200 nm of Pt. The
surface features are due to nonuniform etching. (D) Cross-sectional SEM image of the
nanogenerator, which is composed of aligned NWs and the zigzag electrode. (Inset) A

typical NW that is forced by the electrode to bend [186].
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(g) Chemical and bio-sensors

Semiconducting metal oxides have been widely used for sensing various gases and
vapors. Among the oxides, ZnO has emerged to become one of the prime material for
sensing applications. In the last few years, nanostructures of ZnO have been found to be
effective as gas-sensing materials. Due to the interesting properties of the nanostructures,
including rods, wires, tubes and belts, it provides many opportunities to study their
interesting sensing behavior by making new types of nanosensing structures.

ZnO nanorods synthesized by low temperature chemical solution route [187],
solvothermal method [188, 189], solid-state reaction method [190] have been studied for
NH;, H,S, ethanol and H, sensing characteristics. Hydrogen sensing characteristics at
room temperature with Pd, Pt coated ZnO nanorods have been investigated [191, 192].
The Pd-coated ZnO nanorods detected H, down to < 10 ppm, approximately a factor of 5
larger than without Pd. Pt-coated ZnO nanorods show a current response of approximately
a factor of 3 larger at room temperature upon exposure to 500 ppm H; in N, than the thin
films of ZnO. Multipod shaped ZnO nanorods [193] sensor showed higher sensitivity
compared to needle like nanorods [194], since at a common junction resulted in a very
large surface area and therefore their sensing properties related to the surface reactions
could be greatly enhanced. One-dimensional ZnO nanostructures such as nanowires [195],
nanonails, nanotrees [196], nanocombs [197] and nanotetrapods [198] have been
synthesized by oxygen assisted thermal evaporation of zinc metal and by vapor phase
techniques at high temperature, and its H,S, NO,, CO, H,, NHj, ethanol, acetone,
humidity sensing characteristics have been studied. The highest sensitivity is observed in
the case of ethanol and acetone. ZnO nanowire sensors have been fabricated with

micromechanical system technology and ethanol-sensing characteristics have been
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investigated [199, 200]. Optical and conductometric NO, sensors have been fabricated
using single crystal ZnO nanowires [201]. Vertically aligned nanowire arrays on
substrates have been synthesized by thermal evaporation process [202], hydrothermal
method [203], and by metal organic chemical vapor deposition method [204] and NO,,
methanol, H,, NH3, CO, O, sensing characteristics have been studied. Cd-doped ZnO
nanowires synthesized by thermal evaporation method, showed a resistance change of
more than three orders of magnitude when it was exposed to a pulse of 95% relative
humidity [205]. pH sensor [206], Cholesterol sensor [207] and uric acid sensor [208]

based on ZnO nanorods have been fabricated.

1.6.2 Carbon nanotubes

Multi-walled nanotubes (MWNTSs) can be conceived as multi-layered concentric
cylinders of single graphitic (graphene) sheets. The diameter of the inner tube is of the
order of a few nanometers while the outermost tubes could be as large as 10-30 nm.
Helicity is introduced during the curling of a graphene sheet, which is well established by
the electron diffraction studies. This suggests that the growth of the nanotubes occurs as
in the spiral growth of crystals. Concentric cylinders in MWNTs are separated by about
3.45 A, which is close to the separation between the (002) planes of graphite. CNTs being
capped by dome-shaped hemispherical fullerene-type units do not have dangling bonds at
their tips as is generally expected of the graphitic cylinders. A single-walled (SWNT) is
formed by rolling a sheet of graphene into a cylinder along a lattice vector in the graphene
plane. Various chiral tubes can be formed with the screw axis along the axis of the tube.
The models of the three types of nanotubes: zigzag, armchair and chiral nanotubes are

shown in figure 1.6.6.
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Figure 1.6.6: atomic structures of (12, 0) zigzag, (6, 6) armchair and (6, 4) chiral

nanotubes.

Nanotubes can be defined by a chiral angle 6 and a chiral vector C, given by

C = na;+ma, (1.6.1)

The vector C 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
1.6.7). a; and a; are unit vectors in a 2D graphene lattice and n and m are integers. Several
possible chiral vectors can be specified by equation 1.6.1 in terms of pairs of integers (n,
m). Many such pairs are shown in figure 1.6.7. The limiting cases are n = m # 0 (armchair
tube) and n #0, m=0 (zigzag tube). For a nanotube defined by the index (n, m), the
diameter, d, and the chiral angle, 6, are given in following equations 1.6.2 and 1.6.3,

where a=1.42 (3)"? and 0 < 6 < 30°.

d=a (m2 + mn + 112)1/2/7'5 (1.6.2)

6 = arctan [-(3)"? m]/2n + m (1.6.3)
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The (n, m) indices determine the nanotube electronic structure. Armchair SWNTSs
are metals with n-m=3q, where q is a nonzero integer, are semiconductors with tiny
bandgap; and all others are semiconductors with a band gap that inversely depend on
nanotube diameter. SWNT for which In-ml=3q are metallic, and those for which In-
ml=3qtl are Semiconducting. Thus, we see that 2/3 of the nanotubes correspond to

Semiconducting and 1/3 to metallic nanotubes.

Figure 1.6.7: Schematic honeycomb structure of a graphene sheet. Single-walled carbon
nanotubes can be formed by folding the sheet along lattice vectors. The two basis vectors

a; and a, are shown.

Among the various characterization techniques, Raman spectroscopy, electron
microscopy, diffraction techniques, UV-Vis spectroscopy are the most extensively used.
The XRD pattern of MWNTs shows only the (hk0) and the (001) reflections but no (hkl)
reflections [209]. Lot of information regarding the structure of the nanotubes can be (and

has already been) acquired from Raman spectroscopy. Using a zone-folding model, Jishi
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et al. [210] have calculated the Raman active phonon modes in the nanotubes. The
diameter and the chiral angle of the tube determine the frequency of the allowed modes.
Rao et al. [211] observed the diameter selective resonance behavior of SWNTSs. Resonant
Raman spectroscopy on isolated nanotubes has been used to determine the index (n, m) of
the nanotube [212].
(a) Field emission

CNTs are the best known field emitters of any material [213, 214]. This is
understandable, given their high electrical conductivity, and the incredible sharpness of
their tip (because the smaller the tip’s radius of curvature, the more concentrated will be
an electric field, leading to increased field emission; this is the same reason lightning rods
are sharp). The sharpness of the tip also means that they emit at especially low voltage, an
important fact for building low-power electrical devices that utilize this feature. CNTs can
carry an astonishingly high current density, possibly as high as 1013 A/cm’. Furthermore,
the current is extremely stable. An immediate application of this behavior receiving

considerable interest is in field emission flat-panel displays.
(b) Supercapacitors and actuators

Because of the high electrochemically accessible surface area of porous nanotube
arrays, combined with their electronic conductivity and useful mechanical properties these
materials are attractive as electrodes for devices that use electrochemical double-layer
charge injection. Examples include supercapacitors, which have giant capacitances in
comparison with those of ordinary dielectric based capacitors [215, 216]. These
capacitances (typically between ~15 and ~200 Fg'l, depending on the surface area of the

carbon nanotube arrays) result in large amounts of charge injection when a few volts are
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applied. Nanotube electromechanical actuators function at a few volts, compared with the

~100 V used for piezoelectric stacks and the ~ 1000 V used for electrostrictive actuators.
(c) Field effect transistors and related devices

FETs based on SWNTSs have been fabricated [217-221]. In nanotube field effect
transistors (NTFETs), gating has been achieved by applying a voltage to a submerged gate
beneath a SWNT (Figure 1.6.8), which was contacted at opposite nanotube ends by metal
source and drain leads [217]. The transistors were fabricated by lithographically applying
electrodes to nanotubes that were either randomly distributed on a silicon substrate or

positioned on the substrate with an atomic force microscope [218, 219].
(d) Chemical and biological sensors

Possible chemical sensor applications of nonmetallic nanotubes are interesting,
because nanotube electronic transport and thermo power (voltages between junctions
caused by interjunction temperature differences) are very sensitive to substances that
affect the amount of injected charge [222, 223]. The main advantages are the minute size
of the nanotube sensing element and the correspondingly small amount of material
required for a response. The analyte-nanotube interaction may have one of two effects.
The first effect involves charge transfer from analyte molecule to carbon nanotubes. In the
second type of mechanism, the analyte acts as a scattering potential across the carbon
nanotube. It is possible to distinguish between mechanisms by taking transistor
measurements [224]. If a charge transfer occurs, the threshold voltage will become either
more positive (electron withdrawing) or more negative (electron donating). In addition, a
scattering mechanism may be observed from an overall drop in conductance. This is

because of the scattering effect induced by the target analyte [224].
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A
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Figure 1.6.8: Nanoelectronic devices. (A) Schematic diagram [219] for a carbon NT-
FET. The Semiconducting nanotube, which is on top of an insulating aluminum oxide
layer, is connected at both ends to gold electrodes. The nanotube is switched by applying
a potential to the aluminum gate under the nanotube and aluminum oxide. Vg4, source-
drain voltage; V,, gate voltage. (B) Scanning tunneling microscope (STM) picture of a
SWNT field-effect transistor [219] made using the design of (A). The aluminum strip is
over coated with aluminum oxide. (C) Image and overlaying schematic representation
[221] for the effect of electrical pulses in removing successive layers of a MWNT, so that
layers having desired transport properties for devices can be revealed. (D) STM image
[220] of a nanotube having regions of different helicity on opposite sides of a kink, which
functions as a diode; one side of the kink is metallic, and the opposite side is

semiconducting. The indicated scale bar is approximate.
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1.6.3 Graphene

Graphene is the name given to a flat monolayer of carbon atoms tightly packed
into a 2D honeycomb lattice, and is basic building block for graphitic materials of all
other dimensionalities [Figure 1.6.9]. It can be wrapped up into OD fullerenes, rolled into

1D nanotubes or stacked into 3D graphite.

Figure 1.6.9: Mother of all graphitic forms. Graphene is a 2D building material for
carbon materials of all other dimensionalities. It can be wrapped up into 0D buckyballs,

rolled into 1D nanotubes or stacked into 3D graphite [155].

Top- and bottom-gated, single or few-layer graphene field effect transistors
(FETs) have been fabricated [225]. SiO, layer is used as the gate dielectric and the
measured electron and hole mobilities on these fabricated graphene FETs are as high as

~5400 cm?/V s.
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Graphene based gas sensors allow the ultimate sensitivity such that the adsorption
of individual gas molecules could be detected [226, 227]. NH3, CO and NO; sensors
based on graphene have been fabricated [226]. Nano-graphene has been investigated as a
sensing material using a highly sensitive potentiometric detection technique.
Functionalised graphene could detect NO, down to 60 ppb in ambient condition with
much shorter response time [227].

The room temperature values of the thermal conductivity in the range ~4.84 X 10°
to 5.3 x 10> W/mK were extracted for a single-layer graphene from the dependence of the
Raman G peak frequency on the excitation laser power and independently measured G
peak temperature coefficient [228]. The extremely high value of the thermal conductivity
suggests that graphene can outperform carbon nanotubes in heat conduction.

Transparent, conductive, and ultrathin graphene films have been employed as the
electrode for solid-state dye-sensitized solar cells [229]. The obtained films exhibit a high
conductivity of 550 S/cm and a transparency of more than 70% over 1000-3000 nm.
Furthermore, they show high chemical and thermal stabilities as well as ultrasmooth
surface with tunable wettability. This work suggests that graphene can be used as

electrodes for the development of next generation optoelectronic devices.

1.7 Concluding remarks

From the above discussion, it can be seen readily that nanostructures have many
interesting properties, different from their bulk counterparts. Metal oxide nanostructures
can be used as key components for different electronic devices. Properties of carbon

nanotubes and graphene suggest great promise in different device applications.
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° £
Gas sensors based on metal oxide nanostructures

Summary

This part of the thesis deals with the synthesis and characterization of different
nanostructures of metal oxides and a detailed study of their gas-sensing characteristics.
Nanoparticles, nanowires, nanorods and nanotubes of metal oxides such as ZnO, In,0s3,
V705, WOs4, TiO, and SnO, were prepared by different chemical routes and
characterized by transmission electron microscopy, X-ray diffraction, energy dispersive
X-ray analysis and Raman spectroscopy. H,, ethanol, hydrocarbon, H,S, NHj3; and
nitrogen oxides sensing characteristics of these nanostructures have been studied with a
locally fabricated experimental set-up. Hydrogen sensing characteristics of single
nanowires of ZnO, TiO, and WO, 7, as well as hydrocarbon sensing characteristics of
single WO,7, nanowires have been investigated by contact mode atomic force
microscopy.

Hydrogen sensing characteristics of thick films of nanoparticles of ZnO and Co or
Mn (1 and 3 at %) doped ZnO with and without impregnation of 1% Pt have been

investigated over a wide concentration range. ZnO nanorods prepared by low-

*Papers based on these studies have appeared in Chem. Phys. Lett. (2006);
Nanotechnology (2007); J. Nanosci. Nanotech. (2007); Solid State Commun. (2006); J.
Mater. Chem. (2006); J. Phys. D: Appl. Phys. (2007); Appl. Phys. A (2006); Sens.
Actuators: B (2008).
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temperature methods and ZnO nanowires prepared by electrochemical deposition in
alumina membranes as well as ZnO nanotubes have been investigated for hydrogen and
ethanol sensing characteristics. The sensing characteristics of these nanostructures were
also investigated after impregnating them with 1% Pt. The nanowires exhibit excellent
hydrogen sensing characteristics at relatively low temperatures (< 150° C) specially when
impregnated with Pt. Also the effect of humidity on sensitivity has been studied.

Hydrocarbon sensors based on V,0s5 and WO, 7, nanowires have been studied.
V,0s nanostructures do not exhibit satisfactory characteristics, while sensors based on
WO, .7, nanowires show high sensitivity (~1800) for 2000 ppm of LPG at 200 °C as well
as relatively short recovery and response times. Impregnation of WO, 7, nanowires with Pt
in the 0.1-1.0 at% range significantly improves the sensor characteristics, the sensitivity
increasing with Pt concentration and reaching a value of ~10° for 2000 ppm of LPG in
the100—200 °C range with 1 at% Pt.

Nanoparticles and nanoplatelets of WO3 and nanowires of WO, 7, have been
investigated for their H,S-sensing characteristics over the 1-1000 ppm concentration
range at 40-250°C. Nanoparticles and nanoplatelets of WOs3 exhibit response values of
757 and 1852 respectively to 1000 ppm H,S at 250°C, respectively, compared to the
response of 3313 of the nanowires of WO, 7,. Interestingly, the response of the nanowires
is satisfactory (121) to 10 ppm H,S at 250°C, while a large response (240) is observed for
1000 ppm H,S even at 40°C. WO, 7, nanowire emerges as a good candidate for H,S
sensing, with little effect of humidity up to 60% relative humidity as well as satisfactory

response and recovery times.
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Sensing characteristics of ZnO, In,O3 and WO3 nanowires have been investigated
for the three nitrogen oxides, NO, , NO and N,O. In,O3 nanowires of ~20 nm diameter
prepared by using porous alumina membranes are found to have a sensitivity of about 60
for 10 ppm of all the three gases at a relatively low temperature of 150 °C. The response
and recovery times are around 20s. WO3 nanowires of 5-15 nm diameter prepared by the
solvothermal process show a sensitivity of 20-25 for 10 ppm for the three nitrogen oxides
at 250 °C. The response and recovery times are 10s and 60s respectively.

Ammonia sensing characteristics of nanoparticles as well as nanorods of ZnO,
In,O3 and SnO, have been investigated over a wide range of concentrations (1-800 ppm)
and temperatures (100 —=300 °C). The best values of sensitivity are found with ZnO
nanoparticles and SnO, nanostructures. Considering all the characteristics, the SnO,
nanostructures appear to be good candidates for sensing ammonia, with sensitivities of
222 and 19 at at 300 °C and 100 °C respectively for 800 ppm of NHs. The recovery and
response times are in the 12-68 sec and 22-120 sec range respectively. The effect of

humidity on the performance of the sensors is not marked upto 60% at 300 °C.
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2.1 Introduction

Gas sensor elements have been extensively used for many years to detect and
monitor a variety of gases and vapors, including toxic or explosive gases, humidity, and
odors. The most important fields of applications are:

e Automotive, industrial, and aerospace sector, where gas sensors are needed to detect
NOy, H,, HyS, SO,, O,, O3, hydrocarbons or CO, in exhaust gases for environment
protection [1-5].

¢ Food industries, where gas sensors are used for control of fermentation processes, for
example, N-heterocycles as products of the Maillard reaction or long chain aldehydes
from lipid peroxidation [1-2].

¢ The domestic sector, where CO,, humidity, and combustible gases have to be detected
[3-5].

e The medical sector, where gas and vapor sensors are applied, for example in
diagnostics and patient monitoring [6-7].

¢ The security sector, which requires sensors to detect traces of explosives.

In a laboratory environment, compounds that need to be detected are
conventionally measured using techniques such as IR or UV-Vis spectroscopy, Hall
measurements, work function and d. c. measurements, impedance measurements or gas
chromatography. Although some of these methods are precise and highly selective, and
allow the detection of a single compound in a mixture of gases in very low concentrations,
their application is limited by cost, instrumentation complexity, and the large physical size
of the instrumentation. Thus, for low cost and mobile applications, solid-state gas sensors

are most common. Such sensor element has to transform chemical information,

58



Part 2

originating from a chemical or physical reaction of the gas molecule to be detected with
the gas-sensitive material, into an analytically manageable signal [5, 8]. The different
concepts that are applied include calorimetric sensors (pellistors) [9, 10], electrochemical
cells, like the lambda probe [11], gas-sensitive field—effect transistors [12], surface and
bulk acoustic wave devices [13], quartz microbalances [14,15], and chemiresistors.
Among these chemiresistors, or so-called resistive gas-sensing elements are most
commonly applied. In chemiresistors, metal oxides are typically used as gas-sensing
materials, which change their electrical resistance when interacts with the oxidizing or

reducing gas species.
2.1.1 Metal Oxide based gas sensors

Since the demonstration some years ago, by Brattain and Bardeen [16] in the case
of Ge and by Heiland [17] in the case of ZnO, that the adsorption of gases on the surface
of a semiconductor can bring about a change in the resistance of the material, there has
been sustained effort to make use of this change for the purpose of gas detection (Seiyama
et al 1962 [18], Taguchi 1970 [19]). Since that time, much technological effort has been
made to improve the sensitivity, selectivity, stability, as well as the response and recovery
time, which are the key parameters for the performance for a sensor element. The sensing
properties are related to the surface reaction between the species to be detected and
oxygen ionosorbed. The physical quantity normally measured is the resistance, which
depends on the adsorbed species through the height of energy barriers between the grains.

Metal oxide based sensors usually operate between 100 and 500°C in real world
condition. The sensor activity is expressed in terms of either sensor response (changes in

resistance R) or sensitivity, S (relative resistance changes, S=Rg./Rair 0r S=Ryir/Rgqs for
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oxidizing and reducing gases, respectively; Rq,s and Rgir denote the sensor resistance in the
presence and in the absence, respectively, of the target gas) {Figure 2.1.1}. The response
or recovery time describes the time taken for the sensor output to reach 90% (Atgoq) of its

saturation after applying or switching off the respective gas in a step function.

oxidising gas reducing gas:
.. b} 1° o.no, 0, .. CO, EtOH, propanal ...
«

al

Hﬂspﬂnsc - - ~ - ¥~
ForG L, L, f, &

Figure 2.1.1: (a) Metal-oxide-based gas sensor: The changes in the gas concentration (c);
(b) the gas is applied at t;, t3 and removed at t,, t4 lead to changes in the conductance G or

resistance R of the sensor; (¢c) modified from reference [20].

The most-advanced and best-performing metal-oxide based gas sensors have a
porous sensing layer based on annealed, nano-scaled oxide powders usually obtained
through chemical routes {sol-gel, precipitation, chemical vapor deposition (CVD), FSP
(FSP: flame spray pyrolysis)} [21- 24] and functionalized by adding small quantities of
noble metals (Pd, Pt, or Au) in the form of surface additives. In a typical metal-oxide
based gas sensor, the porous sensing layer is deposited on the transducer surface (e.g.
Si3Ny4, Al,O3, Si/Si0y) carrying the electrodes and an integrated heater {Figure 2.1.2 (a),
(b)}. The latter helps to achieve the typical sensor operation temperature on the order of
100 to 500°C. Metal electrodes (usually Pt or Au) are fabricated to enable conductance (or
resistance) measurement of the sensing material {Figure 2.1.2 (c)}. Hence, for a given

type of base material, the sensor property sensitivity depends on the structural features,
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the presence of and state of catalytically active surface dopants, and the working

temperature.

a) b)
SN0, heater I=H{V.T. t, gas, p) —II—
contact il

1000 pm 450 pym
Si _—
2000 pm

Sensing electrodes

Figure 2.1.2: Typical metal-oxide sensing elements: (a) The Figaro-Taguchi type (TGS)
sensor; (b) a SnO, nanowire (NW) gas sensor configured as a field-effect transistor (FET)
[25] (thickness of SiO, layer: 300 nm; p-Si = p-doped silicon, Vg= gate-to-source
voltage, Vi = source-to-drain voltage); (c) micromachined sensing element; top: side

view, left bottom: 3D view, right bottom: microscopy image of the sensor [26].

2.1.2 Mechanism of gas detection

Two different models currently describe the operation of metal-oxide-based gas
sensors. The first considers only the space—charge effects/changes of the electric surface
potential that result from the “ionosorption” of gaseous molecules (ionosorption model.
The second model explains the sensing effects by changes in the oxygen stoichiometry,
that is, by the variation of the amount of the (sub-) surface oxygen vacancies and their

ionization (reduction-reoxidation mechanism, Table 2.1.1). It must also be kept in mind
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that the mechanism may be influenced significantly by the materials and operating

conditions (e.g. temperature, composition of gaseous phase, hydroxylation of the surface).
(a) Ionosorption Model

Key in the mechanistic description of gas sensing is “oxygen ionosorption” and
the reaction of reducing gases with ionosorbed oxygen ions. On an n-type semiconductor
(e.g. SnO;,), oxygen ions are formed through the transfer of electrons from the conduction
band (CB) and are electro-statically stabilized in the vicinity of the surface. The
application of these considerations is limited to the temperature range in which diffusion
processes do not take place. Accordingly, the operation of SnO,-based sensors is
described as follows: atmospheric oxygen adsorbs on SnO, as molecular (O;,4) and
atomic (O s, Oz'ads) ions, which trap electrons from the conduction band; reducing gases
such as CO react with the oxygen ions (according to either a Eley-Rideal or Langmuir-
Hinshelwood mechanism) and release electrons, which return to the conduction band. The
nature of the ionized oxygen species is assumed to depend on the adsorption temperature.
At low temperature (100-200 °C) oxygen adsorbs on SnO, nondissociatively in a
molecular form (as charged O, ,qs i0ns). At high temperature (between 200 and 400 °C, or
even higher) it dissociates to atomic oxygen (charged O .4 Or Oz'adS ions). Oz'lat, are
assumed not to play any role in gas sensing. The atomic charged oxygen ion (Oqs) 1S
assumed to be of particular importance in gas sensing because the O™ ion appears to be
more reactive of the two possibilities and thus more sensitive to the presence of organic
vapors or reducing and oxidizing agents [27, 28]. Hence, the required electrons for this
process originating from donor sites, that is, intrinsic oxygen vacancies, are extracted

from conduction band E; and are trapped at the surface, leading to an electron-depleted
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surface region, the so called space-charge layer A,;. The maximum surface coverage of
about 10™ to 102 cm™ ions is dictated by the Weisz limitation, which describes the

equilibrium between the Fermi level and the energy of surface-adsorbed sites [29, 30].

Table 2.1.1: Gas-sensing mechanism on SnO, according to the ionosorption and oxygen-

vacancy models. ¥ [20]
Gas/mixture Tonosorption model Oxygen-vacancy model

Oxygen 02 (ads) +e (CB) = 02_ (ads) ZVO. + Oz (gas) +2e (CB) = C)OX
05 (i) +¢ (CB) & 022>(ads) =2 O (ads)

COfpresence of oxygen CO () + O (aas) & CO; (gus) +€ (CB)  CO (g + 00" & CO; (gus) + Vo'
V) eV, +e (CB)
VS V," +¢ (CB)
CO/absence of oxygen — CO (g < CO" (44 +¢ (CB)
NO, NO; (ga5) +€ (CB) & NO, ™ (ads) NO; (gas) + V.= NO,~ (ads) T A\
2NO (gag) + Oy (as) + Vo' 2NO;™ (aas) + Vo o
water vapor Hy0 (gus) + O (aas) +2 Snig," & H,0 (@) +2 Sng,” +0," &
2(Sng,"-OH) +e” (CB) 2 (Sng,"-OH) + V" + ¢ (CB)
H,Os) + Sng,y* + 0,0 &

(Sng,*~OH) +OH, * + ¢ (CB)

[a] CB: conduction band, V,: oxygen vacancy. The Kroger—Vink notation is used to show
the charges of the lattice atoms/species (Sn, O, OH); for adsorbed species and electrons
the “real” charges are shown; V,": neutral (i.e., two electrons localized in an oxygen
vacancy), V, : singly ionized oxygen vacancy, V, : doubly ionized oxygen vacancy,
Sns,*: tin ion (Sn4+) on a tin lattice site, OH,": hydroxide ion (OH’) on an oxygen lattice

site. Neutral oxygen species, such as physisorbed oxygen, O; pnys, and lattice oxygen ions.
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The presence of the negative surface charge leads to band bending {Figure. 2.1.3
(b)}, which generates a surface potential barrier eVygace 0of 0.5 to 1.5 eV. The height
(eéVsurface) and depth (Ay;) of the band bending depend on the surface charge, which is
determined by the amount and type of adsorbed oxygen. At the same time, layer Agi
depends on the Debye length Lp, which is a characteristic of the semiconductor material

for a particular donor concentration.

EVac ————— f ———————————— } ———————
X
E CIID v =
c
EF:.._..:.:.t.._..:.:.:.._..:.:.:.._..:.:.:.._. Eger il
EV
Ey

— bulk surface gas =

Figure 2.1.3: (a) Schematic representation of flat band in n-type semiconductor, (b) Band
bending after chemisorption of charged ion species. (P is work function and % is electron

affinity) [21].

L, = (g0eK5T/q2nc)1/2 (1

Where K3 is Boltzmann’s constant, ¢ the dielectric constant, €0 the permitivity of free

Space, T the operating temperature, e the electron charge, and n. the carrier concentration,
which correspondence to the donor concentration assuming full ionization. As an
example, Lp for SnO, at 250 °C is about 3 nm, with €=13.5, 80:8.85><10_12 Fm' and ne
=3.6x1024 m™ [31].

In case of polycrystalline sensing materials, electronic conductivity occurs along

percolation paths via grain-to grain contacts and therefore depends on the value of eV gyface
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of the adjacent grains. eV face represents the Schottky barrier. The conductance G of the
sensing material in this case can be written as [32]:

G= eXp ('eV surface/KBT) (2)

Reducing gases such as CO react with the ionosorbed oxygen species via the
formation of unidentately and/or bidentately bound carbonate groups and desorb finally as
CO; [33]. Thus, even traces of reducing gas decrease the amount of adsorbed oxygen
significantly and the surface-trapped electrons are released back to the bulk. As a
consequence, the height of the Schottky barrier is reduced, which results in an increase of

the conductance of the whole sensing layer (Figure 2.1.4).

structural
model

band
model
k

Sch'ottkg.r barrier

k= : : : :
Ievsmace i | i AeVsurace
: : : Y < e— Ai__Ec
e e e i e e e e e s r—rtYrrrrrrrr717 ===
| ' X

Figure 2.1.4: Structural and band model showing the role of intergranular contact regions
in determining the conductance over polycrystalline metal oxide semiconductor: (a) initial

state, (b) effect of CO on Ay and eV gyface for large grains [21].
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According to Barsan and Weimer, a power law dependence of the conductance on
the partial pressure of CO [P.] is given as G =[P]", where n depends on the
morphology of the sensing layer and on the actual bulk properties of the sensing material
[23]. In case of oxidizing gases such as NO, Os; etc, further electrons are extracted from
the semiconductor, leading to an increase of the space-charge layer and the height of the
space charge layer respectively. Thus the adsorption of oxidizing gases leads to a

decreased in conductance of the sensing material.
(b) Effect of grain size on sensitivity

To explain the effect of grain size on the sensitivity of metal-oxide gas sensors, Xu
et al. [34] proposed a semi quantitative model, which is shown in figure 2.1.5
schematically. According to the model the sensor consists of partially sintered crystallites
that are connected to their neighbors by necks. Those interconnected grains form larger
aggregates that are connected to their neighbors by grain boundaries (GB). Three different
cases can be distinguished according the relationship between the grain size D and the
width of the depletion layer L.
(a) For D >> 2L.: When D >> 2L, most of the volume of the crystallites is unaffected by
the surface interactions with the gas phase, as shown in figure 2.1.5 (a). In this case the
predominant effect of the ambient gas atmosphere on the sensor’s conductivity is
introduced via the GB barriers for intercrystallite charge transport from one grain
(agglomerate) to another. From equation (2), the electrical conductivity is exponential
dependent with barrier height and according to the depletion approximation e |Vg| o<
(N{)?, where Ny is the trapped charge density at the surface of the crystallites. N, can be

modified by charge transfer interactions with reactive gases such as O,, NOy, and CO, and
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therefore the conductivity is sensitive to the ambient gas composition. Thus, for large
grains (D >> 2L) the gas sensing mechanism is controlled by GB barriers. Furthermore,

the GB barriers are independent of the grain size and therefore the sensitivity is

independent of D.

D == 2L(GB control)

a)

Figure 2.1.5: Schematic model of the effect of the crystallite size on the sensitivity of

metal oxide gas sensors: (a) D >> 2L (GB control); (b) D = 2L(neck control); (c) D < 2L
(grain control) [35].
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(b) For D > 2L: As the grain size decreases the depletion region extends deeper into the
grains and consequently the core region, which is relatively conductive with respect to the
depletion region adjacent to the surface, becomes smaller. When D approaches but still
larger than 2L, i.e., when D > 2L, the depletion region that surrounds each neck forms a
constricted conduction channel within each aggregate, as shown in figure 2.1.5(b).
Consequently, the conductivity depends not only on the GB barriers but also on the cross
section area of those channels. This area is proportional to (X-L)?, where X is the neck
diameter, which is proportional to the grain size D (X~0.8D) according to ref. 34). As a
result, the conductivity is a function of the ratio X/L (or X/D). Since L o< N; and Ny is
modulated by the surface interactions with the gas phase, the effective cross section area
of the current path though the grains is sensitive to the ambient gas composition. The
current constriction effect adds up to the effect of the GB barriers, and therefore the gas
sensitivity is enhanced with respect to the former case {D >> 2L, Figure 2.1.5 (a)}.
Furthermore, the sensitivity to gases becomes grain size dependent and it increases when
D decreases [35].

(c) For D <2L: When D < 2L the depletion region extends throughout the whole grain
and the crystallites are almost fully depleted of mobile charge carriers, as shown in figure
2.1.5 (c). As a result, the conductivity decreases steeply since the conductions between the
grains are vanished. The energy bands are nearly flat throughout the whole structure of
the interconnected grains, and since there are no significant barriers for intercrystallite
charge transport the conductivity is essentially controlled by the intercrystallite
conductivity (grain controlled). Following theoretical evaluation, Rothschild et al [35]

have shown the effect of particle size between 5-80 nm on the sensitivity of SnO,. By
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their model for particles in which the entire volume is depleted of mobile carriers due to
electron trapping at surfaces states, the effect of the gas-induced variations in the surface
trapped charge density on the electrical conductivity as a function of the particle size is
calculated. As a result, in nanosized particles the gas-induced variations in the surface-
trapped charge density are greatly amplified leading to a high sensitivity, which is
proportional to 1/D. The experimental data shown in figure 2.1.6 follow similar size

dependence [35].

Grain-Control

Neck-Control

Sensitivity
[
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o

Grain Boundary
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T T T T
0 40 80 120 140 180

Nano-Crystallite Size (nm)

Figure 2.1.6: Influence of SnO, particle diameter, D on sensitivity [35].

Besides the particle size, the influence of microstructure, that is, the film thickness
and its porosity are critical factors on the response time and the sensitivity. Sensing layers
are penetrated by oxygen and analyte molecules so that a concentration gradient is
formed, which depends on the equilibrium the diffusion rates of the reactants and their
surface reaction. The rate leading to the equilibrium condition determines the response
and recovery times. Therefore, a fast diffusion rate of the analyte and oxygen into the
sensing body, which depends on its mean pore size and the working temperature, is vital.

Furthermore, maximum sensitivity will be achieved if all percolation paths contribute to
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the overall change of resistance, that is, that they are all accessible to the analyte
molecules in the ambient. Thus a lower film thickness together with a higher porosity
contributes to a higher sensitivity and faster response time. By using one-dimensional
nanostructures such as wires, rods, belts, tubes and fibers as active sensor materials one

can achieve higher diffusion rate and pore volume [36].
(c) Effect of surface doping

To overcome the inherent limitations of the pure base material, doping with metal
and/or oxides has a profound impact on the sensor performance. The doping process
improves sensor performance by increasing the sensitivity, favoring the selective
interaction with the target analyte and thus increasing the selectivity and decreasing
response and recovery time, respectively, which is then accompanied by a reduction of the
working temperature. Furthermore, surface doping may enhance the thermal and long-
term stability.

To explain the influence of surface additives, two different mechanisms, that is,
electronic and chemical sensitization, have repeatedly been applied [37-39]. In the case of
electronic sensitization, the additive in its oxidized state acts as a strong acceptor for
electrons of the host semiconductor. This induces an electron-depleted space-charge layer
near the interface. By reacting with a reducing analyte, for example H,, the additive is
reduced releasing the electrons back to the semiconductor {Figure 2.1.7(a)}. This type of
sensitization has been observed for AgO/Ag, PdO/Pd, CuO/Cu. Chemical sensitization
mechanism involves a catalytic surface reaction. The deposited clusters of noble metals
(Pt or Au etc) provide preferred adsorption and activated sites for the target analyte from

which activated fragments are spilled over onto the semiconductor to react with the
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ionosorbed oxygen {Figure 2.1.7 (b)}. As a result, the surface coverage with oxygen, and

therefore eV gyrface 18 reduced.

elactronic sensitization chemical sensitization

Figure 2.1.7: (a) Electronic sensitization, where the additive is an acceptor for electrons
and the redox state/chemical potential is changed by reaction with analyte; (b) chemical
sensitization by activation of the analyte (H,) followed by spill over and change of the

surface oxygen concentration [21].

(d) Oxygen-Vacancy Model

This model focuses on oxygen vacancies at the surface, which are considered to be
“the determining factor in the chemiresistive behavior’[40]. Tin oxide, the most
extensively investigated sensing material, is oxygen deficient and, therefore, an n-type
semiconductor, whose oxygen vacancies act as electron donors. Alternate reduction and
reoxidation of the surface by gaseous oxygen control the surface conductivity and
therefore the overall sensing behavior. In this model, the mechanism of CO detection is
represented as follows: 1) CO removes oxygen from the surface of the lattice to give CO,,
thereby producing an oxygen vacancy; 2) the vacancy becomes ionized, thereby
introducing electrons into the conduction band and increasing the conductivity; 3) if
oxygen is present, it fills the vacancy; in this process one or more electrons are taken from

the conduction band, which results in the decrease in conductivity.
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2.2 Scope of the present investigations

We have investigated sensing characteristics for H,, C;HsOH, hydrocarbon, H,S,
nitrogen oxides and ammonia of the nanostructures of ZnO, In,O3, SnO,, TiO,, V,05 and
tungsten oxide
2.2.1 H; and C;H50H sensors based on pure and doped ZnO nanostructures

ZnO has been recognized as one of the promising materials in a broad range of
high-technology applications such as optical, acoustical, electronic, and optoelectronic
devices due to their wide band-gap (3.37 eV) and large exciton binding energy (60 meV)
[41-43]. ZnO is also a functional material that is sensitive to toxic and combustible gases.
ZnO gas sensors with various forms, such as powder, thin films, heterojunctions,
nanoparticles, and one-dimensional nanowires, nanorods, nanoflowers have been
demonstrated. Among these, nanostructures are particularly useful due to their large
surface-to-volume ratio, which lead to higher diffusion rate and pore volume. ZnO
nanorods synthesized by low temperature chemical solution route [44], solvothermal
method [45, 46], solid-state reaction method [47] have been studied for NH3, H,S, ethanol
and H, sensing characteristics. It is known that the presence of noble metal elements (Pt,
Pd, Au etc.) on the surface of metal oxide can enhance the interaction of gas species with
the adsorbed oxygen on the surface [48, 49]. One-dimensional ZnO nanostructures such
as nanowires [50], nanonails, nanotrees [51], nanocombs [52] and nanotetrapods [53] have
been synthesized by oxygen assisted thermal evaporation of zinc metal and by vapor
phase techniques at high temperature, and its H,S, NO,, CO, H,, NHj3, ethanol, acetone,
humidity sensing characteristics have been studied. Cd-doped ZnO nanowires synthesized

by thermal evaporation method, showed a resistance change of more than three orders of
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magnitude when it was exposed to a pulse of 95% relative humidity [54]. H,S sensor
using a single ZnO nanowire as a sensing unit has been presented by Liao et al. [55].

We have been exploring the gas sensing properties of pure and ZnO
nanostructures impregnated with Pt (1%) to achieve high sensitivity, selectivity and lower
response, recovery times. In view of the varied results in the literature, which have
generally reported relatively low sensitivities, it seemed desirable to systematically study
the sensing properties of nanostructured materials of ZnO for H, and ethanol, with a view
is to obtain high sensitivity as well as good response and recovery times at relatively low
temperatures. For this purpose, we have investigated the characteristics of ZnO
nanoparticles; Co/Mn doped (1 and 3%) nanoparticles, nanorods, nanowires and
nanotubes prepared by different chemical routes for sensing H, and ethanol vapor. The H,
sensing characteristics were studied over the concentration range of 10-1000 ppm. The
ethanol sensing characteristics were examined for 1000 ppm of ethanol. In addition to
studying the sensing characteristics of the as-prepared nanostructured materials, we have
investigated the effect of impregnating the ZnO nanostructures with 1 at% Pt. Also the
effect of humidity on sensing characteristics has been studied. We considered it important
to investigate the Hj-sensing characteristics of single nanowires of ZnO at room
temperature. We have employed contact mode atomic force microscopy to explore the
sensing characteristics of single ZnO and TiO, nanowires for sensing H, at room

temperature.
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2.2.2 Hydrocarbon and hydrogen sensors based on tungsten oxide nanowires

Wide-band gap semiconducting oxides such as SnO, and ZnO have been studied
for making efficient hydrocarbon sensors with noble metal additives such as palladium
and platinum [56-59]. The sensitivity of the sensors employing these oxides is well within
100 at 2000 ppm level. Other materials examined for hydrocarbon sensing include WO;
[60], y—Fe,Os loaded with PtO [61] and nanocrystalline Ni;«CoxMnyFe, «O4 [62]. The
sensitivity and response times of these sensors are not entirely satisfactory. V,0Os
supported on ZrO, is reported to be a good sensor for n-propane-butane mixtures at 625K
[63], but the maximum sensitivity found is around 3 at the 2000 ppm level. Thick films of
nano-sized SnO, exhibit a sensitivity of 90 for 1000 ppm of liquefied petroleum gas
(LPG) [64]. SnO, samples sintered at 600 °C show a sensitivity of 100 at 350 °C for 1000
ppm of LPG [65]. In another report, thick-film gas sensors based on pure and Ru-doped
nanostructured SnO, are found to have a maximum sensitivity of 375 for 1000 ppm of
LPG [66] Liu et al. [67] have reported a LPG sensor based on multi-walled carbon
nanotubes coated with SnO, with a sensitivity of ~ 20 at 335 °C for 1000 ppm of LPG.

In the present work we have studied the hydrocarbon sensing characteristics of
different nanostructures of V,0Os as well as nanowires of tungsten oxide (WO, 7,) over the
concentration range of 50-2000 ppm, after characterizing the nanostructures by X-ray
diffraction, electron microscopy and Raman spectroscopy. In addition to studying the
sensing characteristics of the as-prepared nanowires of tungsten oxide, we have
investigated the effect of impregnating the tungsten oxide nanowires with 0.1, 0.5 and 1
at% Pt. We have found excellent sensing characteristics of WO, 7, nanowires towards

LPG (propane-butane mixture) at relatively low temperatures in the range of 50-200 °C
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with satisfactory response and recovery times. Also the LPG and H, sensing
characteristics of single nanowires of WO, 7, have been studied by conducting atomic
force microscopy.
2.2.3 H,S sensors based on tungsten oxide nanostructures

We were interested in developing sensors for H,S wusing metal oxide
nanostructures, since H,S is a toxic gas used in chemical laboratories and industries. H,S
is also liberated in nature due to biological processes and also from mines and petroleum
fields. In the literature, there are reports where films of WO; have been used for sensing
H,S at ppm level with the response values varying between 3 and 10* depending on the
temperature and the gas concentration [68-73]. Nanoparticulate WO; films show a
sensitivity of 3-5 for 1 ppm of H,S at 200 °C [71]. Active layers of pure and Pt-doped
WO; films deposited by rf magnetron sputtering were able to sense 100 ppb of H,S at
200 °C [72]. Rf sputtered WOs films and films doped with Pt, Au, Ag, Ti, SnO;, ZnO and
ITO have been examined; sensitivity was improved by Au to H,S [73]. Tungsten oxide
nanocrystalline films [74-76] and nanowire networks [77] have been studied for H,S
sensing. Sensitivities of 9.9 and 9.7 were achieved in 7.7 wt % Pt-doped nanocrystalline
WOs3 at 220 °C and 7.2 wt % Pd-doped WOs3 at 170°C respectively for 100 ppm H,S [74].
Nanocrystalline WO3; powders annealed at 400 °C and 700 °C have been studied for
sensing 20 ppm H,S in the 200-300 °C range. Samples annealed at 400 °C show higher
sensitivity (~10) compared to those annealed at 700 °C [75]. Pure and Al or Au doped
nanocrystalline WOj3 films made by advanced reactive gas deposition were investigated
for H,S sensing. WO; nanoparticle based sensors were sensitive to H,S at room

temperature, but the response times were of several minutes and recovery times were of
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several hours [76]. Three dimensional tungsten oxide nanowire networks show a
sensitivity of ~100 for 10 ppm H,S at a working temperature of 300 °C [77]. Thin films of
SnO, exhibit a sensitivity ~100 for 5 ppm of H,S at 200 °C [78], while SnO, films
impregnated with CuO show a low sensitivity for 10-500 ppm H,S in the 100-200 °C
range [79-82]. Fe,(MoO,); powders are reported to show a sensitivity ~31 for 10 ppm of
H,S at 250 °C [83]. LnFeOs; (Ln= Eu or Gd) shows a sensitivity ~12 for 50 ppm H,S at
350° C [84]. We have investigated the sensing characteristics of WO3 nanoparticles and
nanoplatelets and of WO, 7, nanowires towards H,S in the 1-1000 ppm range at a working
temperature in the range of 40-250° C. Our study shows that WO, 7, nanowires are good
candidates for sensing H,S in the 10-1000 ppm range at 250 °C.
2.2.4 NO;z, NO and N,O sensors based on In,O3; and WO; nanowires

Sensing NO; in the atmosphere has assumed great importance because of the
serious problem of atmospheric air pollution caused by auto-exhaust and other sources. In
view of this, there have been attempts to develop sensors for NO, based on metal oxides,
which have been traditionally used for sensing different gases. Thus, ZnO powder has
been found to detect NO, at low concentrations at 100 °C, although the sensitivity is not
high [85]. Nanobelts and nanowires of SnO, are reported to act as NO, sensors at 150 °C
[86]. Nanocrystalline WO3 senses low concentrations of NO,, but the observed sensitivity
is low [87, 88]. Single crystalline nanowire bundles of WOj3 seem to exhibit better sensing
characteristics for low NO, concentrations due to the high surface-to-volume ratio [89],
with a sensitivity of ~9 for 50 ppb of NO, at 150 °C. Thick and thin films of WO3 have
been shown to sense NO, at relatively high temperatures [90-92]. In,O3 , which is known

to have good sensing characteristics for NH; [93], CO, H, [94] and O, [95], has been
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investigated by a few workers to sense NO,. Thus, nanowire transistors of In,Os act as
NO; and NH3 sensors at ppm levels at room temperature [96]. In,O3; nanoparticles have
been found to sense 2 ppm of NO; at 200 °C with a response time of 60s [97]. Thin films
of In,O3 and of In,O3 in mixture with other oxides have also been employed for sensing
NO; at operating temperatures of 400 °C and 500 °C respectively [98-100]. Besides NO; ,
there is need to find good sensors for NO and N,O as well. While NO is part of the
pollution problem, N,O is a green-house effect gas which causes ozone-layer depletion.
N,O is also used in medical practice as an anesthetic. SnO; loaded with a small amount of
SrO, CaO, BaO, Bi,0O3 and Sm,03 have been studied for N,O sensing in the concentration
range of 10-300 ppm at 500 °C [101].

We were interested in exploring gas sensors for all the three nitrogen oxides, NO,,
NO and N;O, since they all have detrimental effects on the atmosphere. Since the
reduction in grain size of the nanostructured materials allows a high surface-to-volume
ratio, thereby providing greater reactivity at the surface and grain boundaries, we have
investigated nanowires of ZnO, In,O3; and WO; for sensing the three nitrogen oxides. The
present study reveals that In,O3 nanowires of ~20 nm diameter prepared by using porous
alumina templates as well as WO3; nanowires of ~10 nm diameter are ideally suited as
sensors for all the three nitrogen oxides, in terms of the high sensitivities as well as the
relatively short response and recovery times.
2.2.5 Ammonia sensors based on metal oxide nanostructures

Detection of ammonia in the atmosphere is an extremely important problem with
implications to the environment and medical practice as well as the automotive and

chemical industries [102]. There have been reports on ammonia sensors, but they do not
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make use of nanostructures. Thus, thin films of ZnO and ZnO doped with different metals
have been found to sense ammonia with sensitivities varying between 4 and 95 for 1-30
ppm of NHj over the temperature 30-300°C range [103, 104]. Surface-ruthenated ZnO
films appear to have a sensitivity of ~440 for 1000 ppm of NHj3 at 300°C [105, 106]. Thin
films of sol-gel derived SnO, are reported to exhibit a linear relationship between the
logarithm of sensitivity and NH3 concentration in the range of 0.05-10 volume% at 350°C
[107]. SnO, powder modified by Pt or SiO, shows sensitivity between 12 and 25 for 200
ppm of NHj at 160°C [108]. In,O3 ceramics modified by Ti or loaded with Pt, Au show
enhanced selectivity for 5-1000 ppm at 145°C [109, 110]. Several other materials have
also been tested for sensing ammonia, in particular single-walled nanotubes
functionalized with poly-aminobenzene sulfonic acid and N-doped carbon nanotubes
[111-113]. The nanotubes exhibit a sensitivity of 2 for 5 ppm of NH3 at 32°C. Based on
the literature, there appears to be a clear need for reliable and satisfactory ammonia
Sensors.

Our success with the nanostructures of different semiconducting metal oxides for
sensing H,, hydrocarbons and ethanol, suggested that it would be rewarding to explore
nanostructures of certain metal oxides for sensing ammonia. Hence, we have studied the
NH;3-sensing properties of the nanostructures of ZnO, In,O3 and SnO,, of which those of
SnO, are particularly satisfactory, with good sensitivity and relatively short response and

recovery times.
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2.3 Experimental aspects

2.3.1 Synthesis of nanostructures

Nanostructures of different metal oxides have been synthesized by following
different chemical routes, which includes sol-gel method, solvothermal method, solid-
state reactions, electrophoretic deposition technique, template methods, and carbothermal
synthesis etc.

(a) ZnO nanostructures

ZnO nanoparticles were synthesized by the sol-gel technique starting with zinc
acetate. An aqueous solution of ammonia was used to hydrolyze the zinc acetate and yield
a gel. The gel obtained after 2h, was dried at 100°C for 10h to obtain the xerogel of the
material. The xerogel was calcined at 250°C for 3h and ground to form a powder. The
powder was slowly heated to 400°C for 30 min to decompose the organic matter
completely. The same procedure was used to prepare the powders of ZnO doped with 1
and 3mol% of Co and Mn starting with the acetate solutions. It should be noted that Co
and Mn can be doped satisfactorily in ZnO as established by X-ray diffraction as well as
optical and EPR spectroscopy and that doping ZnO with 3% Co and Mn lowers the band
gap of ZnO [114].

Zn0O nanorods were synthesized by two procedures. In the first procedure [115],
the nanorods (designated as nanorods-1) were prepared by adding triethanolamine (0.07
mol) to a fine powder of Zn (CH3COO),. 2H,0 and grinding the mixture with NaOH
(0.02 mol) for 30 min. The product was washed several times in an ultrasonic bath with

distilled water and alcohol, followed by drying in air at 80 °C for 2 h. The second
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procedure was based on oriented attachment of preformed quasi-spherical nanoparticles
[116]. These nanorods (designated as nanorods-2) were prepared as follows. Zn
(CH3COO),. 2H,0 was dissolved in methanol under vigorous stirring at 60 °C and 0.03M
KOH in methanol added drop wise to this solution. The resulting solution was refluxed
for 24 h to obtain the product, which was washed with alcohol and dried. ZnO nanowire
arrays were prepared by electrophoretic deposition in anodic alumina membrane (AAM)
templates with 20 nm pores [117, 118]. The alumina template was dissolved in 0.6 M
NaOH to obtain nanowire bundles. To prepare ZnO nanotubes, Zn nanowires produced by
nebulized spray pyrolysis [119], were oxidized by heating in air at 450 °C at a rate of 5 °C
/ min for 4h.
(b) TiO, nanowires

TiO;, nanowires were synthesized by solvothermal method [120]. For the synthesis
of TiO, nanowires, 0.15 M TiCl; (Riedel-de Haen) and 80ml saturated solution of NaCl
(Merck, 99% pure) were taken in a Teflon-lined autoclave and heated at 200 °C for 2h.
The product obtained after cooling the autoclave to room temperature was washed with
deionized water and alcohol several times and dried in vacuum.
(¢) V205 nanostructures

For the synthesis of V,0s nanoparticles, 1g of NHsVO; (Merck, 99.5% pure) was
taken in a 100 ml Teflon-lined autoclave containing 80% volume of ethylenediamine
(Merck, 99% pure) and heated at 220 °C for 24h. The final product obtained after cooling
the autoclave to room temperature was washed with deionized water and then anhydrous
alcohol several times and dried at 80 °C for 24h. The powder was then heated slowly at

450 °C for 2h in air.
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V,0s nanobelts were prepared by adding 0.01 mol (1.17g) of analytically pure
NH4VOs; into 50ml (2g 1™ polyethyleneglycol-4000 (Loba Chemie, 99% pure) solution
under stirring and the pH of the mixture adjusted to 2-3 by adding HNO;3; (Rankem, 72%
pure) dropwise. The solution was transferred into a 100 ml Teflon-lined autoclave. The
autoclave was kept at 200 °C for 24h and then allowed to cool. The final product was
washed several times with deionized water and ethanol.

In order to prepare V,0Os nanowires, an aqueous solution of sodium metavanadate
was passed through a cation exchange column (DOWEX) to get vanadic acid. A
polycarbonate membrane (Nucleopore Track-Etch membrane, 0.02 um; Whatman, Kent,
UK) was immersed in the vanadic acid solution and kept for 24 hours at 50 °C. The
polycarbonate membrane containing nanowires was slowly heated at 500 °C for 6h.

(d) Tungsten oxide nanostructures

The procedure for preparing the WO3 nanoparticles was as follows [121]. 0.2 g of
WClg (Aldrich, 98% pure) was taken in 80 ml of a mixture of water and ethanol mixture
(3:1 ratio) and kept in an autoclave for 6 h at 150°C. The obtained product was washed
with deionized water and ethanol. Then it was heated at 400°C for 1h at a heating rate of
1°C min”'. WO5 nanoplatelets were obtained by following the method [122]. 0.5 g of
WCl and 20 ml of benzyl alcohol were taken in a beaker. After vigorous stirring for 1 h,
the solution was transferred to a 25 ml autoclave and kept at 100°C for 48 h. The obtained
product was washed with ethanol several times and dried in vacuum at 60°C. To remove
water, the product was heated at 400°C for 1 h at a heating rate of 1°C min™. Tungsten
oxide (WO,7,) nanowires were prepared by solvothermal synthesis [121]. 1g of WClg was

taken in a 25 ml autoclave filled with ethanol up to 90% of its volume. Solvothermal
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synthesis was carried out at 200°C for 24 h. The product obtained by centrifugation was
washed with ethanol.
(e) In,O3 nanostructures

One sample of In,O3 nanowires was prepared by the carbothermal process [123].
The detailed experimental procedure is as follows: A thin Au film (~ 30 nm) was
deposited on the Si (100) substrate. The In,O3 (99.95% purity) and graphite (99.995%
purity) powders with a weight ratio of 1:1 were mixed thoroughly. The mixture was then
loaded in an alumina boat, which was placed in the quartz tube, placed in a tube furnace.
The Au-coated Si substrate in the boat was placed at 5 cm downstream from the powder
mixture. The tube was purged with Ar for 10 min at room temperature, followed by a
raise of the temperature to 950°C with a heating rate of 3°C/min for the powders Then, a
gas mixture of Ar and O; (Ar flow rate, ~ 200 sccm; O, flow rate, ~ 10 sccm) was
introduced to the quartz tube for the reaction to take place. After 2 hrs of growth, the
furnace was cooled down to room temperature, and a white-yellowish product was
observed on the substrate.

Two other samples of In,O3 nanowires were prepared by using anodic alumina
membrane (AAM) templates with pore sizes of 200 nm and 20 nm [124] and designated
as InpO3 —1 and In,O3 2. The method of preparation of these nanowires was as follows.
In(OH);3 sol was prepared starting with InCl5.4H,0 and by adding ethylene diamine
dropwise. The sol was taken in 100 ml deionized water and stirred for 6h at room
temperature. After getting a light blue hydrated In(OH); sol, the alumina template

membranes were immersed in the sol for Sh under a pressure of 2 atm. The templates
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were then taken out and dried at 60°C and heated under an argon atmosphere at 600°C for
4h. The templates were dissolved in 0.6 M NaOH solution to get the nanowires of In,Os.
(f) SnO; nanostructures

SnO; nanoparticles were prepared by dissolving 1g of SnCl4.5H,0 (Lobachemie,
98% pure) in 70 ml of H,O, followed by addition of a few drops of ethylenediamene. The
solution was taken in a 100 ml Teflon-lined autoclave and heated at 200°C for 24h. After
cooling the autoclave, the product was washed with alcohol and water and dried in air at
60°C overnight. SnO, nanorods and flower-like structures were obtained by following
methods reported elsewhere [120, 125]. SnO; nanorods were prepared starting with a
mixture of 1g of SnCly.5H,O in 70 ml of ethanol and water (5:1). After adding 10 M
NaOH, the solution was transferred to a 100 ml autoclave and heated at 200°C for 24h.
After cooling the autoclave, the product was washed with absolute ethanol several times
and then it was dried in vacuum to get the final product. Flower-like structures of SnO,
were obtained by taking 0.5g of as-prepared SnO; nanoparticles and 10 M NaOH in 80 ml
ethanol and heating the mixture in an autoclave at 200°C for 36h. The product was
washed with dil. HCI and water to remove the byproducts of sodium, and was dried in

vacuum at 60°C.

2.3.2 Techniques used for characterization

X-ray diffraction
Powder X-ray diffraction patterns were recorded using Cu-Ka radiation on a Rich-

Seifert, XRD-3000-TT and a Rigaku diffractometer.
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Scanning electron microscopy

Scanning electron microscopy (SEM) images were obtained on a LEICA S440i
scanning electron microscope and a field emission electron scanning electron microscope
(FESEM with a NOVA NANOSEM 600). 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.
Transmission electron microscopy

Transmission electron microscopy (TEM) images were obtained with a JEOL JEM
3010 operating with an accelerating voltage of 300 kV.
Raman Spectroscopy

The Raman experiments were performed in the back scattering geometry
(LABRAMAN-HR) using a He-Ne laser at 632.8 nm.
Atomic force microscopy

Contact mode atomic force microscope (CAFM) measurements were made using a
digital instrument multimode head attached to a Nanoscope—IV controller and an external
multimeter (Kiethley 236) as the source and measurement unit for current-voltage
characteristics. Commercial silicon nitride cantilever probes from Olympus (Japan)
(spring constant, 0.61N/m) were made conducting by coating them with Ti/Au (10/100
nm) by using a physical vapor deposition (PVD) system. The bias ramp was applied to the
conducting probe through the tip holder and the current was measured from a terminal
connected through the floating substrate. The conducting nature of the tip was ensured
during the experiment by repeatedly measuring the contact resistance (~100-200Q2) after

engaging the tip on the substrate. Highly oriented pyrolytic graphite (HOPG) was used as
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the conducting substrate on which nanowires of ZnO, TiO, or WO, 7, were deposited by
dispersing them in 2-propanol. An environmental hood was placed enclosing the AFM
head for measurements in hydrocarbon or H, atmosphere.
Fabrication of gas sensors

To fabricate thick film sensors, an appropriate quantity of diethyleneglycol was
added to the powder of the nanostructures and the mixture ground to form a paste. The
paste was coated on to an alumina substrate (5 mm x 20 mm, 0.5 mm thick) attached with
a comb-type Pt electrode on one side, the other side having a heater. A schematic diagram
of the alumina substrate is shown in figure 2.3.1. The films were dried and annealed at
300-600°C for 1h. The oxide films were doped in the solution of chloroplatinic acid to

obtain a coating of Pt in the case of some oxide nanostructures.
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Figure 2.3.1: Schematic diagram of the alumina substrate with Pt electrodes and
interdigitated Pt heater on the back side. Sensing oxide layer is coated on top of the

interdigitated side and the heater side provides different working temperature.

Gas-sensing measurement set-up
The gas sensing characteristics were measured with a home-built apparatus

consisting of a test chamber, sensor holder, a Keithley multimeter-2700, a Keithley
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electrometer-6517A, mass flow controllers and a data acquisition system. The test gases
were allowed to flow through a pipe network of diameter of 3mm to a test chamber of
volume of 8.8 cm’ via a two-way valve. The valve and the test chamber were connected
by a downstream pipe work of length 8 cm. The gas flow was maintained at 200 sccm by
using mass flow controllers. The current flowing through the samples was measured using
a Keithley multimeter-2700. The working temperature of the sensors was adjusted

by changing the voltage across the heater side.

Gas Bubbler
(T Sensor Holder
|
4
£
= RH probe
. o

Multichannel mass flow

Data Acquisition System

Digital Electrometer

Figure 2.3.2: Schematic diagram of the gas-sensing set-up

By monitoring the output voltage across the sensor, the resistances of the sensor in
dry air or in test gas can be measured. A schematic diagram of the experimental set-up is

shown in figure 2.3.2. Figure 2.3.3 shows a schematic diagram of the sensor measuring
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circuit. The gas sensitivity (response magnitude) of the sensor was determined by the
relationship S=R;/Rgas, for reducing gases and S=Rg./Ry;; for oxidizing gases, where Ry
is the resistance of the thick film sensor in dry air and Rg,; is the resistance in the test gas.
For resistance measurements, a load resistor Ry, was connected in series with the sensor
element Rg. The input circuit voltage V was applied across Ry and Rg. The response time
was taken as the time required for the variation in conductance to reach 90% of the
equilibrium value after the test gas was injected and the recovery time is taken as the time

necessary for the sensor to attain a conductance 10% above the original value in air.

an)
N
> @ VOllt
2 R (220KQ)
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%’) Heater
S, O,

Figure 2.3.3: Schematic diagram of the voltage measuring circuit
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2.4 Results and discussion

2.4.1 Hydrogen and ethanol sensors based on ZnO nanostructures

We have investigated the sensing characteristics of thick films of nanoparticles
(undoped and doped with Mn and Co), nanorods, nanowires and nanotubes of ZnO for H,
and ethanol vapor with a view to obtain high sensitivity, selectivity as well as good
response and recovery times at relatively low temperatures. We have examined the effect
of impregnating pure ZnO naoparticles and nanowires as well as the Mn and Co-doped
ZnO nanoparticles with 1% Pt on the sensor characteristics. Effects of humidity on the
sensing characteristics and the stability of the sensors have been studied. The resistance of
the sensors was of 1.2 - 10 mega-Ohm range in dry air at 30-125 °C.

In figures 2.4.1 (a) and (b), we show typical TEM images of ZnO and 3% Co
doped ZnO nanoparticles respectively. The images show nanoparticles along with a few
nanorods ( ~10%). Figure 2.4.1 (c¢) shows the TEM image of the 3% Co doped ZnO
nanoparticles after Pt impregnation. The particle size distribution histograms of all the
three types of ZnO nanoparticles are shown in figure 2.4.1 (d). From the TEM studies, the
average size of the different types of ZnO nanoparticles is found to be 35 £15 nm. Similar
TEM images were found with the Mn or Co doped ZnO nanoparticle samples and the
particle sizes of the Mn doped ZnO were in the similar range.

In figure 2.4.2 (a), we show typical SEM and TEM images of ZnO nanorods-1.
The average diameter of the nanorods-1 was in the 30-40 nm range with the length in the

600-800 nm range. The selected area electron diffraction pattern showed the nanorods to
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be single crystalline. Figure 2.4.2 (b) shows the SEM image of nanorods-2 with inset

showing a TEM image. The XRD pattern of these nanorods gave 002 reflections

% Of Particles

Figure 2.4.1: TEM images of nanoparticles of (a) ZnO, (b) ZnO doped with 3% Co
before annealing and (c) ZnO doped with 3% Co and 1% Pt impregnation after annealing

at 600° C. (d) Histograms of the particle size distributions of ZnO, ZnO:Co(3%) and
Zn0:Co(3%)/Pt nanoparticles.

indicating the formation of the rods along the ¢ axis. Figure 2.4.2 (c) shows the SEM
image of the nanowires prepared in the AAM templates. The diameter of the nanowires
was in the 20-30 nm range and 1-2 micron in length. Figure 2.4.2 (d) shows the SEM

image of the ZnO nanotubes. The diameter of the nanotubes was in the range of 60-100

nm.
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Hydrogen sensors:

The hydrogen sensing characteristics of the ZnO nanoparticles with and without Pt
impregnation are presented in figure 2.4.3 (a) and (b) respectively. The nanoparticles of
ZnO show a sensitivity of 48 at 80°C for 1000 ppm of H; and the sensitivity increases to
68 at 125°C. On impregnating the ZnO nanoparticles with 1% Pt, we observe a significant
improvement in the sensitivity as well as the response and recovery times. On Pt
impregnation, the sensitivity reaches 912 at 32°C and 1065 at 125°C, with response and

recovery time of 3 and 4 sec respectively.

EHT=15.00 KV

300 [~

Figure 2.4.2: (a) SEM image of ZnO nanorods-1 with the inset showing a TEM image of
the nanorods, (b) SEM image of ZnO nanorods-2 with the inset showing a TEM image.
(c) SEM image of ZnO nanowires, (d) SEM image of ZnO nanotubes.
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In order to ensure that the observed sensitivity is not due to the Pt nanoparticles
alone, we examined the gas sensing characteristics of Pt nanoparticles by impregnating
0.08 M chloroplatinic acid on the graphite and silicon powders. We carried out the
experiments with 1000 ppm of H, and ethanol vapor and obtained low sensitivity towards
both these gases. Pt/graphite and Pt/Si show sensitivities of 5 and 3 respectively for 1000
ppm of H, at 125 °C. When ZnO was doped with 1% Mn or Co, little change was
observed in the sensitivity. For example, ZnO doped with 1% of Mn showed a sensitivity
of 20 and 120 at 80°C and 125°C respectively with response and recovery times of 11 and
14 sec {Figure 2.4.4 (a)}. On doping with 3% Mn, however, the sensitivity enhanced
considerably giving values of 205 and 350 at 125°C {Figure 2.4.4 (b)}. The 1% and 3%

Co doping has a similar beneficial effect as Mn doping for sensing hydrogen {Figure
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2.4.4 (c) and (d)}. Doping the ZnO nanoparticles with 3% Co increases the sensitivity to

60-335 in the 80-125°C range.
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Figure 2.4.4: Gas sensing characteristics of nanoparticles of (a) ZnO:Mn (1%), (b)
ZnO:Mn (3%), (c) ZnO:Co (1%) and (d) ZnO:Co (3%) for 1000 ppm H,.

We have examined the effect of Pt impregnation on the Mn and Co doped samples
for sensing H,. The 1% Mn and 1% Co doped ZnO samples after Pt impregnation showed
sensitivities comparable with those of the ZnO/Pt samples, the values of sensitivity being
1030 and 1115 at 125°C {Figures 2.4.5 (a) and (c)}. In figures 2.4.5 (b) and (d) we show
the sensor characteristics of 3% Mn and 3% Co doped ZnO samples impregnated with Pt.
We observed sensitivities of 1350 and 1720 respectively at125°C for the 3% Mn and Co

doped samples. The Pt impregnated samples show good sensitivity even at lower
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temperatures. The response and recovery times for ZnO/Pt sample were 4.5 and 7 sec. For

Zn0:Co (3%)/Pt sample response and recovery times were 3 and 4 sec respectively.
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Figure 2.4.5: Gas sensing characteristics of 1% Pt impregnated nanoparticles of (a)

ZnO:Mn (1%), (b) ZnO:Mn (3%), (¢) ZnO:Co (1%) and (d) ZnO:Co (3%) for 1000 ppm

Ho.

In figure 2.4.6 (a), we show the temperature variation of the sensitivity for 1000

ppm of H; gas for the doped and undoped samples with and without Pt impregnation.

Figure 2.4.6 (b) shows the variation of the sensitivity with the concentration of H, at

125°C for ZnO, ZnO/Pt and 3% Co doped ZnO impregnated with Pt. The sensitivity is180

and 150 respectively for ZnO/Pt, ZnO:Co(3%)/Pt at 10 ppm of H, while pure ZnO

93



Gas sensors based on metal oxide nanostructures

1800 (5) ' ' ' ' " ZnO : Co(3%)/PY
> 7 .4. ZnO : Mn(3%)/Pt |
E 1400+ . ° o ° ° i
2 ol T Zn0 : Co(1%)/Pt |
& oo . o 4 $Zn0 : Mn(1%)Rt

) ¥ ¥ ¥ Zno/Pt 1
800 | — g
20 40 60 80 100 120 120

Temperature (°C)

1750- T T T T T T ]

wsoof (©) ZnO : Co(3%)/(Pt
2 1250, /‘ nO : Co(3%)/(Pt]
Z 1000 / .
2 750 /A/./ ZnO/Pt]
& 500 A e ]

250 3 ZnO -

0 ; ; — —= T ;
0 200 400 600 800 1000
H, Concentration (ppm)
__21() '\,\ ZnO : Co(3%)/(Pt)
8 101 - . .
;8, \ \ . Recovery curve
o 8 . -
E R / \.\ \'\.
.| Response curve .\'\'i° ]
2

40 60 80
Temperature (°C)

Figure 2.4.6: Variation of sensitivity of ZnO based nanoparticles for H, sensing (a) with

temperature, (b) with concentration of H, and (c) variation of response and recovery

times.

(without Pt) shows a sensitivity of 17. Figure 2.4.6 (c) shows the variation of the response
and recovery times with temperature for ZnO:Co (3%)/Pt for 1000 ppm of H, at 125°C.
The recovery times are generally larger than response times. In the figures 2.4.7 (a), (b)
and (c), (d), we show the sensing characteristics of nanorods-1 and nanorods-2 for 1000
ppm of H; with and without Pt impregnation respectively. The sensitivity is 12 at 125°C
and goes upto 32 at 200°C for the as-prepared nanorods. However, Pt-impregnated

nanorods-1 exhibit a slightly increased sensitivity of 17 at 125 °C and 56 at 200 °C. The
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response time for the as-prepared nanorods-1 is 52 sec at 200 °C while it is 18 sec for the
Pt impregnated nanorods. The recovery time was generally less than 10 sec. Nanorods-2
show a sensitivity of 43 at 125°C and 61 at 200°C for 1000 ppm of H, On impregnation
with Pt, the sensitivity of nanorods-2 increases to 60 at 150°C and 82 at 200°C {Figure
2.4.7 (d)}. The recovery times for both the as-prepared and Pt-impregnated nanorods-2

were less than 10 sec and the response time for the latter was 48 sec.
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Figure 2.4.7: Hydrogen sensing characteristics of (a) as-prepared and (b) Pt-impregnated
Zn0O nanorods-1, (c) as-prepared and (d) Pt-impregnated ZnO nanorods-2 for 1000 ppm
of H2.

Compared to the nanorods, the nanowires prepared electrochemically by using
AAMs, show much better sensing characteristics towards H,. In figures 2.4.8 (a) and (b),

we show the sensing characteristics of ZnO nanowires without and with Pt impregnation.
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The sensitivity for 1000 ppm of H is43 at 150°C for the as-prepared nanowires and
reaches a value of 825 after Pt-impregnation. The sensitivity for the Pt impregnated
ZnO nanowires was good (~150) even at 100°C. The response times for the as-prepared
and the Pt impregnated ZnO nanowires were however, somewhat high, the values being
54 and 42 sec respectively with the recovery times of 5 and 4 sec. The ZnO nanotubes

prepared by us show a sensitivity of 18 at 200°C for 1000 ppm of H, while the Pt-
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Figure 2.4.8: Hydrogen sensing characteristics of (a) as-prepared and (b) Pt-impregnated
ZnO nanowires, (c) as-prepared and (d) Pt-impregnated ZnO nanotubes for 1000 ppm of
H,.

impregnated ZnO nanotubes show a sensitivity of 500 at 100°C and 740 at 200°C

{Figures 2.4.8 (c) and (d)}. However, the response time is longer than as one would
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desire. From the above data it appears that the ZnO nanowires prepared by using the

AAM templates have the best sensing characteristics for 1000 ppm of hydrogen.
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Figure 24.9: Concentration dependence of the sensitivity for sensing H, for (a) ZnO
nanorods-1 (b) nanorods-2 (with and without Pt impregnation) at 200 °C and (b) ZnO

nanowires (with and without Pt impregnation) at 150°C.

In figure 2.4.9 (a)-(c), we show the variation of the sensitivity for the ZnO
nanorods-1, nanorods-2 and ZnO nanowires with and without Pt impregnation with the
concentration of H, over the 10-1000 ppm range at 150°C. The ZnO nanowires with Pt
impregnation show a sensitivity of 8 for 10 ppm of H, at 150°C. The nanowires show a
marked drop in sensitivity on decreasing the H, concentration from 1000 ppm to 600

ppm, there being another drop around 100 ppm. For nanorods-1 with Pt, the sensitivity is
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36 for 10 ppm of H; at 200°C and the sensitivity varies gradually with H, concentration
over 1000-10 ppm range.

An important question that arises, relates to the effect of humidity on the sensing
characteristics of the ZnO sensors described by us. For this purpose, we examined the
effect of humidity on several of the thick film sensors prepared by us. We show typical
results obtained on the H; sensing characteristics of ZnO, ZnO/Pt and ZnO: Co(3%)/Pt
sensors in figure 2.4.10. The sensitivity is not affected up to 50% of relative humidity in
all the three thick film sensors. In the case of ZnO: Co (3%)/Pt, the sensitivity remains

1100 even at a relative humidity of 90%.
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Figure 2.4.10: Effect of humidity on (a) ZnO, (b) ZnO:Co (3%) and (c) ZnO:Co (3%)/Pt

nanoparticle sensors for 1000 ppm of H, at 125 °C.

We, therefore, conclude that the H, sensing characteristics for ZnO: Co (3%)/Pt

nanoparticles reported by us are truly excellent even in the presence of moisture. In order
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to ensure that the sensors prepared by us are stable, we carried out measurements
repetitively by measuring the sensing characteristics several times. In order to ensure that
the sensors prepared by us are stable, we carried out measurements repetitively by
measuring the sensing characteristics several times. Thus, in case of H, sensing, the
sensitivity remains the same even after carrying the measurements over 1000 times. We
have also tested the practical performance of the H, sensors for space applications and
found it to be satisfactory.

Ethanol sensors:

The temperature variation of sensitivity of ZnO, ZnO/Pt and ZnO: Co (3%)/Pt
nanoparticles for 1000 ppm of ethanol vapor is presented in figures 2.4.11 (a), (b) and (c)
respectively. The ZnO nanoparticles show a maximum sensitivity of 220 at 125°C for
ethanol, the sensitivity being rather low at 50°C or below. On 1% Pt impregnation, the
sensitivity reaches 480 and 2000 at 40°C and 125°C respectively, becoming nearly
constant above 75°C. The 3% Co doped ZnO impregnated with Pt shows a sensitivity of
2520 at 125°C, the sensitivity being close to 2500 even at 50°C. It should be noted that
the Pt nanoparticles alone deposited on graphite or Si showed a very low sensitivities of ~
2 at 125°C. We studied the effect of humidity on several thick film ZnO sensors for
ethanol sensing. Figures 2.4.11 (d), (e) and (f) show the effect of humidity on the ethanol
sensing characteristics of ZnO, ZnO/Pt and ZnO: Co (3%)/Pt nanoparticles. Unlike for Hy,
sensor characteristics for ethanol are somewhat reduced when the relative humidity was
50%, even in the case of ZnO: Co (3%)/Pt thick films, but the performance may be

considered to be still satisfactory up to 70%.
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Figure 2.4.11: Ethanol sensing characteristics of (a) ZnO, (b) ZnO/Pt, (¢) ZnO:Co
(1%)/Pt nanoparticles for 1000 ppm of ethanol and effect of humidity on (d) ZnO, (e)
Zn0:Co (3%) and (f) ZnO:Co (3%)/Pt nanoparticle sensors for 1000 ppm of ethanol at
125 °C.

The sensing characteristics of the nanorods-1, nanorods-2, nanowires and
nanotubes of ZnO for 1000 ppm of ethanol were studied. The sensing characteristics were
quite satisfactory for all the as-prepared nanostructures, with the sensitivity in the 200-300
range at 200 °C. The sensitivity increases to even higher values on impregnation with Pt.
The sensitivity is in the range 2200-2500 at 200 °C and 1200 at 100 °C in the case of Pt-
impregnated nanorods-1 {Figures 2.4.12 (a) and (b)}. The response times of 5 and 3 s

were observed for the as-prepared and Pt impregnated nanorods-1 at 200 °C. The ethanol
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sensing characteristics of the nanorod-2 show similar behavior, which is shown in figure
2.4.12 (c) and (d). We show the sensing characteristics of the ZnO nanowires for 1000
300 range at 200 °C. The sensitivity increases to even higher values on impregnation with
Pt. The sensitivity is in the range 2200-2500 at 200 °C and 1200 at 100 °C in the case of
Pt-impregnated nanorods-1 {Figures 2.4.12 (a) and (b)}. The response times of 5 and 3 s
were observed for the as-prepared and Pt impregnated nanorods-1 at 200 °C. The ethanol

sensing characteristics of the nanorod-2 show similar behavior, which is shown in figures

2.4.12 (c) and (d).

250
a 200°C 200°C{ 2500
200( ) r’:‘ 175°C (b) 175°C
i [ 150°C ( 150C| 500
>
ol L
= 150 125°C 12500-1500
)
2 100 100°C1 4 000
3 100°C
50| 75 Zsec [ 50
50°C 50°C
0 . , , , , , 0
0 100 200 300 0 100 200 300
Time (sec) Time (sec)
| 2500
/(0) HC———
250 [ [~ 125¢ \125°C 2000
1 100°C [
> 75°C
2 200
-E 1500
= 150,

g 100 100
@ ] 500
50_ 50°C B

40C
0 . : . ; . . . 0
0 100 200 300 0 100 200 300

Time (sec) Time (sec)

Figure 2.4.12: Ethanol sensing characteristics of (a) as-prepared and (b) Pt-impregnated
Zn0O nanorods-1, (c) as-prepared and (d) Pt-impregnated ZnO nanorods-2.
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We show the sensing characteristics of the ZnO nanowires for 1000 ppm of
ethanol in figures 2.4.13 (a) and (b). The sensitivity is 300 and 480 respectively for the as-
prepared and Pt-impregnated nanowires at 150 °C, the response times being around 4 and
3 sec. The sensitivity of the ZnO nanotubes was comparable to that of the nanowires, but

the response and recovery times were higher {Figures 2.4.13 (c) and (d)}.
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Figure 2.4.13: Ethanol sensing characteristics of: (a) as-prepared and (b) Pt-impregnated

Zn0O nanowires, (c) as-prepared and (d) Pt-impregnated ZnO nanowires.

It is noteworthy that the Pt-impregnated nanorods-1 and nanowires exhibit good

sensitivity for ethanol even at 75 °C, the sensitivity values being higher than the literature
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reports. It should be noted that the sensitivity of the ZnO nanorods, nanowires and
nanotubes based sensors was not affected significantly upto 50% relative humidity.

Mechanism of sensing

The mechanism by which ZnO acts as a sensor for H, and ethanol can be
understood based on the well-established characteristics of the oxide semiconductors
[132-136]. When a ZnO nanosensor is exposed to air, the surface of the nanoparticles
adsorbs oxygen molecules. The adsorbed oxygen captures electrons from the conduction
band of the semiconductor to create oxygen ions. When the ZnO nanosensor is exposed to
ethanol or H; gas, the gas molecules react with the oxygen ions on the surface. The
electrons released from the surface reaction go to the conduction band, causing a decrease
in the resistivity. A schematic diagram of the change in width of depletion layer is shown
in figure 2.4.14 (a), (b), band bending and Fermi-level shift in air and in presence of H, or

ethanol is shown in figure 2.4.14 (c), (d).
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Figure 2.4.14: Change in width of depletion layer (a) in air, (b) in presence of H; or

ethanol. Band bending diagram (c) in air, (d) in presence of H; or ethanol.
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The enhancement in gas sensing properties on the ZnO nanostructures coated with
Pt can be explained by the chemical sensitization effect, which is explained in section
2.1.5. The Pt nanoparticles catalytically activate the dissociation of molecular oxygen.
The obtained oxygen atoms then migrate on to the ZnO surface and capture free electrons
from them to form oxygen ions (O;, O, 0%) through binding at the oxygen vacancies.
The Pt nanoparticles significantly increase the quantity of the oxygen ions. Thus, a deeper
depletion layer is induced by Pt nanoparticles compared to bare ZnO nanostructures.
Based on the surface depletion controlled sensing mechanism [126], the sensitivity is
given by
S=Ry/Ry= [1+AVy/ (1y)airl’ 3)
Where AV, is the change of width of the depletion layer and (1), is the width of the
conducting layer (core region). (ry),: further decreases due to the increase of oxygen
adsorption. The change of Vj relative to (ry).; is more remarkable. Surface-depletion
controlled sensing is enhanced by Pt nanoparticles, resulting in ultrahigh sensitivity. The
substitution effect of 3% Mn or Co, is likely to be due to the decrease in the energy gap of
Zn0O [114]. For example, 3% doping of Mn and Co brings down energy gap from 3.3 to

3.27 and 3.03 respectively.

Hence, in air: 20, + d e- —09 (a), 5=1,2 4)
Pt helps in dissociation of oxygen,

O (Pt) + 5 e-— 09 ~(a) Q)
In presence of Hy: Hy + O (a) —» H,O + ¢ (6)

In presence of ethanol: C;HsOH + 60 (a) — 2CO, + 3H,0 + 6 (7)
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Room temperature hydrogen sensors based on single nanowires of ZnO and TiO,

Based on our experience in fabricating high sensitivity gas sensors employing
films of nanoparticles and nanowires of metal oxides for various gases and vapors, we
considered it important to investigate the gas sensing characteristics of single nanowires
of certain metal oxides at room temperature. H, sensing characteristics of single ZnO
nanowires have been studied by conducting atomic force microscopy. For purpose of
comparison we have carried out a similar study on single TiO, nanowires.

Figure 2.4.15 (a) and (b) show FESEM and TEM images of the TiO, nanowires.
The diameters of the nanowires are in the 20-80 nm range and the length varies

between100-800 nm range. From the HREM {figure 2.4.15 (c)} and electron diffraction

400 600 800 1000 1200
Raman shift (cm™)

Figure 2.4.15: (a) FESEM image of TiO, nanowires, (b) TEM image of TiO, nanowires
with the inset showing electron diffraction pattern, (c) HREM image of TiO, nanowires

(d) XRD pattern and Raman spectra of the TiO, nanowires.
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patterns {insets of figures 2.4.15 (b) and (c)} it is confirmed that the nanowires are single

crystalline. TiO, nanowires have the rutile structure as found by XRD (a= 4.593 A and c=

2.959 A, JCPDS no: 21-1276). Raman bands were observed at 142, 240, 446, 608 and

1056 cm™ {Figure 2.4.15 (d)} in agreement with the literature [128].

We have studied the hydrogen sensing characteristics of the three nanowires by

using CAFM. In figure 2.4.16, we show a schematic describing the CAFM measurements.

The depletion layer forms on the outer surface of the nanowire by the atmospheric

oxygen. This layer is rich in O" and o species and giving rise to high resistance. The

core part of the nanowire contains conduction electrons and is more conducting compared

to the depletion layer, which helps in the conduction through the nanowire.

Photodiode .
. %‘or Laser
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cantilever
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Multimeter
(Keithley 236)

Scanner
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Figure 2.4.16: Schematic
diagram of the CAFM
measurement. The bias is
applied on the tip and the
substrate is at ground
potential. The core and the
depletion layer of the
nanowire are represented
in cross-section and the

current path is indicated.
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Highly oriented pyrolytic graphite (HOPG) was used as the conducting substrate
on which nanowires of ZnO or TiO, were deposited. For this purpose, a dilute dispersion
of the nanowire in 2-propanol (Merck, 99.7%) was prepared by sonicating for 30 min.
Then, around 10 ul of the dispersed solution was drop-coated and allowed to spread over
the HOPG substrate and dried. An environmental hood was placed enclosing the AFM
head for measurements in H, atmosphere. The test gas was mixed with dry air to achieve
the desired concentration (100, 500 and 1000 ppm). Flow rate of the gas flow was
maintained at 500 sccm. The current flowing through the nanostructures was measured
using the Keithley-236. A computer code was used to measure the variation of current in
air and in the test gas with respect to time. The resistance of the oxides decreased on
contact with hydrogen.

In figure 2.4.17 (a), we show AFM image of a ZnO nanowire with its profile. The
length and diameter of the nanowire are 150 nm and 25 nm respectively. In figure 2.4.17
(b), we show AFM image of a TiO, nanowire. From z-profile analysis, we found the

nanowire to have a diameter of 60 nm and a length of 125 nm.

60 120 180 240 300 0 50 100 150
nm nm

Figure 2.4.17: AFM image of (a) ZnO nanowire, (b) TiO, nanowire alongwith the

profiles.
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In figure 2.4.18, we show the hydrogen sensing characteristics of ZnO and TiO,
nanowires at 25 °C. I-V characteristics of the ZnO nanowire (Figure 2.4.18 (a)) show a
non-linear and asymmetric behavior. This may be contrasted with the linear response
from the ohmic contact of the tip with the HOPG surface. The non-linear, rectifying
behavior in the I-V characteristics result from Schottky contact formation of the Au-
coated tip with the ZnO nanowire [134-136]. The resistance of the ZnO nanowire is in the

1-50 MQ range at room temperature (25 °C) and the current varies from 1-250 nA in the
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Figure 2.4.18: I-V characteristics of a ZnO nanowire (at 25 °C) in air (diamonds) and in
100 ppm (squares), 500 ppm (triangles) and 1000 ppm (circles) of H,. (b) Sensitivity vs.
time curve for 1000 ppm of hydrogen. (c) I-V characteristics of TiO, nanowire in air
(diamonds), 100 ppm (squares), 500 ppm (triangles) and 1000 ppm (circles) of H,. (d)

Sensitivity vs. time curve for 1000 ppm of hydrogen.

5-13V range. A typical current-time curve is shown in fig. 2.4.18 (b). The sensitivity of
the ZnO nanowire is around 10 for a tip bias of 4V for 1000 ppm of H,. From the I-V

characteristics, the values of sensitivities are calculated to be around 3 and 5 respectively
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for 100 and 500 ppm of H; at room temperature. The resistance of the TiO, nanowire is in
the 100-200 M€ range.

The I-V characteristics of the TiO, nanowire in air, for 100, 500 and 1000 ppm of
H, are shown in figure 2.4.18 (c). The I-V characteristics are similar to those found with
the ZnO nanowire. Figure 2.4.18 (d) shows sensing characteristics of the TiO, nanowire
for 1000 ppm of H, at a tip bias of 4V. The sensitivities of the TiO, nanowire are around
8, 4 and 2 respectively for 1000, 500 and 100 ppm of H; at room temperature.

Since the H; sensing characteristics are measured at room temperature, O,  species

are thereby to be involved in the reaction mechanism.
In air: O (g) +&” — O7 (aay) )
In presence of Hj, the basic reaction is given by:

H, + %) 0-2 (ads) — HQO +e (9)
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2.4.2 Hydrocarbon and hydrogen sensors based on tungsten oxide

nanowires

In the present work we have studied the hydrocarbon sensing characteristics of
different nanostructures of V,0Os as well as nanowires of tungsten oxide (WO, 7,) over the
concentration range of 50-2000 ppm, after characterizing the nanostructures by X-ray
diffraction, electron microscopy and Raman spectroscopy. In addition to studying the
sensing characteristics of the as-prepared nanowires of tungsten oxide, we have
investigated the effect of impregnating the tungsten oxide nanowires with 0.1, 0.5 and 1
at% Pt. We have also examined the sensing characteristics of single WO3_x nanowires for
hydrocarbons and hydrogen.

The XRD patterns {Figure 2.4.19 (a)} showed the V,Os nanostructures had the
orthorhombic structure (lattice parameters: a=11.52 /f\, b=3.5 A, c=4.3 A JCPDS no: 41-
1426). The Raman bands observed for V,0s nanoparticles, nanobelts and nanowires
{Figure 2.4.19 (b)} showed all the samples are crystalline V,0s and are in line with
literature data [137, 138]. The XRD pattern of the tungsten oxide nanowires (Figure
2.4.19 (a)) had the monoclinic structure (lattice parameters: a=18.33 A, b=3.78 A,
c=14.03 A, JCPDS no: 36-101) characteristic of WO,.7; [139]. The XRD peak intensity of
the (010) reflection was relatively higher than that of other reflections. This implies that
the nanowires grow along the (010) direction. The four Raman bands at 273, 327, 715 and
807 cm™ {Figure 2.4.19 (b)} observed were in agreement with those of monoclinic
WO, 7, [140, 141]. Three kinds of vibrations occur in monoclinic WOs in three regions of
wavenumber, WO; vibrations at 900-600 cm™! (stretching modes), 400-200 cm!

(deformation modes) and below 200 cm’! (lattice modes). The band at 137 cm’! belongs to

110



Part 2

the W*-O-W®* bending modes, while the bands situated at 274 and 326 cm™ belong to O-

W*-O bending modes of monoclinic WOs [142, 143].
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Figure 2.4.19: (a) XRD patterns of V,0s nanowires, nanobelts, nanoparticles and WO, 7,
nanowires,(b) Raman spectra of V,0s nanowires, nanobelts, nanoparticles and WO, 7,
nanowires.

The WO, 7, films were impregnated with Pt by dipping the metal oxide film in an
aqueous solution of H,PtClg of concentrations 0.01M, 0.05M and 0.1M. The thick films
were dried and fired at 350°C for 30 min to promote the decomposition of the platinum
precursor into metallic platinum. The extent of impregnation was confirmed by EDAX

analysis {see Figure 2.4.20} for a typical EDAX pattern).
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Figure 2.4.20: EDAX pattern of 1 at% Pt impregnated tungsten oxide nanowires.

In figure 2.4.21 (a), we show a typical TEM image of V,0s nanoparticles with the
inset showing the selected area electron diffraction (SAED) pattern. The average size of
these nanoparticles was in the 30-50 nm range. The SAED pattern indicates the particles
to be single crystalline. SEM image of V,0s nanobelts is shown in figure 2.4.21 (b).
Figure 2.4.21 (c) shows the TEM image of V,0s nanobelts, with the SAED pattern as the
inset. The TEM image reveals that the belts are 500-1000 nm long and 20-50 nm wide.
Figure 2.4.21 (d) shows HREM image of a nanobelt. In figure 2.4.21 (e), we have shown
SEM image of nanowire bundles of V,0s. Figure 2.4.21 (f) shows the SEM image of the
V705 nanowires with the inset showing the SAED pattern and a TEM image. The
diameter of the nanowires was in the 20-50 nm range with lengths of several micrometers.

The SAED pattern confirms the nanowires to be single crystalline.
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Figure 2.4.21: TEM image of V,0s nanoparticles with the inset showing electron
diffraction pattern, (b) SEM image of V,0s nanobelts, (c) TEM image of V,0s nanobelts
with the inset showing electron diffraction pattern, (d) HREM image of a V,0s nanobelt,
(e) SEM image of V,0s nanowire bundles, and (f) SEM image of V,0s nanowires with

the inset showing a TEM image and electron diffraction pattern.
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In figure 2.4.22 (a), we show a FESEM image of WO, 7, nanowires. TEM images
of the WO, 7, nanowires are shown in figures 2.4.22 (b) and (c). The average diameter of
the nanowires is in the range 5-15 nm and length in the 100-200 nm range. The single
crystalline nature of the nanowire is seen from the HREM image given in the inset of
figure 2.4.22 (c), with a lattice spacing of 3.81 A corresponding to the (010) planes.
Figure 2.4.22 (d) shows a TEM image of Pt impregnated WO, 7, nanowires, from where

we can see the presence of Pt nanoparticles in the form of clusters.

Figure 2.4.22: (a) FESEM image of WO;,7, nanowires, (b) and (c) TEM images of
WO, 7, nanowires with the inset showing HREM image, (d) TEM images of WO,

nanowires after Pt impregnation.
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In figure 2.4.23 (a), we show the sensing characteristics of V,0s nanoparticles
towards 2000 ppm of LPG. The highest sensitivity found is 10 at 200 °C and ~7 at
100 °C. The LPG sensing characteristics of the as-prepared V,0s nanobelts and nanowires
are shown in figures 2.4.23 (b) and (c) respectively. A maximum sensitivity of 24 was
obtained with V,0s nanobelts at 200 °C and the sensitivity at lower temperature decreases
drastically. With the nanowires of V,0s, the maximum sensitivity at 200 °C is ~11. Thus,
the sensitivities found with the V,0s nanostructures are unsatisfactory, with the response

and recovery times also being on the high side.
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In figure 2.4.24 (a), we show the LPG sensing characteristics of the WO, 7,

nanowires. A maximum sensitivity of 1800 is found with 2000 ppm of LPG at 200 °C
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with the as-prepared WO, 7, nanowires. Even at 50 °C, the sensitivity is 225 for these
nanowires. The response as well as recovery times are in the range of 25-80s for 500 ppm
of LPG. Variation of the sensitivity of the WO, 7, nanowires with the concentration of
LPG (50-2000 ppm) at 200 °C is shown in figure 2.4.24 (b). The nanowires show a
sensitivity of 13 for 50 ppm of LPG at 200 °C. In figure 2.4.24 (c), we show the variation
of the response and recovery times over the temperature range of 50-200 °C. With
increasing working temperature, the response and recovery times decrease as expected.

The response times vary in the range of 28-65s, and the recovery time in the range of 55-

80s.
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Figure 2.4.24: (a) Gas sensing characteristics of WO, 7, nanowires for 2000 ppm of LPG,
(b) variation of sensitivity with concentration of LPG at 200°C, (c) Response and

recovery curves for the WO, 7, nanowires over the temperature range of 50-200 °C.
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In order to achieve improved sensing characteristics with the WO, 70 nanowires, we
carried out studies after impregnating them with 0.1, 0.5 and 1 at% Pt. In figures 2.4.25
(a) and (b) we present the sensing characteristics of 0.1 at% Pt impregnated WO, 7,
nanowires. We readily notice the very high sensitivity (~2200) for 2000 ppm of LPG at
200 °C. The sensitivity is 110 at 50 °C and goes well above 500 at 125°C. In figure
2.4.25 (b), we show the sensing characteristics of 0.1 at% Pt impregnated WO,
nanowires for different co concentrations of LPG at 200°C. A sensitivity of 405 is
obtained for different for the 50 ppm of LPG. The sensing characteristics of WO, 7,

nanowires show further improvement on impregnating with 1 at% Pt. We found a
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Figure 2.4.25: (a) Gas sensing characteristics of WO, 7, nanowires for 2000 ppm of LPG
impregnated with 0.1 at% Pt, (b) variation of sensitivity with concentration of LPG at
200°C. (c) Gas sensing characteristics of WO;7, nanowires for 2000 ppm of LPG
impregnated with 1 at% Pt, (d) variation of sensitivity with concentration of LPG at

200°C.
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maximum sensitivity of ~ 4.3 X 10° for 2000 ppm at 200°C {Figure 2.4.25 (c¢)}. Even at a
temperature of 50°C, the sensitivity is in the 10° range. In figure 2.4.25 (d), we show the
variation of sensitivity at 200°C with the LPG concentration in the 50-2000 ppm range. In
figure 2.4.26 (a), we show the variation of the response and recovery times with
temperature in the 50-200°C range for 1 at% Pt impregnated WO, 7, nanowires. The
response times vary in the 1-40s range and recovery times in the 20-70s range. Above
150°C the response and recovery times are around 1s and 20s respectively.

We have examined the effect of impregnating WO, 7, nanowires with 0.5 at% Pt on
LPG sensing and found the sensing characteristics of these nanowires to fall in between

those for the 0.1 at% and 1 at% Pt impregnated samples. A maximum sensitivity of
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Figure 2.4.26: (a) Response and recovery curves for the 1 at% Pt impregnated WO, 7,
nanowires for 2000 ppm LPG over the temperature range of 50-200 °C, (c¢) Gas sensing
characteristics of WO, 7, nanowires for 2000 ppm of LPG impregnated with 0.5 at% Pt,

(d) variation of sensitivity with concentration of LPG at 200°C.
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~1.6 x 10* was obtained for 2000 ppm of LPG at 200°C.

We carried LPG sensing with as-prepared and 1 at% Pt impregnated WO;7,

nanowires over several cycles over two weeks and found practically no change in the

sensitivity as well as the response and recovery times after 200 cycles. We have studied

the effect of humidity on the LPG sensing characteristics of the as-prepared and 1 at% Pt

impregnated WO, 7, nanowires sensors in the range of 35-90% relative humidity. We

illustrate the effect of humidity on the sensitivity at 200°C for 2000 ppm of LPG in

figures 2.4.27 (a) and (b). There is a slightly decrease in the sensitivity on pure WO, 7,

nanowires with an increase in the humidity. However, there is not much change in the

sensor characteristics of 1at% Pt impregnated WO, 7, nanowire sensors even at a relative

humidity of 90%.
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4x10°
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Mechanism
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Figure 2.4.27: Effect of humidity on the
sensitivity of (a) pure WO, 7, nanowires,
(b) WO,.7, nanowires impregnated with 1

at% Pt at 200°C.

) ) . . 2.3
Hydrocarbon sensing by an oxide such as WO, 7, involves oxygen species ~ ~ such

as O~ and O” adsorbed on the oxide surface as given by the reaction,

150, +8e— 0% (a), §=1,2

(10)
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Here, OS'(a) is a charged oxygen species adsorbed on the oxide surface. LPG

hydrocarbons (HC), first get adsorbed on the oxide to give the HC(a) species which react

with 0%(a),
HC (a) + 0% (a) = HC: O(a) + 8 & (11
HC: O(a) + 0% (a) > CO, + H,O + 8 € (12)

Reactions (2) and (3) release electrons to decrease the resistivity of the oxides. In the
presence of Pt, oxygen is dissociatively adsorbed as O (Pt), which spill over to the oxide
and forms the charged oxygen species as shown in (4).

O (PH) +8e— 0°(a) (13)

Reactions (11) and (12) would follow reaction (13), thereby explaining the increased

sensitivity of Pt impregnated WO, 7, nanowires.

Room-temperature hydrocarbon and hydrogen sensors based on single

nanowires of WO 5.+,

We have studied sensing characteristics of single WO,7, nanowires for
hydrocarbons in the form of liquefied petroleum gas as well as hydrogen by CAFM
measurements. In figure 2.4.28 (a) and (b), we have shown AFM images of tungsten
oxide nanowires (NW1, NW2) with their profiles. From z-profile analysis, NW1 is found
to be 40 nm in diameter and 490 nm in length while NW2 is much shorter with a length of

238 nm and with a diameter of 16 nm.
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50 100 150 200 40 60 80 100" 120 140
nm nm

Figure 2.4.28: AFM image (a) WO, 7, nanowire (NW1) and (b) WO, 7, nanowire (NW2)

along with the profiles.

I-V characteristics of the tungsten oxide nanowire NW1 obtained from CAFM
measurements are shown for 100, 500 and 1000 ppm of H; in figure 2.4.29 (a). The I-V
curves are non-linear but symmetric, typical of a metal-insulator-metal junction [144].
The I-V data from the nanowires become steeper with the increasing concentration of Ho.
The inset in figure 2.4.29 (a) shows the variation of resistance with the concentration of
H,. The resistance of NW1 in air is ~56 kQ and changes to ~16 kQ, 7.7 kQ and 2.5
kQ in the presence of 100, 500 and 1000 ppm of H, respectively. Assuming a bulk
resistivity of WO, 7, (1.75x10'3 Qcm) [145], the calculated value of resistance comes to
44.5 kQ, a value close to the measured value. In figure 2.4.29 (b), we show the hydrogen
sensing characteristics of NW1 for 1000 ppm H; at a tip bias of 0.05 V. Upon injecting
1000 ppm of hydrogen, the sensitivity increases to around 19 in 38 s and reaches the
maximum value of ~22 over the next 40s. On withdrawing the gas, the sensitivity drops
off more rapidly (~26 s). Thus, under the given flow conditions (500 sccm), the response

time is 38 s while the recovery time is 26 s. In the inset of figure 2.4.29 (b), is shown the
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variation in the sensitivity with concentration for hydrogen. The calculated sensitivities
are ~7 and 3 for 500 and 100 ppm H, respectively at a tip bias of 0.05 V. The resistance of
NW2 is 15 kQ in air and attains a value of 1.65 kQ in the presence of 1000 ppm of H,.
For NW2 the observed sensitivity is ~9 for 1000 ppm of H,. From the above studies, we
conclude that WO, .7, nanowires of the larger diameter are better for sensing H, at room
temperature compared to ZnO and TiO, nanowires. It is to be noted that WO, 7, nanowires

are also more conducting than ZnO and TiO, nanowires.
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< | R0 .
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£ 504 o . .
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1.5 1.0 R %'STIp bi;é)(V) 15 pp q
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O 215 O
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20-
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16-
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Based on the superior performance of the WO, 7, nanowires in sensing hydrogen,
we examined the sensing characteristics of WO, 7, nanowires for hydrocarbons (LPG). In
figure 2.4.30 (a), we show the I-V characteristics of NW1 for 100, 500 and 1000 ppm of
LPG at a tip bias of 0.05 V. The nanowire shows a behavior similar to that found for
hydrogen. The inset in figure 2.4.30 (a) shows the variation of resistance with the
concentration of LPG. The resistance of NW1 drops from ~56 kQ to ~ 28 kQ in the
presence of 100 ppm of LPG. The drop becomes shallower at higher concentrations and
the resistance is 3.7 kQ at 1000 ppm LPG. In figure 2.4.30 (b), we show the sensing
characteristics of WO, 7, nanowire for 1000 ppm LPG at a tip bias of 0.05V. From the
figure, we see that upon injecting LPG, the sensitivity increases to ~ 15 in 107 s. On
withdrawing the gas, the sensitivity drops off rapidly (~36 s). In the inset of figure 2.4.30
(b),we have shown the variation of sensitivity with the concentration of LPG, derived
from the data in Fig. 6a. The resistance of NW2 is ~ 15 k€ in air and attains a value of
1.94 kQ in the presence of 1000 ppm of LPG. The estimated sensitivity for NW2 is
around 8 for 1000 ppm of LPG. Here also NW1 with a bigger diameter is better for
sensing LPG at room temperature.

The mechanism of sensing by metal oxide nanosensors deserves some discussion.
As it is known from the section 2.1 that, the sensing action by oxide materials such as
7Zn0, TiO,, and SnO, depends crucially on several factors such as the grain size (available
surface area), surface states (electronic contribution) as well as the efficiency with which
the test molecules adsorb (chemical affinity). In the ambient atmosphere, oxygen
molecules take away electrons from the conduction band of the oxide semiconductor

material to form surface O, and O species, thus creating an electron depleted surface
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layer with high resistance. Given that the sensors used here are made of active materials

such as WO, 7,

100+ Figure 2.4.30: (a) I-V
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the observed differences between NW1 and NW2 must have an electronic origin based on
size. The estimated thickness of the depleted layer is ~2.5 nm, assuming a carrier
concentration of 1.87x10?* cm™ [145].

0, (g) +¢ = O aas) (14)

O (ads) +€¢ = 20 (ags) (15)

In the presence of a reducing gas such as hydrogen or LPG, there will be back-donation of
electrons to the conduction band, resulting in better conduction.

The basic reaction with hydrogen is given by,
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H; +%2 07 (ags) = H20 +€ (16)
The reaction with hydrocarbon is given by,
HC + Y2 O3 (a05) = HC:Oyq4s +€

HC:Oy4s + 2 O3 (aas) > CO, + HoO +e”  (17)

The conducting path for the AFM tip is through the depletion layer, as shown in the
schematic diagram in figure 2.4.16. NW1 offers a longer path through the depletion
region than NW2 and for this reason; the air-resistance of NW1 is higher than that of
NW2. Once the surface layer is reduced by the initial adsorption of H, or LPG, the
resistance of NW1 drops off sharply (more in the case of H; as it is a single step process,
see equations 16 and 17). With higher doses (500 and 1000 ppm), perhaps even the deeper
layers get reduced but at a slower rate. For NW2, the surface area is relatively small
(~1.76x10* nm? as against ~9.92x10* nm* of NW1) and this effect is less pronounced. It
may be noted that the dimensions of both NW1 and NW2 are well above the thickness of
the depleted layer and therefore, confinement effects are not found in our measurements.

For smaller oxide nanosensors, such effects have indeed been observed [146, 147].
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2.4.5 H,S sensors based on tungsten oxide nanostructures

Nanoparticles and nanoplatelets of WO;3; and nanowires of WO,7, have been
investigated for their H,S-sensing characteristics over the 1-1000 ppm concentration
range at 40-250°C. The resistance of the sensors based on nanostructures of tungsten
oxides was in the 200-1 MQ in dry air in the 40-250 °C range. Resistance of the
nanoparticles and nanoplatelets films was higher than that of the nanowires.

The X-ray diffraction patterns of tungsten oxide nanoparticles, nanoplatelets and
nanowires are shown in figure 2.4.31. The XRD patterns of the nanoparticles and
nanoplatelets correspond to the monoclinic structure of WOj5 (lattice parameters: a=7.285
A, b=7.517 A, ¢=3.835 A, P=90.15", JCPDS no: 05-0363). The reflections of WOj3
nanoplatelets are broader than those of the nanoparticles, because of the smaller crystal
size. The average diameter of the nanoparticles calculated from the XRD line broadening
is ~20 nm. The XRD pattern of the tungsten oxide nanowires corresponds to the
monoclinic structure (lattice parameters: a=18.33 A, b=3.78 A, c=14.03 A, B:115.2°,

JCPDS no: 36-101) characteristic of WO» 75.

. patterns of tungsten
=
8 oxide nanoparticles,
2 WO, nanoplatelets
@ nanoplatelets and
[J]
e nanowires.
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20 (deg.)

126



Part 2

In figure 2.4.32 (a), we show a FESEM image of WOs3 nanoparticles, with the
inset showing a TEM image and the selected area electron diffraction (SAED) pattern.
The SAED pattern indicates the particles to be single crystalline. Figure 2.4.32 (b) shows
a FESEM image of WOj3 nanoplatelets with a TEM image as the inset. The TEM image
reveals that the platelets are of 60 = 20 nm long and 1-5 nm thick. Fig 2.4.32 (c) shows
TEM image of a single WOs3 nanoplatelet. During TEM analysis it is observed that the
thickness of the WO; platelets are very thin and it gets destroyed very fast by the electron
beam. In figure 2.4.32 (d), we show a TEM image of the WO, 7, nanowires. The average
diameter of the nanowires is in the 5-15 nm range. The inset in figure 2.4.32 (d) shows a

high-resolution image of a nanowire.

Figure 2.4.32: FESEM images of (a) tungsten oxide nanoparticles with the inset showing
a TEM image and electron diffraction and (b) tungsten oxide nanoplatelets with the inset
showing a TEM image, (c) TEM image of a WOs3 nanoplatelet and (d) A TEM image of

WO, 7, nanowires with the inset showing a HREM image.
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In figure 2.4.33, we show the Raman spectra of tungsten oxide nanoparticles,
nanoplatelets and nanowires. Raman bands occur at 130, 265, 328, 710 and 805 cm'l,

which confirm the monoclinic structure of tungsten oxide.
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Figure 2.4.33: Raman spectra of tungsten oxide nanoparticles, nanoplatelets and

nanowires.

Figure 2.4.34 (a) shows the sensing characteristics of WO3 nanoparticles towards
1000 ppm of H,S at working temperatures of 40-250°C. The highest sensitivity found is
757 at 250°C, and 29 at 40°C. The variation in sensitivity of the WO3 nanoparticles with
the concentration (1-1000 ppm) of H,S at 250°C is shown in figure 2.4.34 (b). The
nanoparticles show a sensitivity of 19 to 1 ppm of H,S at 250 °C. The response and
recovery times of the WO3 nanoparticles are 132 s and 19 s respectively, to 1000 ppm
H,S at 250°C. Figure 2.4.35 (a) shows the sensing characteristics of the WO;

nanoplatelets. The nanoplatelets show the highest sensitivity of 1852 to 1000 ppm of H,S
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Figure 2.4.34: (a) Gas sensing characteristics of tungsten oxide nanoparticles to 1000

ppm H,S, and (b) variations in sensitivity with concentration of H,S at 250°C.
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Figure 2.4.35: (a) Gas sensing characteristics of tungsten oxide nanoplatelets to 1000

ppm H,S, and (b) variations in sensitivity with concentration of H,S at 250°C.
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at 250°C. The sensitivity is ~180 at 40°C. The variation in sensitivity of the WO;
nanoplatelets with the concentration of H,S (1-1000 ppm) at 250°C is shown in figure
2.4.35 (b). A sensitivity of 35 is obtained to 1 ppm of H,S. The response and recovery
times of the WOj3 platelets are 91 s and 20 s respectively, to 1000 ppm H,S at 250°C.

In figure 2.4.36 (a), we show the H,S-sensing characteristics of WO, 7, nanowires,
while figure 2.4.36 (b) shows the variation in sensitivity with concentration in the 1-1000
ppm range. The sensitivity of WO, 7, nanowires varies between 3313 and 236 to 1000
ppm H»S over the temperature range of 250-40°C. To 1 ppm of H,S, a sensitivity of 48 is
found at 250°C. The response and recovery times of the WO, 7, nanowires are 83 s and 18
s, respectively, to 1000 ppm H»S at 250 °C.
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Figure 2.4.36: (a) Gas sensing characteristics of WO, 7, nanowires to 1000 ppm H,S, and

(b) variations in sensitivity with concentration of H,S at 250°C.
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Figure 2.4.37 (a) shows the effect of working temperature in the range of 40-
250°C, on the sensor response of the tungsten oxide nanostructures towards 1000 ppm
H,S. We see that the WO, 7, nanowires show the highest values of sensitivity towards H,S
while the WOj3 nanoparticles show the least response at all the temperatures studied. All
the nanostructures, however, show a sensitivity of ~150 at 50°C to 1000 ppm of H,S, but
we found a reasonably good sensitivity value even at 50—100°C. The concentration-
variation of sensitivity of the tungsten oxide nanostructures at 250°C is shown in figure
2.4.37 (b). In the 50-100 ppm range, the sensitivity is generally satisfactory. The values of
sensitivity are 392, 121 and 50 to 50, 10 and 1 ppm of H,S at 250°C in the case of the
WO, 7, nanowires. The sensitivity of 121 of the nanowires to 10 ppm of H,S is significant

since the bad odor of H,S manifests above this concentration.

3500

0
3000 (@) —o— WO, , nanowires /
—O— WO, nanoplatelets I}
2500 —— WO, nanoparticles o /
> /D/
£ 20004 O
= O
"E 15004 e D/ o/o/
3 —
1000 D/j /o/
500 /O/O/O A/A/A___A/A
gﬁ /A_——A/A/
0 = : ' i i
50 100 150 200 250
Temperature (°C)
3.5 o
(b) —
3.0 /
_ ) A
£ -
£ 254 /
g A
% 2.0 /8 /
1.5 /A
I\
T T T
1] 1 2 3

Log (concentration (ppm))

Figure 2.4.37: A comparison of the sensitivity of tungsten oxide nanostructures with (a)

temperature (to1000 ppm H,S) and (b) H,S concentration (at 250°C).
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Figure 2.4.38 shows the response and recovery time curves of the tungsten oxide
nanoparticles, nanoplatelets and naowires at 40 — 250°C. The response times vary in the
55-100 s range for the nanoplatelets and nanowires, whereas for the nanoparticles the
response time is 80-130 s. Thus, the nanoparticles show slower response compared to the
nanowires and platelets. The recovery times of all the nanostructures are in the 18-40 s

range depending on the temperature.
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Figure 2.4.38: Temperature variation of (a) response and (b) recovery times (to 1000 ppm

H,S) of tungsten oxide nanoparticles, nanoplatelets and nanowires.

We have studied the effect of humidity on the H,S-sensing characteristics of the
tungsten oxide nanostructure sensors in the range of 35-90% relative humidity. We
illustrate the effect of humidity on the sensitivity of the WO, 7, nanowires at 250°C to

1000 ppm of H,S in figure 2.4.39 (a), and of WO; nanoplatelets in figure 2.4.39 (b). There
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is a slight decrease in the sensitivity with an increase in humidity above a relative
humidity of 60%, but there is not much change in the response and recovery times. There

was no change in the response as well as the response and recovery times even after 2000

cycles.
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Figure 2.4.39: Effect of humidity on the sensitivity of tungsten oxide (a) nanowires and

(b) nanoplatelets at 250°C to 1000 ppm H,S.

The adsorbed oxygen species play a crucial role in H,S-sensing. The reaction for
H,S-sensing is given by,

HaS + 30 iy — SO, + HHO+3e (18)
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As expected from Eq. (18), the resistance of the nanostructured oxide decreases on
contact with H,S. It is expected that the resistance change upon the exposure to H,S is
mainly due to the resistance change of tungsten oxide. According to Egs. (14) and (15),
oxygen adsorption reaction occurs prior to H,S-sensing, creating a thin electron-depleted
layer at the surface of tungsten oxide. As H,S is adsorbed, electrons are released into the

conduction band according to Eq. (18).

2.4.4 Sensors for the nitrogen oxides, NO,, NO and N,O, based on
In,O; and WO; nanowires

We have investigated ZnO nanorods (nanorods-2, described in section 2.3), In,O;
nanowires (In,O3 —1 and In,O3; —2) and WO; nanowires for sensing the three nitrogen
oxides. In,O; nanowires were prepared by using PAA membranes and by carbothermal
synthesis, which is described in section 2.3. The as-prepared WO;7, nanowires was
heated at 450 °C in an oxygen atmosphere for 3h to achieve WO;3; nanowires. The
resistance of the ZnO nanorods films was in the range of 0.1-5 MQ in a temperature
range of 100-400°C, whereas for In,O3; and WOs3 nanowires it was in the range of 1-65
MQ for 100-400°C in dry air.

Figure 2.4.40 (a) shows a SEM image of the In,O; nanowires prepared by the
carbothermal method, with the inset showing the TEM image of a nanowire. The diameter
of the nanowires varies in the 80-100 nm range, with lengths of several micrometers.
Figure 2.4.40 (b) shows the SEM images of In,Os-1nanowires with the inset showing

TEM images. Typical SEM and TEM images of In,O3-2 nanowires are shown in figure
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2.4.40 (c). The average diameters of the In,O3-1 and In,Os3-2 nanowires were around 200

nm and 20 nm respectively. All the In,O3; nanowires had the cubic structure.

W
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3un —

EHT=15 .00 KU W- 18 m e
o — Photo No.-2649  Detector

Figure 2.4.40: (a) SEM image of In,O3 nanowires prepared by carbothermal synthesis,
with inset showing a TEM image, (b) SEM image of In,O3; nanowires prepared by using
200 nm AAM membrane with the inset showing TEM images, (c) SEM image of In,O3

nanorods with the inset showing TEM image and electron diffraction pattern.

The results of our experiments with ZnO nanorods for sensing 10 ppm of NO, ,
NO and N,O are shown in figure 2.4.41 (a). The sensitivity varied in the range 2 - 5 for all

the three gases in the temperature range 125 —250°C. The response and recovery times
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were around 10s and 30s respectively. The sensitivity of the ZnO nanorods found by us

was considered to be not high enough for sensing the three nitrogen oxides.
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Figure 2.4.41: Gas sensing characteristics of (a) ZnO nanorods, (b) In,O3; nanowires

prepared by carbothermal synthesis for 10 ppm of NO,, NO, N,O respectively.

Our experiments with In,O3; nanowires prepared by the carbothermal process were
also not encouraging as revealed by the results shown in figure 2.4.41 (b). The sensitivity
was in between 2 and 5 in the temperature range 125 — 250°C for 10 ppm of the nitrogen
oxides. The response and recovery times were around 30s and 50s, which are also not

favorable.
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In view of the above results, we investigated the sensing characteristics of the In,Os
nanowires prepared by using the AAM templates. In figure 2.4.42, we show the sensor
characteristics of the In,O3; —1 nanowires (average dia ~200 nm) for 10 ppm of NO, , NO
and N,O in the 100 — 250°C range. The sensitivity varies between 2 and 8 for all the three
nitrogen oxides. The maximum sensitivity for the three gases is between 7 and 9 at

175°C. Thus, for NO, the sensitivity reaches a maximum of 7 at 175°C and decreases on
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further increasing the working temperature. At 250 °C, the sensitivity is around 5. For
N,O, the sensitivity is around 9 at 175°C, whereas it is ~ 6 at 100°C and 250°C. The

response and recovery times for the three gases are 20s and 60s respectively. In figure

2.4.43 (a), we show the variation of the sensitivity of In,Os —1 nanowires for the three
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nitrogen oxides at 150 °C over the 0.1-100 ppm range. The sensitivities are 6.8, 6 and 7.5
respectively for 0.1 ppm of NO, , NO and N,O. While these sensitivities are satisfactory,

we thought to improve the sensitivity by using In,O3; nanowires of a smaller diameter.

Sensitivity

Sensitivity

0 200 400 600 800 1000 1200
Time (sec)

Figure 2.4.43: Variation of sensitivity with concentration of N,O, NO, and NO for (a)

In,O3— 1, (b) In,O3— 2 nanowires at 150°C.

In figure 2.4.44, we show the sensing characteristics of the In,O; —2 nanowires
(average dia ~20 nm) for 10 ppm of NO, , NO and N,O in the temperature range of 125
—250°C. A maximum sensitivity of ~ 60 is found for 10 ppm of NO, at 150°C. The
sensitivity decreases to ~ 10 at 125 °C and to 20 at 175 °C. The highest sensitivities found
for NO and N,O are 50 and 60 respectively at 150 °C. These gases also show a decrease
in the sensitivity at temperatures below and above 150°C. The response and recovery
times are both in the range of 20s for all the three nitrogen oxides. In figure 2.4.43 (b), we

show the variation of the sensitivity for the three gases over the 0.1-100 ppm range at 150
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°C. The sensitivity is appreciable for NO, and N»O even at 0.1 ppm, the value being 40 for
the two gases. The sensitivity is 10 for 0.1 ppm of NO. From these data, we conclude that
the In,O3; —2 nanowires are quite suitable for sensing all the three nitrogen oxides,

specially NO, at 150 °C.
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In figure 2.4.45, we show the sensing characteristics of WO3 nanowires for 10
ppm of NO, , NO and N,O in the temperature range of 150-350°C. A maximum value of
sensitivity is obtained at 250°C for all these three gases. The values of sensitivity are 22,
21 and 25 for NO, , NO and N,O respectively. The response and recovery times for the
three gases are around 10s and 60s respectively. Figure 2.4.46 shows the variation of
sensitivity over the concentration range of 0.1-100 ppm at 250°C. The sensitivity is

around 10, 7 and 11 for 0.1 ppm of NO, , NO and N,O respectively at 250°C. While the
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values of the sensitivity of the WO;3; nanowires are not as high as with the In,O; -2
nanowires for sensing the nitrogen oxides, they are still in a workable range. The
operating temperature for the WO; nanowires, however, is much higher than for the In,O3

—2 nanowires.
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Figure 2.4.45: Gas sensing characteristics of WO3; nanowires for 10 ppm of NO,, NO and
N,O.
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Figure 2.4.46: Variation of the sensitivity of WO3 nanowires with the concentration of

N,0O, NO, and NO at 250°C.
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Figure 2.4.47: Effect of humidity
on the sensitivity of (a) In,O3; -2 at
150°C for 10 ppm of NO,, and (b)
WO3 nanowires at 250°C for 10 ppm
of NO».

It is important that metal oxide gas sensors are not affected by humidity. We have,

therefore, studied the effect of humidity on the sensing characteristics of In,O; —2 and

WO; nanowire sensors in the range of 35-90% relative humidity at 150°C and 250°C for
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10 ppm of NO,. Interestingly, there is a little effect of humidity on the sensitivity and
other features, as can be inferred from figure 2.4.47. This is somewhat surprising since
metal oxides would be expected to sensitive to humidity.

We can understand the sensing action of In,O3 based on the following considerations.
The electrical conductivity of In;Os3 is attributed to electron transfer between In** and In3+,

the formation of the In** occurring through oxygen deficiency.

n,0; — Inp, " In*0 34 [Vo] x + 1/2 O, (19)

The oxygen vacancies (F- centers) are the chemisorptions sites [148-150].

NO; (g) + Vo = (Vo-O aas) +NO (g) (20)

Oxygen desorption occurs by the reaction,

2(Vo-O ) > 2 (Vo) s+ 02(g) 21).

Thus, chemisorption of NO; on the active surface sites and the eventual desorption of
oxygen determine the sensor action. In the case of NO, the first reaction would be,

NO (g) + Vo > (Vo-0 445) + 1/2 Ny (22).

This reaction is followed by reaction (21). In the case of N;O, the first reaction would be
[151],

N20 (g) + Vo = (Vo-O aas) + Na(g) (23).

Reaction (23) is followed by reaction (21). The desorption of oxygen as in reaction (21),
involving the release of carriers is common to all the three nitrogen oxides. In the case of
WOs sensors also, NO, first gets adsorbed giving out NO, as the first step as in reaction

(20).
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2.4.5 Ammonia sensors based on metal oxide nanostructures

ZnO nanoparticles, nanorods (nanorods-2), In,Os nanoparticles, nanorods, SnO,
nanoparticles, nanorods and flowers were prepared by the methods described in section
2.3. The XRD patterns of ZnO nanoparticles and nanorods, In,Os nanoparticles and
nanorods, and SnO, nanoparticles, nanorods and flowers are shown in figure 2.4.48. The
XRD patterns of ZnO correspond to the wurtzite structure (lattice parameters: a=3.25 A,
¢=5.2 A, JCPDS no: 36-1451). In figure 2.4.49 (a), we show a typical TEM image of ZnO
nanoparticles with the inset showing the selected area electron diffraction (SAED) pattern.
The SAED pattern indicates the particles to be single crystalline. Based on the widths of
the reflections in the XRD pattern, the average diameter of the nanoparticle is found to be
~15 nm. The XRD pattern of the ZnO nanorods show sharp 002 reflections, indicating the
formation of the rods along the c axis. Figure 2.4.49 (b) shows a FESEM image of ZnO
nanorods, with the SAED pattern as the inset. The SAED pattern indicates the single
crystalline nature of the nanorods.

In,O3 nanoparticles and nanorods have the cubic structure (cell parameters: a=10.11
A, JCPDS no: 06-0416) as revealed by the XRD patterns (Figure 2.4.31). The average
diameter of the nanoparticles estimated to be ~21 nm from the XRD pattern. Figure 2.4.49
(c) shows a TEM image of In,O3; nanoparticles, with the inset showing the SAED pattern.
The In,O3 nanorods are single crystalline as revealed by the SAED pattern and have an
average diameter of around 20 nm. XRD patterns of SnO, nanoparticles, nanorods and
flowers could be indexed on the tetragonal rutile structure (cell parameters: a=4.738 A,
c=3.187 A, JCPDS no: 41-1445). The average diameter of the nanoparticles estimated

from the XRD pattern is ~23 nm. In figure 2.4.50 (a), we show a typical TEM
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Figure 2.4.48: XRD patterns of nanoparticles and nanorods of ZnO, nanoparticles and

nanorods of In O3 and nanoparticles, nanorods and flowers of SnO,.

™

Figure 2.4.49: TEM image of ZnO nanoparticles with the inset showing electron
diffraction, (b) FESEM image of ZnO nanorods with the inset showing electron
diffraction pattern, (c) TEM image of In,O3; nanoparticles with the inset showing electron

diffraction pattern.
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image of the SnO, nanoparticles with the inset showing the electron diffraction pattern
and a HREM image, confirming the single crystalline nature of the nanoparticles. In
figure 2.4.50 (b), we show a TEM image of SnO, nanorods with the inset showing a
HREM image and the SAED pattern. The SAED pattern shows the nanorods to be single
crystalline nature. The average diameter of the nanorods is ~25 nm. FESEM images of
flower-like structures of SnO; is shown in figure 2.4.50 (c) and (d). The inset of figure
2.4.50 (c) shows a high-resolution picture of SnO, flower. The flowers consist of fine rod-

like or fiber-like structures with diameters around 25 nm.

Figure 2.4.50: (a) TEM image of SnO;, nanoparticles with the inset showing electron
diffraction pattern, HREM image, (b) TEM image of SnO;, nanorods with the inset
showing electron diffraction pattern and HREM image, (c) and (d) FESEM image of SnO,

flowers.
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In figure 2.4.51 we show the Raman spectra of the various metal oxide
nanostructures studied by us. Raman bands are found at 332, 441, 1076 cm’! for the ZnO
nanoparticles and nanorods [152]. Bulk ZnO shows Raman bands at 330, 439 cm’! [152,
153]. The nanoparticles and nanorods of In,O; show Raman bands at 305, 364, 495 and
630 cm’’. For bulk In,O5, the Raman bands are at 306, 366, 495 and 630 cm’! [154].
Raman bands of SnO, nanostructures are observed at 315, 472, 578, 632 and 773 cm'l, in
agreement with the literature [146]. Bulk SnO, exhibits Raman bands at 472, 632 and 773
cm '[155], where as for nanostructures two extra bands are found at 315 and 578 cm™.
The Raman band positions of the nanostructures do not differ significantly from those of

the bulk samples. This is not expected since phonon confinement occurs at much smaller

sizes.
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In figures 2.4.52 (a) and (b), we show the sensing characteristics of In,O;
nanoparticles and nanorods respectively for 800 ppm of ammonia. The highest sensitivity
is 77 for nanoparticles and 71 for nanorods at 300 °C. At 100 °C the sensitivities become
32 for nanoparticles and nanorods. The variation of sensitivity of the In,O3 nanorods with
the concentration of NHj3 (1-800 ppm) at 300 °C is shown in figure 2.4.52 (c). The

nanorods show a sensitivity of 4 for 1 ppm of NH3 at 300 °C. The inset of the figure
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Figure 2.4.52: Gas sensing characteristics of (a) In,Os nanoparticles, (b) In,O3 nanorods
for 800 ppm of ammonia, (c) variation of sensitivity with concentration of ammonia for

In,O3 nanorods, the inset showing variation of sensitivity with concentration of ammonia

for the nanoparticles at 300°C.
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2.4.52 (c) shows the variation of sensitivity of the In,Os nanoparticles with the
concentration of NH3 at 300 °C (1-800 ppm). The response time for In,O3 nanoparticles
and nanorods are 12s, 18s respectively for 800 ppm NH; at 300 °C; the recovery times are

9 and 15s respectively for In O3 nanoparticles and nanorods.
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Figure 2.4.53: Gas sensing characteristics of (a) ZnO nanoparticles and, (b) ZnO
nanorods for 800 ppm of ammonia, Variation of sensitivity with concentration of

ammonia for (c) ZnO nanoparticles and (d) ZnO nanorods at 300°C.

Figures 2.4.53 (a) and (b) show the sensing characteristics of the ZnO

nanoparticles and nanorods. ZnO nanoparticles show a highest sensitivity of ~260 for 800
ppm of NHj3 at 300 °C and at 100 °C the sensitivity becomes ~19. For ZnO nanorods, the
observed values of sensitivity are 80 and 18 for 800 ppm of ammonia at 300 °C and
100 °C respectively. The variation of sensitivity with the concentration of NHj3 (1-800

ppm) at 300 °C is shown in figures 2.4.53 (c) and (d) respectively for ZnO nanoparticles

and nanorods. The sensitivity values are 16 and 9 for 1 ppm of NHj; for the nanoparticles
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and nanorods respectively. The response and recovery times for the ZnO nanoparticles are
48s and 10s respectively for 800 ppm NHj3 at 300 °C. For ZnO nanorods, the response and

recovery times are 26s and 7s at 300 °C.

The results of our experiments with the SnO, nanoparticles for sensing ammonia
are shown in figure 2.4.54 (a). Conductance of the SnO, nanoparticles does not show
saturation behavior for first few cycles. It is due to the availability of more number of
adsorbed oxygen species during initial measurements and after several cycles the

sensitivity saturates at a particular value. We did not find any change in sensitivity after

20 cycles.
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Figure 2.4.54: Gas sensing characteristics of (a) SnO, nanoparticles, (b) SnO, nanorods,

(c) SnO; flowers for 800 ppm of ammonia.
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The sensitivity varies in the range 20 - 200 for 800 ppm of ammonia in the temperature
range 100 —300°C. In figure 2.4.54 (b), we show ammonia-sensing characteristics of
SnO, nanorods while figure 2.4.54 (c¢) shows ammonia-sensing characteristics of SnO;
flowers for 800 ppm ammonia. The sensitivity of SnO; nanorods varies between 180-20
for 800 ppm of ammonia. SnO, flowers show a sensitivity of 220 at 300°C for 800 ppm of
ammonia.

The variation of sensitivity with the concentration of ammonia for SnO,
nanoparticles at 300°C is shown in figure 2.4.55 (a). For 1 ppm of ammonia a sensitivity

of 18 is found at 300°C. The response and recovery times for the SnO; nanoparticles are
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Figure 2.4.55: Variation of sensitivity with concentration of ammonia for (a) SnO,

nanoparticles, (b) SnO; nanorods and (c) SnO, flowers at 300°C.
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22s and 10s respectively for 800 ppm NHj; at 300 °C. Figure 2.4.55 (b) shows the
variation of sensitivity with concentration for SnO, nanorods, whereas figure 2.4.55 (c)
shows variation of sensitivity with the concentration of ammonia for SnO, flowers at
300°C. For the nanorods and flowers, the response times are 36s and 25s respectively,

whereas recovery times are 20s and 12s.

In figure 2.4.56, we compare the temperature variation of sensitivity in the 100-
300°C range for ZnO, In,O3 and SnO; nanostructures. We see that ZnO nanoparticles
show the highest values of sensitivity towards ammonia at 300°C. SnO, nanoparticles,

nanorods and flowers also show satisfactory values of sensitivity. The sensitivity is lowest

with the In,Os nanoparticles and nanowires. The nanostructures of all the oxides show

similar behavior at low temperatures (<150°C).
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Figure 2.4.56: Temperature variation of sensitivity of ZnO, In,O; and SnO,

nanostructures.
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The temperature variations of the response and recovery times of the ammonia
sensors based on the nanostructures of ZnO, In,O3 and SnO; are shown in figure 2.4.57
(a) and b respectively. The response times vary in the range of 20s - 120s for all the
materials. In,O3; nanowires and nanoparticles show fast response, but the sensitivity of
these nanostructures is rather low compared to SnO; and ZnO nanostructures. At 300°C,
the recovery times for the sensors are in the 8-30s range. At low temperatures, the

recovery times are high, but below 70s at 100°C.
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Figure 2.4.57: Temperature variation of (a) response and (b) recovery times for ZnO
nanoparticles and nanorods, In,O3; nanoparticles and nanorods and SnO, nanoparticles,

nanorods and flowers.
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We have studied the effect of humidity on the ammonia sensing characteristics of
the ZnO, In,O3 and SnO, nanostructure sensors in the range of 35-90% relative humidity.
We illustrate the effect of humidity on the sensitivity for the In,Oz nanowires at 300°C for
800 ppm of NHj in figure 2.4.58 (a), and for ZnO nanoparticles in figure 2.4.58 (b). The
humidity effect on the sensing characteristics of SnO, nanoparticles and nanorods is
shown in figure 2.4.58 (c) and (d) respectively. There is a slight decrease in the sensitivity
of the sensors with the increase in humidity upto a relative humidity of 60%, but the
sensitivities as well as the response and recovery times are still in the acceptable range.
The sensing characteristics deteriorate when the relative humidity is 90%. There was no
change in the sensitivity as well as the response and recovery times after 200 cycles for
the ZnO and SnO, nanostructures. We must also point out that we found no changes in the

Raman spectra or XRD patterns of the oxide nanostructures after exposure to NHj

repeatedly.
75
(a) RH :35%
RH : 60%
50 >
E‘ RH : 90%| £
2 =
= []
[7] c
g 25 3
(7]
ol -
300/ . . . . . ; 20 [} 100 200 300
(b) RH : 35%
> RH : 60%
=
> 4
g z
7] RH:90% S
g £
@ 100 §
0+ ; \ \ \ ; Z
50 100 150 200 250 300 0 100 200 300
Time (sec) Time (sec)

Figure 2.4.58: Effect of humidity on the sensitivity of (a) In,O; nanorods, (b) ZnO
nanoparticles, (c) SnO, nanoparticles, and (d) SnO, nanorods at 300°C for 800 ppm of
NHs.

153



Gas sensors based on metal oxide nanostructures

In order to check the selectivity for sensing ammonia, we have studied the sensing
characteristics of ZnO, In,O; and SnO, nanostructures for NO,, NO, N,O, H,, CO, H,S
and SO,. The ZnO nanoparticles and nanorods showed a maximum sensitivity of 2-5 for
the nitrogen oxides in the temperature range of 100 —300 °C. Maximum sensitivity values
of 62, 8 and 17 were observed for 1000 ppm of H,, CO and H,S respectively in the case
of ZnO nanoparticles. We did not find In,O3 to have good sensing characteristics for Hp,
CO and H,S, whereas it sensed nitrogen oxides at the ppm level. The SnO, nanostructures
showed maximum sensitivity values of 43, 11 and 18 for 1000 ppm of H,, CO and H,S,
which are considerably low as compared to the sensitivity obtained in the case of
ammonia. The nanostructures of ZnO, In,Oz and SnO, do not sense SO,.

The sensing action by metal oxides depends on several factors such as grain size
(available surface area), surface states as well as the efficiency with which the test gas
molecules adsorb on the surface. The sensing mechanism of n-type semiconducting metal
oxides involves the formation of a charge depletion layer (Lp) on the surface of the oxides
due to electron trapping on adsorbed oxygen species O and O,. The adsorbed oxygens
are present on the surface of the metal oxides, which is described in section 2.1.

The adsorbed oxygen species play a crucial role in sensing ammonia. The reaction for
sensing ammonia is given by,

2NH3 + 30" (3459 —— N, +3H,0 +3¢” (24)

As expected from equation (24), the resistance of the nanostructured material decreases
on contact with ammonia. The thickness of the depletion layers of ZnO, In,O3 and SnQO; is
around 5 nm [146, 156, 157]. If the grain size is closer to 2Lp, electrons in the

nanostructures get depleted due to oxygen adsorption from air. Electrons are released
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when the nanostructures are exposed to ammonia, leading to an increase in the
conductance according to equation (24) [146, 158]. In the present study, ZnO
nanoparticles show a linear dependence of sensitivity on NH3 concentration and show
higher sensitivity compared to the nanorods (Figure 2.4.59). Metal oxide nanostructures
are known to show non-linear behavior with respect to the test gas concentration when the

particles have an average diameter larger than 20 nm [159].

3004 ®  ZnO nanoparticles
—— ZnO0 nanorods

1| —A= In,0, nanoparticles
250 | —v— In203 nanorods
=—0=SnO, nanoparticles

—O0= SnO, nanorods /A

200 -{| —2— snO, flowers

> ]
= 150
=
C
& 1004
A —t4
50- /:j —=t=¢
04

0 200 400 600 800
Concentration (ppm)

Figure 2.4.59: Comparison of the sensitivities of the different oxide nanostructures for

sensing NH3.

The nanostructures of SnO,, however, show nearly equal values of sensitivity over
a concentration range of 1-800 ppm, and they also have comparable sizes. SnO,

nanostructures also show high sensitivities and a non-linear dependence with respect to

155



Gas sensors based on metal oxide nanostructures

the NH; concentration. This may be due to the higher carrier concentration of SnO, [21,
160-163]. At higher concentrations of ammonia, the sensitivity of the SnO, nanostructures
seems to saturate. Such a saturation behavior is related to the relative size of the
nanostructures, as reported in the literature for flower-like structures of ZnO [156, 157].
The conductivity of the nanostructures varies according to the relation 6 =A [C]~, where
A is a constant and C is the concentration of the test gas and N varies between 0.5 and 1.0
depending on the grain size (D), which is nearly equal to 2Lp [159]. For the particles of
very small size (D << 2Lp), the depletion region extends throughout the whole grain and
crystallites are almost fully depleted of mobile charge carriers. As a result the
conductivity decreases steeply since the conduction channels between the grains are
vanished. When D >>2Lp, the gas sensing mechanism is controlled by the grain
boundary barriers. The grain boundary barriers are independent of the grain size and the
sensitivity is independent of D. In the case, D > 2L, the depletion region that surrounds
each neck forms a constricted conduction channel within each aggregate. Hence the
ammonia sensing characteristics using different nanostructures of ZnO, In,O3 and SnO,

follow the space-charge model.

2.5 Conclusions

Thick films of nanoparticles of ZnO impregnated with Pt and/or doped with Mn or
Co show good sensitivity for H, and ethanol at relatively low temperatures. Thus, the
sensitivity for 1000 ppm H; reaches values of over 1000 and 1500 for 1% Pt impregnated
Zn0O and 3% Co doped ZnO at 125°C or lower. The sensitivities of these nanoparticles for

ethanol are also high. The response and recovery times are generally well within 10 sec in
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the regime of high sensitivity. The ZnO nanoparticle sensors are stable over several cycles
for several weeks, thereby demonstrating their practical utility. Furthermore, the
performance is not affected even by 50% relative humidity or greater.

The comparative study of the hydrogen and ethanol sensing characteristics of the
different types of ZnO nanostructures with and without impregnation of Pt has revealed
that, by and large, nanorods-1 and the nanowires prepared in alumina membranes are both
good hydrogen sensors at or below 150° C, specially when impregnated with Pt. The
sensitivities and other features of these H, sensors are superior to those reported in the
literature. Nanorods-1 and nanowires also exhibit good sensing characteristics for 1000
ppm of ethanol at or below 150° C. The Sensitivity of the nanostructures for H, and
ethanol was not affected significantly upto 50 % relative humidity. Furthermore, the
sensitivity remained essentially the same upto 1000 cycles. These factors make the
sensors based on the ZnO nanostructures to the potentially useful for practical
applications. Gas sensing characteristics of single nanowires of metal oxides can be
conveniently studied by conducting atomic force microscopy. Single nanowires of ZnO
(25 nm dia), TiO, (60 nm dia) and WO, 7, (40 and 16 nm dia) act as sensors for 100, 500
and 1000 ppm of hydrogen at room temperature, the values of sensitivities being 10, 8 and
22 respectively for 1000 ppm hydrogen at 298K. The sensitivity is higher with a WO, 7,
nanowire of 40 nm diameter as compared to a nanowire of 16 nm diameter.

We have successfully demonstrated that WO;7, nanowires are good for
hydrocarbon (LPG) sensing with a sensitivity of the order of 10° or more at 200 °C for
2000 ppm of LPG. The response and recovery times are in the 25-80s range. Impregnation

of the WO,7; nanowires with Pt has profound effect on the sensor characteristics, the
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sensitivity increasing from 2200 for 0.1 at% Pt to 4.3 x 10° for 1 at% Pt at 200 °C for
2000 ppm of LPG. The sensitivity is 405 and 4.5 X 10° for 50 ppm of LPG with 0.1 and 1
at% Pt impregnation. It is remarkable that even 90% relative humidity has negligible
effect on the sensor characteristics of the Pt impregnated WO, 7, nanowires. The results
can be understood on the basis of the interaction of charged surface oxygen species and
the hydrocarbons. Single nanowires of WO,7, are also good sensors for liquefied
petroleum gas at room temperature. The values of sensitivities are around 15, 5 and 2 for
1000, 500 and 100 ppm LPG with a nanowire of 40 nm diameter, while the sensitivity is 8
for 1000 ppm LPG in the case of the nanowire of 16 nm diameter. The recovery and
response times for both the WO, 7, nanowires are satisfactory.

Tungsten oxide nanostructures also exhibit good sensing characteristics for H,S in
the concentration range of 1-1000 ppm over the temperature range 40-250°C. The best
results are obtained with the WO, 7, nanowires at 250 °C where the sensitivity value
reaches 3313 to 1000 ppm of H,S and 121 for 10 ppm of H,S. The sensitivity is
satisfactory at 40 °C. The recovery and response times are generally satisfactory. It is
noteworthy that the sensitivity is not affected significantly by humidity up to 60% relative
humidity.

The study on the sensing characteristics of In,O3 (200 nm and 20 nm) and WO3
(~10 nm) nanowires for the three nitrogen oxides, reveal the following general features.
(a) All the three nitrogen oxides, NO, , NO and N,O can be sensed satisfactorily by In,0Os
and WO; nanowires. (b) In,O3 nanowires with a diameter of ~20 nm (In,O3 -2) give the
best performance in terms of the sensitivity and the operating temperature. The operating

temperature of 150°C found by us is lower than many of the results reported in the
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literature. This is specifically true for N,O. The WO3 nanowires can be useful even
though the sensitivity is somewhat lower than that with  In,O3-2. (c) The sensitivity
values for 1000 ppm of the three nitrogen oxides show minor variations with both In,O3-2
and WO; nanowires. There is, however, some change in the sensitivity at lower
concentrations of the gases. (d) Since the N,O sensors are likely to be used for medical
purposes, no contamination is expected from NO; or NO. In,O3 and WO3 nanowires can
be used satisfactorily for N,O sensing. Both NO, and NO can be sensed by the In Oz and
WOj3 nanowires. This should not matter since both are atmospheric pollutants and NO,
transforms to NO before it is sensed. (¢) The mechanism of sensing proposed here
suggests that the desorption of oxygen is a common step in sensing all the three nitrogen
oxides.

Zinc and tin oxide nanostructures exhibit good sensing characteristics for
ammonia. Although ZnO nanoparticles show higher sensitivity, the different
nanostructures of SnO, seem to have a slight edge. The sensitivities and other
characteristics are very good at 300°C, but are quite acceptable even at 200°C or at a
somewhat lower temperature. It is also to be noted that the sensitivity values as well as
recovery and response times of the SnO, nanostructures are generally better than those
reported in the literature. Furthermore, the characteristics found by us are in the absence
of any noble or transition metal additive. Since humidity does not have a marked effect on
the sensitivity upto 60% relative humidity, and the sensing characteristics do not
deteriorate on repeated cycling, SnO, nanostructures emerge as good ammonia sensors.

From the above studies the best sensitivities are found with nanostructures of ZnO

(~1720 at 125 °C, Hy), (~2500 at 125 °C, Ethanol), WO, (~10° at 200 °C, aliphatic
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hydrocarbon), WOs3 (~ 3300 at 250 °C, H,S), In,O3; (~ 60 at 150 °C, NO, NO, and N,O)
and SnO; (~ 250 at 300 °C, NH3).
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Part 3

Properties of field effect transistors and
heterojunction light emitting diodes based on

° £
metal oxide nanorods

Summary

This part of the thesis contains studies on electrical properties and hydrogen-
sensing characteristics of field effect transistors (FETs) based on nanorods of ZnO and
WO, 7,. Electroluminescence and rectifying properties of heterojunction light emitting
diodes (LEDs) based on ZnO nanorods have also been investigated.

Top-gated field effect transistors (FETs) using Au-gap (5 um) electrodes on glass
substrate and SiO,/Si as gate have been fabricated with undoped and doped nanorods of
ZnO as well as with WO, 7, nanorods as active semiconductor elements. The I-V
characteristics at different gate voltages show that the nanorods are n-type semiconductors
and the derived transfer characteristics show that the FET devices function in the
depletion mode. Al-doping (3 at%) enhances the carrier mobility of ZnO nanorods to
128.6 cm? V.s as against to 0.009 cm? V.s estimated in the case of the undoped
nanorods. Doping with Cd and Mg (3 at%) as well as N (~1 at%) similarly increases the
mobility although to a smaller extent. The Cd-doped ZnO nanorods exhibit the high

sensitivity (20) for 1000 ppm of hydrogen. Application of gate voltage decreases

* A paper based on these studies has appeared in Nanotechnology (2008) and another has

been communicated to J. Nanosci. Nanotech.
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the response and recovery times of the nanorod sensors. FETs based on WO, 7, nanorods
also show the depletion mode type characteristics and a carrier mobility of 8.38 cm?/V.s is
obtained. The WO, 7, based FETs exhibit good sensitivity (~10) for 1000 ppm hydrogen.
n-ZnO NR/p-Si and n-ZnO NR/p-PEDOT/PSS heterojunction light emitting
diodes have been fabricated with ZnO nanorods (NRs) grown by a low-temperature
method as well as by employing pulsed laser deposition (PLD). The low-temp method
involves growth of the ZnO nanorods by the reaction of water with zinc metal. The I-V
characteristics of the heterojunctions show good rectifying diode characteristics.
Electroluminescence (EL) spectra of the nanorods show an emission band around 390 nm
and defect-related bands in the 400-550 nm region. Room-temperature
electroluminescence is detected under forward bias for both the heterostructures. With the
low-temperature grown nanorods, defect-related bands in the 400-550 nm range are more
intense in the EL spectra whereas with the PLD grown nanorods, only the 390 nm band is

prominent.
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3.1 Introduction

3.1.1 About FETs

A transistor is a three-terminal electronic device composed of a layer of
semiconductor materials, which regulates current or voltage flow and acts as a switch or
gate for an electronic circuit. In 1947, William Shockley, John Bardeen and Walter
Brattain, working at Bell Telephone Laboratories, were trying to understand the nature of
the electrons at the interface between a metal and a semiconductor. They realized that by
making two point contacts very close to one another, they could make a three terminal
device, the first "point contact" transistor [1]. Modern transistors are divided into two
main categories: bipolar junction transistor (BJTs) and field effect transistors (FETs).
Applying current in BJTs and voltage in FETs between the input and common terminals
increases the conductivity between the common and output terminals, thereby controlling
current flow between them. The characteristics of a transistor depend on its type.

Bipolar transistors are so named because they conduct by using both majority and
minority carriers. The three terminals of the BJT are named emitter, base and collector.
Two p-n junctions exist inside a BJT: the base/emitter junction and base/collector
junction. The BJT is useful in amplifiers because the currents at the emitter and collector
are controllable by the relatively small base current. By controlling the number of
electrons that can leave the base, the number of electrons entering the collector can be
controlled. The field-effect transistor (FET), sometimes called a unipolar transistor, uses

either electrons (in n-channel FET) or holes (in p-channel FET) for conduction. The four
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terminals of the FET are named source, gate, drain, and body (substrate). Most commonly
used FETs are of three types.

(a) The MOSFET (Metal-Oxide—Semiconductor Field-Effect Transistor) utilizes an
insulator (typically SiO,) between the gate and the body .

(b) The JFET (Junction Field-Effect Transistor) uses a reverse biased p-n junction to
separate the gate from the body.

(c) The MESFET (Metal-Semiconductor Field-Effect Transistor) substitutes the p-n
junction of the JFET with a Schottky barrier; used in GaAs and other III-V semiconductor

materials.

Figure 3.1.1 shows a schematic diagram of an n-channel metal-oxide semiconductor field

effect transistor (MOSFET).

© @

% GATE | SUBSTRATE
5 GATE OXIDE

DERATN

INVERSION LAYER

BACK CONIACT ]
SOURCE

Figure 3.1.1: Cross-section and circuit symbol of an n-channel Metal-Oxide-

Semiconductor-Field-Effect-Transistor (MOSFET) [2].
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3.1.2 About LEDs

A Light Emitting Diode is a semiconductor device that emits light when it is
connected to forward bias of the p-n junction. It consists of an n-type (electron majority)
and p-type (hole majority) semiconductor materials, which form the p-n junction. Figure
3.1.2 shows a schematic diagram of p-n junction with a forward bias. Upon applying
voltage to the p-n junction through respective electrodes, a positive charge (hole) from
anode recombines with a negative charge (electron) from cathode in the junction and falls
into the lower energy state and emits light in the form of photon. This process is called
electroluminescence {Figure 3.1.3 (a)}. Hence, electroluminescence is the result of
radiatve recombination of electrons and holes in a material (usually a semiconductor).
There is another way of exciting a chemical compound or a substance into a higher
electronic energy level by photoluminescence {Figure 3.1.3 (b)}, in which light is
absorbed by the substance, which excites an electron into the higher electronic energy
level and then radiates light when it falls back to the lower energy state. The wavelength
of light coming out from the LED depends on the material being used and their band gap

energy.

p-type semiconductor n-type semiconductor

anode &b D ) &b S @@@ % cathode

@@@% 0 000

Potential barrier

Figure 3.1.2: Schematic diagram of a LED.
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Figure 3.1.3: Schematic diagram of the (A) electroluminescence and (B)

Photoluminescence [3].

Starting early in the twentieth century, light emission from SiC was first observed
by Captain Henry Joseph Round [4]. Round reported that a yellow light was produced
when a current was passed through a silicon carbide detector [5]. B. Gudden and R.W.
Pohl conducted experiments in Germany in the late 1920s with phosphors made from zinc
sulfide doped with copper (ZnS:Cu) [6]. Infrared (870-980 nm) LEDs and lasers based on
GaAs were first reported in 1962 by groups working at RCA, GE, IBM and MIT (Hall et
al., 1962; Nathan et al., 1962; Pankove and Berkeyheiser, 1962; Pankove and Massoulie,
1962; Quist et al., 1962). The first generation of bright LED (red, yellow and green) was
produced in the mid 1980. A major breakthrough in LED’s history was fabrication of blue

LEDs using GaN in the early 1990, which paved the way to create virtually any color of
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light. To date, white light is produced by mounting red, green, blue LEDs on single chip
or by coating blue LED chip with fluorescent phosphors.

As it has been mentioned earlier, to get light emission from material or substance
electron has to be excited into higher energy states to make an electron-hole pair (exciton)
either by photon of light or by voltage. In metal, there is no possibility of creating exciton
since it has no energy gap in between conduction and valence band. So they are used as
metallic contacts to the devices and as an interconnect in the electronic circuits. On the
other hand, both semiconductor and insulator have certain energy gap; can be used to
make opto-electronic devices. But insulator has been in use for insulating or non-
conducting material for different applications due its large band gap until 1970s. A major
breakthrough in polymer field was the discovery of the increase of electrical conductivity
of the polymer polyacetylene over some orders of magnitude upon chemical doping by
iodine ion by A. Heeger and co-workers. After this, the unique properties of polymers
have been employed for the fabrication of different electronic devices such as LED, FET

and solar cell to make it thin, flexible, lightweight and low cost.

3.2 Scope of the present investigations

Semiconducting metal oxide nanowires have attracted increasing attention due to
their optoelectronic properties important in device applications [7-9]. Among them, ZnO
nanostructures have secured popularity due to their non-toxic and low cost, suitable
optical band gap and electrical characteristics besides being simple to prepare at low costs

[10-12].

179



Electrical and electroluminescence properties of ZnO nanorods

3.2.1 Electrical and hydrogen-sensing characteristics of FETs based on nanorods of
ZnO and WO, 7,

There have been recent reports on field effect transistors (FETs) based on ZnO
nanostructures using different electrode configurations and gate dielectrics [13-17]. Single
crystalline ZnO nanowires with a circular cross section and omega-shaped gate FET have
been utilized to fabricate nanowire devices by bottom gate configuration [13, 14]. ZnO
nanowire FETs using a self-assembled nanodielectric organic gate insulator have been
demonstrated [15, 16]. The field effect behavior of nanocomposite FET containing ZnO
nanowires dispersed in a polymer matrix of MEH-PPV has been studied [17].

In a previous study in part 2, we presented the electrical and gas-sensing
characteristics of single nanowires of WO,7;, and ZnO using conducting AFM
measurements [18]. In the present investigation, we have deposited the nanorods between
Au paired electrodes by dielectrophoresis for FET fabrication. We have fabricated FETs
using a simple top-gate approach with doped and undoped ZnO nanorods. The dopants
employed are Mg, Cd and Al (all ~3-4 at%) and nitrogen (~1 at%). Besides obtaining the
electrical characteristics, we have studied the hydrogen sensing characteristics of the
FETs based on ZnO nanorods. FETs of WO, 7, nanorods prepared by solvothermal
synthesis have also examined for H,-sensing characteristics at room temperature.

3.2.2 Electroluminescence and rectifying properties of heterojunction LEDs based on
ZnO nanorods

Zn0O has emerged to become one of the prime materials for use in different optical
devices because of its wide band gap and large exciton binding energy [9, 19-21]. Thus,

light emitting diodes (LEDs) based on ZnO p-n junctions have been of much interest for
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optoelectronic applications [22-24], and p-n heterojunctions based on thin films of ZnO,
have been deposited on p-type materials such as Si [25-30], p-AlGaN [31], p-GaN [32],
SrCuO; [33], NiO [34]. Also, p-type polymers have been employed to fabricate p-n
heterojunctions on ITO substrates [35-38]. Vertical p-n junction diodes based on n-
ZnO/p-pentacene have been fabricated on ITO coated glass substrates [35]. Konenkamp et
al. have reported ZnO nanowire heterojunctions prepared on ITO substrate by the
electrodeposition technique [36-38]. We have constructed electrically-driven light-
emitting devices employing p-n heterojunctions based on ZnO nanorods (NRs) prepared
by two methods and studied the electrical, room-temperature photoluminescence (PL) and
electroluminescence (EL).

Since Si has considerable merit in making the driving voltage of LEDs lower and the
cost of the device less expensive compared to ITO, we have employed p-Si (111)
substrates with ZnO nanorods grown by a low-temperature procedure wherein Zn metal
was converted to ZnO nanorods by reaction with water. We have also employed pulsed
laser deposition (PLD) to obtain the nanorods on n-Si (100) substrates. For the low-
temperature grown ZnO nanorods, the Si substrate acts as the p-type semiconductor for
the hole injection. For the growth of ZnO nanorods by PLD, we have used the Au layer on
n-Si (100), which acts as catalyst. Since at the interface of the PLD grown ZnO nanorods
and n-Si (100), there is an Au layer, we have used a strongly p-doped layer of
PEDOT/PSS (poly (3,4-ethylene-dioxythiophene)/poly (styrenesulfonate)) as the hole

injector on top of the nanorod layer.
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3.3 Experimental and related aspects

3.3.1 Synthesis of ZnO and WO, ;, nanorods

Undoped and doped ZnO nanorods and WO, 7, nanorods were synthesized by
solvothermal synthesis for the FET fabrication. ZnO nanorods have been grown on Si
substrates by a simple low-temperature method and also by PLD, for the fabrication of the
n-ZnO NR/p-Si and n-ZnO NR/p-PEDOT/PSS heterojunction devices.

(a) Solvothermal synthesis of nanorods

Zn0O nanorods were synthesized by the solvothermal synthesis [39]. 600 mg of
zinc acetate (Qualigens, 99%) was dissolved in 40 ml of water and ethanol mixture (1:1
ratio). The mixture of the above solution and 20:1 molar ratio of NaOH and Zn>* were
taken in a Teflon-lined autoclave. The solution mixture was pretreated under an ultrasonic
water bath for 20-40 min. The solvothermal synthesis was conducted at 200°C for 24h.
After the reaction, the white products were washed with deionized water and alcohol and
dried at 60°C for 24h. For Cd, Al, Mg doped ZnO nanorods, 3 % (molar ratio) of
cadmium acetate (Rolex, 98.5%), aluminum nitrate (Merck, 95%) and magnesium nitrate
(Ranbaxy, 99%) were added to the above zinc acetate solution and solvothermal synthesis
were carried out at 230°C for 24h. N-doped (~1%) ZnO nanorods were prepared by
following the procedure reported elsewhere [40]. Tungsten oxide (WQO;72) nanorods were
prepared by solvothermal synthesis [41]. 1 g of WClg was taken in a 25 ml autoclave filled
with ethanol up to 90% of its volume. Solvothermal synthesis was carried out at 200°C for

24h. The product obtained by centrifugation was washed with ethanol.
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(b) Synthesis of ZnO nanorods by a low-temperature method and by pulsed laser
deposition (PLD)

Zn0O nanorod forests as well as islands were grown on heavily p-doped Si (111)
substrates by a simple, low-temperature procedure, developed in this laboratory [42]. For
this purpose, Zn metal (~100 nm thick) was deposited on p-Si (111) substrates using a
physical vapor deposition system. The Zn-coated Si substrates were kept in a vial
containing 20 ml of double distilled water (pH =6.5). The reaction with double distilled
water was carried out at 25°C for 72h. At 50 and 75°C, the reaction mixture was kept for
24h. After the reaction, the substrates were dried and heated at 350°C for 4h in air.

Zn0O nanorods were also grown on Au-coated Si (100) substrates by high pressure
PLD. A KrF excimer laser with a repetition rate of 10 Hz was used for ablating the ZnO
target prepared using a standard sol-gel route. The pellets were pressed and sintered at
1000°C for 4h in air before ablation. A 30 nm thick of gold was coated on Si (100)
substrates by using a sputtering system. The PLD chamber was evacuated by a turbo
molecular pump vyielding typical base pressure of ~1 x10° Torr. The output of the KrF
excimer laser (Lambda-physik) was focused on the rotating target with the incident laser
energy of 250 mlJ. The substrates were arranged off-axis and situated at a target to
substrate distance of 5 cm. All samples were grown in a low background pressure of
oxygen (>99.9 % purity, p (0,) = 2x10" bar), flow rate of 20 sccm and at different
substrate temperature. Depositions run typically involved 108, 00 pulses for 1h. After
each deposition, the samples were kept for 3h under the same O, partial pressure and
growth temperature as during the deposition before cooling down to room temperature. A

schematic diagram of the PLD set-up is shown in figure 3.3.1.
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Figure 3.3.1: Schematic diagram of the PLD set-up.

3.3.2 Characterization techniques

The as-grown ZnO nanorods were characterized with a field emission scanning
electron microscope (FESEM) using a FEI NOVA NANOSEM 600, as well as a LEICA
S4401 instrument, X-ray diffraction (SEIFERT, XRD 3000TT), micro-Raman
spectroscopy (LABRAMAN-HR) using a He-Ne laser (632.81 nm) in the back scattering
geometry. The composition of the nanorods was analysed with energy dispersive X-ray
spectrometer (EDAX) attached to the FESEM. UV-vis absorption spectra were recorded
with a Perkin-Elmer Lamda 900 UV/vis/NIR spectrometer. PL. and EL spectra were
recorded with a Perkin-Elmer model LS55 and a Horiba Jobin Yvon iHR-320
luminescence spectrometer. A Keithley-236 multimeter was used to measure the I-V

characteristics of the devices. All the measurements were performed at room temperature.
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3.3.3 Fabrication of FETs and gas-sensing measurements

Zn0O nanorods synthesized by solvothermal method were well dispersed in 10 ml
ethanol by sonication for 10 min to get 0.01 M solution. They were then assembled across
pre-patterned electrodes on glass substrates employing the dielectrophoresis (DEP)
technique [43, 44]. Dielectrophoresis is a technique where a non-uniform electric field is
used to selectively move neutral particles in a liquid dielectric medium. The

dielectrophoretic force (Fpgp), generated due to the induced dipole moment is given by,

Fpep(O=[p (V. VI E (1) 3.1

The pre-patterned source and drain electrodes with a gap of 5 um were made by
evaporating Au (~50 nm thick) on glass substrates. In order to form an assembly of
nanorods, 100 pl ethanol solution containing dispersed ZnO nanorods was dropped onto
the gap between the electrodes using a micropipette. An A.C. voltage signal (5 Vp, at 1
MHz) was applied between the electrodes; this signal condition has been found to be
suitable in optimizing the alignment of ZnO nanorods [45]. Following a similar
procedure, WO, 7, nanorods were deposited between the Au electodes. The A.C signal
generates an alternating electrostatic force on the nanorods in the solution. By DEP force
effect, the nanorods tend to align to the electrodes.

For the top gate configuration, we have used highly doped Si substrates, which
were thermally oxidized to have ~300 nm thick SiO, layer. The Si substrates were
subjected to the RCA cleaning procedure, prior to oxidation [46]. A schematic diagram

for the fabrication of the field effect transistors is shown in figure 3.3.2.
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Figure.3.3.2: Schematic diagram of the FET fabrication procedure.

H;-sensing properties were measured using a home-built computer-controlled
characterization system consisting of a test chamber, a Keithley multimeter-2700, a
Keithley electrometer-6517A, mass flow controllers and a data acquisition system. By
monitoring the output voltage across the device, the resistance of the nanostructures in dry
air or in H, can be measured. The sensitivity, S, was determined as the ratio R,/Rp,
where Ry is the resistance of the nanostructure in dry air and Ry is the resistance in the
presence of H,. Details of the experimental set-up and gas-sensing measurements are

described in part 2.
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3.3.4 Fabrication of heterojunction LEDs

We have followed two different procedures for the fabrication of p-n junctions
based on the ZnO nanorods. It is known that unintentionally doped ZnO is typically n-
type due to oxygen vacancies and/or zinc interstitials [47-49]. Figure 3.3.3 (a) shows a
schematic diagram of the n-ZnO NR/p-Si heterojunctions light-emitting device for the

nanorods grown by the reaction of Zn metal with water. After the growth of the nanorods

(a)

Figure 3.3.3: Schematic diagram of
ZnO NRs p-Sisubstrate EL devices with (a) n-ZnO NR/p-Si,
(in polystyrene) () nZnO  NR/p-PEDOT/PSS

heterojunctions.

(b)
—

EDOT/PSS
olystyrene
Au

lVAg

Si substrate

ZnO NRs

on p-Si (111) substrate, the free space between the individual nanorods were filled with
high molecular weight polymers, such as polystyrene by spin coating with a spin speed of
3000 rpm. Polystyrene of molecular weight 1.7x10° g/mol in a concentration of 50 gl

dissolved in toluene was used. The films were UV cured for 1h and soaked in toluene for
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10 min and rinsed by pipette with toluene to remove the excess polystyrene from the
nanorod surface. Finally a layer of Al was deposited on the p-Si to form ohmic contact
and contacts were taken from the top of the nanorods by depositing Au/Ag layers. In
figure 3.3.3 (b), we show the schematic diagram of the p-n junction fabricated from the
PLD grown ZnO nanorods. After coating a thin layer of polystyrene as mentioned above,
a strongly p-doped layer of PEDOT/PSS was deposited which serve as a hole injecting
contact. Finally an Al/Ag layer was deposited on PEDOT/PSS for the top contact and

bottom contact was taken from the gold layer by depositing Ag.

3.4 Results and discussion

3.4.1 Electrical and hydrogen-sensing characteristics of FETs based on

nanorods of ZnO and WO,7,
Figure 3.4.1 shows FESEM images of undoped and doped ZnO nanorods. The

undoped nanorods have diameters in the 30-100 nm range, with lengths 5-10 um {Figure
3.4.1(a)}. The XRD pattern showed that the rods possess the wurtzite structure (a=3.25 A
and ¢=5.2 A, JCPDS no: 36-1451) {Figure 3.4.2}. Raman bands of the ZnO nanorods
were found at 328, 378 and 438 cm™ in agreement with the literature [50]. In case of
ZnO:N nanorods, we observed four additional bands at 275, 507, 579 and 642 cm'l, which
correspond to the silent modes arising from the breakdown of the translational crystal
symmetry induced by defect [8, 40]. For ZnO:Cd nanorods, the diameter is in the range of
20-60 nm and the length, 5-10 um {Figure 3.4.1 (b)}. The diameter of ZnO:Al nanorods
{Figure 3.4.1(c)} varies between 10-50 nm while that of ZnO:Mg in the 30-80 nm range
{Figure 3.4.1(d)}. ZnO:N nanorods possess diameters in the 70-200 nm range with

lengths between 5-10 uwm {Figure 3.4.1(e)}. The extent of doping was confirmed by EDS
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analysis and the doping was between 3 and 4 at% for Cd, Al, Mg and ~ 1 at% for N-doped

ZnO nanorods {see Figure 3.4.1(f)}.
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Mg Zn0O: Mg
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Figure 3.4.1: FESEM image of (a) undoped ZnO nanorods, (b) ZnO:Cd nanorods, (c)
ZnO:Al nanorods, (d) ZnO:Mg nanorods, (¢) ZnO:N nanorods and (f) EDS spectra of
undoped and doped ZnO.
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Figure 3.4.2: XRD patterns of ZnO, ZnO:Cd, ZnO:Mg, ZnO:Al and ZnO:N nanorods.

Figure 3.4.3 shows a FESEM image of ZnO nanorods assembled across the source
and drain electrodes. The inset shows a low magnification image of the gap electrodes.
The transistor characteristics of the top-gate ZnO nanorod FET were obtained as shown in
figure 3.4.4. Figure 3.4.4 (a) is the source-drain current versus voltage (I3 - V) curve at
different gate voltages in the range, —50 to + 50 V. The inset of Figure 3.4.4 (a) is source-
drain current versus gate voltage (I - V) at a source-drain voltage of 1 V. Since the
current increases with increasing positive gate voltages and decreases with increasing
negative gate voltage, this is typical n-type semiconducting behavior. It is also observed

that this transistor is a depletion mode device [51, 52]. It may be noted that our N-doped
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nanorods are not completely p-type, as expected. This remains still a challenging problem

in the literature [53-55].

Figure 3.4.3: FESEM image of assembled ZnO nanorods on the patterned gold electrodes
on glass substrate with the inset showing a low magnification image of the gap electrodes.

The dashed lines are drawn to indicate the gap.

The carrier mobility is calculated by the equation,
p = (L/CeVas)(dlg/dV ) (3.2)
where L is channel length of the nanorod (5 um), C, is the total gate capacitance of the
device. The gate capacitance was calculated following Dattoli et al [56], Co= Cy X (WX L).
Here Cy is the capacitance per unit area using a parallel plate model Cy = €,£0/d and W is
the channel width = 150 um. & is the vacuum dielectric constant and &, is the relative

dielectric constant which was chosen to be 2.5 (average of air, 1 and Si0O,, 3.9). Based on
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the estimated C, value and measured device parameters, the carrier mobility (1) was
estimated to be 0.009 cm?/V.s for ZnO nanorods, which is comparable with the literature

values of mobility 0.01-7 cm?/V.s obtained by the thin film based ZnO FET [57-59].
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Figure 3.4.4: 1; — V4 characteristics of (a) undoped ZnO, (b) ZnO:Cd nanorods with the
insets showing I4 —V, characteristics. (The lines connecting the data points are only guide

to the eye).
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In Figure 3.4.4 (b), we show the Ij - V4 curve of ZnO:Cd nanorods at different
gate voltages with the inset showing I; - V, curve at a source-drain voltage of 1 V. In
figure 3.4.5 we have shown Iy — Vg characteristics of ZnO:Mg, ZnO:N and ZnO:Al
nanorods with the insets showing I4 —V, characteristics. Following equation (3.2), the
carrier mobility of the ZnO:Cd, ZnO:Mg and ZnO:N nanorods are 1.023, 0.845 and 2.208
cm?/ V.s respectively. The calculated carrier mobility for the ZnO:Al is 128.6 cm®/ V.s,
which shows that Al doping enhances the conductivity of nanorods more compared to Cd,
Mg or N doping. Al doping is reported to give a mobility of 65.6 cm?/ Vs, by Hall

measurements [60, 61].
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Figure 3.4.5: I3 — V4 characteristics of ZnO:Mg, ZnO:N and ZnO:Al nanorods with the

insets showing I; —V, characteristics.
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We have studied the hydrogen sensing characteristics using the FETs based on
undoped and doped ZnO nanorods at Vgs=3 V for Vo, =0 V and 50 V. In figure 3.4.6 (a),
we show the hydrogen sensing characteristics at V, = 0 V at room temperature. The
sensitivity of undoped ZnO is 3 for 1000 ppm of H, with a response and recovery times of
150 and 178 s respectively. For Al, Mg and N doped ZnO nanorods, a sensitivity of 7, 3
and 6 respectively were obtained for 1000 ppm of H,. In case of ZnO:Cd nanorods, a
maximum sensitivity of 20 is observed but the response and recovery times extend to
several minutes. These observations suggest that the electron transfer process is not
reaching the saturation during adsorption and desorption at room temperature. H,-sensing
characteristics of undoped and doped ZnO at a gate voltage of 50 V is shown in figure
3.4.6 (b). It is observed that the response and recovery times are lower at V, =50 V as

compared to the values at Vo=0 V.
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In figure 3.4.7, we show FESEM images of the WO, 7, nanorods FESEM images
show that the WO, 7, nanorods have diameters in the 5-30 nm range and length in the 100-
500 nm range. The XRD pattern showed that the tungsten oxide nanowires possess a
monoclinic structure (a=18.33 A, b=3.78 A, c=14.03 A, JCPDS no: 36-101) characteristic
of WO, 7,. Raman bands were observed at 270, 328, 713 and 805 cm’ in agreement with

those of monoclinic WO, 7, [62].

Figure 3.4.7: FESEM images of (a) WO,7, nanorods, (b) WO;,7, nanorods on the
patterned gold electrodes on glass substrate and the dashed lines are drawn to indicate the

gap position.

In figure 3.4.8 (a), we show the I — Vg5 characteristics at different gate voltages in
the range from —50 to 50 V. The characteristics showed that the WO, 7, nanorods are n-
type and the FET device works in the depletion mode. The inset of figure 3.4.8 (a) shows
Iy — V, characteristics at Vge=1 V. By using the slope of the Iy — V, curve, we find the
carrier mobility to be 8.38 cm?®/V.s. Figure 3.4.8 (b) shows the H,-sensing characteristics
of the WO, 7, nanorods at a drain-source voltage of 3 V and at V,=0 and 50 V. At V=0V,

the sensitivity is 7 with recovery and response times of 1200 £ 20 s. By applying a gate
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voltage of 50 V, the sensitivity is enhanced to 10 with recovery and response times of 770

+5s.

Sensitivity

Figure 3.4.8: (a) Is — Vs characteristics of WO, 7, nanorods with the inset showing I -V,

characteristics, (b) H sensing characteristics of WO, 7, nanorods at V=0 V and 50 V.

The mechanism of Hj-sensing using ZnO and WO, 7, is based on the adsorption
and desorption phenomena on the oxide surface, which is described in chapter 2 [63, 64].
It is widely accepted that upon exposure to reductive gases, chemisorbed oxygen on the
semiconductor surface reacts with the reductive gas species and the electrons trapped by
oxygen are released into the semiconductor, changing the resistance [65]. From our report
on single nanowire sensors [18], a maximum sensitivity of ~10 and 22 were observed for
nanorods of ZnO and WO, 7, for 1000 ppm of H, at room temperature. Hence, the
sensitivity (3 and 7) obtained for the multiple ZnO and WO, 7, nanorod-based sensors are
comparable with the single nanorod H, sensors. The contact resistance of the single

nanorods of ZnO and WO,7, were ~50 MQ and 60 KQ [18], whereas for circuits

containing multiple nanorods, the resistances are ~500 MQ and 5 MQ (at a bias of 5 V)
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respectively. Since our FETs are of depletion mode type, by applying positive gate
voltage, electrons in the nanorods become more mobile and excess electrons contribute in
the adsorption-desorption mechanism where charge transfer processes involved for
sensing H,. Hence we observe the improvement in recovery and response times by
applying higher gate voltage. A comparison of sensitivity for undoped and doped ZnO

nanorods and WO, 7, nanorods is shown in table 3.4.1.

Nanorods | Sensitivity Sensitivity
(At Ve=0V) | (At V,=50V)
Zn0O 2 4
Zn0:Cd 20 25
ZnO:Mg 3 6
ZnO:N 7 9
ZnO:Al 7 10
WO,72 6 10

Table 3.4.1: Comparison of sensitivity for undoped and doped ZnO nanorods and WO, 7,

nanorods.
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3.4.2 Electroluminescence and rectifying properties of heterojunction

LEDs based on ZnO nanorods

In figure 3.4.9, we show FESEM images of the nanorods grown on Si substrates
by the low temperature method involving the reaction of Zn metal with water. Figure
3.4.9 (a) shows the FESEM image of the nanorods grown at 25°C. The diameter of the
aligned nanorods is in the 50-70 nm range and lengths are in the 100-150 nm range. The
FESEM images of the nanorods grown by this method at 50°C and 75°C are shown in
figures 3.4.9 (b) and (c) respectively. The diameter of the nanorods grown at 50°C is in
the 30-50 nm range and the length varies between 150-200 nm range. At 75 °C, we can
observe that the nanorods start growing randomly and form web type of structures. This
may be due to the uncontrolled growth of the nanorods at higher temperatures. An island

of ZnO nanorods grown by this method is shown in figure 3.4.9 (d).

Figure 3.4.9: (a-c) FESEM images of the ZnO nanorods grown by the reaction of Zn
metal with water at 25°C, 50°C and 75°C respectively, (d) islands of ZnO nanorods

grown on the Si (111) substrate.
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Figure 3.4.10 shows the FESEM images of the nanorods grown on sapphire
substrate by PLD. Figure 3.4.10 (a) and (b) show the nanorods grown at 600°C, whereas
nanorods grown at 700°C are shown in figure 3.4.10 (c) and (d). Figure 3.4.10 (e) and (f)
show the nanorods grown at 800°C. The diameters of the nanorods varied between 20-100

nm depending on the growth temperature. Figure 3.4.11 shows the FESEM images of the

nanorods grown on Si (100) substrate by PLD. The diameter of the nanorods was in

Figure 3.4.10: FESEM images of the ZnO nanorods grown by PLD on saphire substrates
at (a, b) 600°C, (c, d) 700°C and (e, f) 800°C respectively.

199



Electrical and electroluminescence properties of ZnO nanorods

the 30-70 nm range depending on the substrate temperature which was generally between
600 and 800°C. Figure 3.4.11 (a) shows the nanorods grown at 600°C and the diameter of
the nanorods are in the 30-50 nm range and length varies between 100-300 nm. The
nanorods grown at 700°C have the diameter in the 40-60 nm range and lengths in the 200-
400 nm range as can be seen from figure 3.4.11 (b). Figure 3.4.11 (c) shows FESEM
image of the nanorods grown at 800°C and the diameter varies in the 30-70 nm range,
with the length of the nanorods in the 200-400 nm range. The XRD patterns of the as-
grown ZnO nanorods {Figure 3. 4.12 (a)} obtained by the reaction of Zn metal with water

and by PLD method show a strong (002) peak, indicating that the nanorods are

Figure 3.4.11: 45° tilted angle FESEM images of the ZnO nanorods grown by PLD on Si
(100) substrates at (a) 600°C, (b) 700°C and (c) 800°C respectively.
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oriented preferentially along the c-axis. The XRD patterns of the nanorods could be
indexed on the hexagonal wurtzite structure (a=0.3249 nm, ¢=0.5206 nm, JCPDS card no:
36:1451). Thus, the ZnO nanorods prepared by both the methods have good crystallinity.

EDAX analysis confirms the zinc and oxygen are with an atomic ratio of about 1:1.
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nor grown on Si o
by (Zn+water) method S 3
g
™ Figure 3.4.12: (a) XRD
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= o Q e T 3
[T} j\a E N <
§ z prepared by the low-temp
£ 8 <
Sibypo o . 5 : method on Si (111) and by
S ) .
N PLD on sapphire and on Si
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2theta (deg) (100), (b) Raman spectra of the
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by (Zn+water) method
low-temp method and by PLD.
':.I: Nanorods grown on
8 Saphire by PLD
oy
2
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£ Nanorods grown on
Si by PLD
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Raman shift (cm™)

Zn0O nanorods prepared by the reaction of Zn metal with water exhibit Raman
bands at 330, 375, 437 cm™' and those prepared by PLD on Si substrate exhibit bands at
332, 377, 438 cm’', whereas for the nanorods grown on sapphire exhibit Raman bands at

333, 378 and 439 cm™ {Figure 3.4.12 (b)}. The bands near 437 and 377 cm’! attributed to
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E; (high) mode and A; (TO) mode respectively and the band at 332 cm’' could arise from
a multiphonon process [50]. For bulk ZnO, the Raman bands are expected at about 330,
379 and 439 cm’! [50, 66]. From the shifts of the Raman bands, we concluded that there is
optical phonon confinement by the grains or phonon localization by defects (oxygen
deficiencies, zinc excess and surface impurities etc) [66-68]. The shift of the E, (high)
phonon mode is due to the presence of intrinsic defects in the ZnO nanorods [67, 68]. The
UV-absorption spectra of the ZnO nanorods show a strong exciton absorption edge
around 372 nm (Figure 3.4.13). Stronger exciton effect is an important characteristic of
quantum confinement in nano-semiconductors, the reason being that the carriers are
confined in a very small region that makes the electrons and holes move only in a

potential well [69].

Nanorods grown on Si
by (Zn+water) method

Figure 3.4.13: UV-

|- ' Nanorods grownon Vis spectra of the
T Saphire by PLD 800 °C p

£} nanorods grown by
S T T low temperature
(72]
g method and Dby
Nanorods grown on PLD.
Si by PLD “ 800 °C
--- 700 C
—— 600 °C
400 500 600

Wavelength (nm)
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Photoluminescence spectra of the ZnO nanorods show a UV emission peak at 390
nm and defect related bands in the 400-550 nm regions. UV emission is attributed to
band-edge luminescence and the exciton related recombination [70]. ZnO nanorods
prepared by the low-temp method show a weak 390 nm band, while the PLD nanorods
give an intense 390 nm band. We observe peaks in the 400-530 nm region due to the
defect states of the nanorods [40] and these are considered weaker compared to the 390

nm band in the case of the PLD ZnO nanorods (Figure 3.4.14). We observed the oxygen

Nanorods grown on Si (a)
by (Zn+water) method

. Nanorods grown on .
" SibyPLD & (b) 800 °C

PL Intensity (a.u)

. Nanorods grown on
" Saphire by PLD (0 800 °C

400 450 500 550

Wavelength (nm)

Figure 3.4.14: Photoluminescence spectra of ZnO nanorods grown (a) by the low-temp

method, (b) and (c) by PLD.

vacancies and defect related PL bands around 430, 444, 461, 485 and 530 nm for the

nanorods grown by both methods, which we had observed in our earlier studies as well
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[40]. From theoretical and EPR studies [71, 72], it is known that oxygen vacancies in ZnO
can occur in different charge states: the V,, state which is neutral relative to the lattice, the
singly ionized V, state and the V,” which did not trap any electron and is doubly
positively charged with respect to the lattice. The mechanism responsible for green
emission (around ~530 nm band) is recombination of V, electrons with the excited holes
in the valence band. The bands around ~500 nm can be attributed to the isolated
V. cenetrs. The possible explanation, why the V,,* complex would cause green emission
at a slightly longer wavelength could be that the defect energies lie lower in the band gap
than those of the isolated V, center [71].

In figure 3.4.15, we show the I-V characteristics of the ohmic contacts between p-
Si and Al, ZnO and Ag/Au and the inset shows the contacts of Ag/Al and PEDOT/PSS.

Typical I-V curves of the n-ZnO NR/p-Si heterojunctions in linear and semilog form

0.4

0.3 1 PEDOT/PSS

0.2

25 0 25
Voltage (V)

Current (mA)

5.0

Voltage (V)

Figure 3.4.15: I-V characteristics of Al contacts on p-Si and Ag/Au contacts on ZnO. The
inset shows the Ag/Al contacts on PEDOT/PSS.
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made from the nanorods grown by the reaction of Zn metal with water are shown in figure
34.16 (a) and (b) respectively. The heterojunctions exhibit good rectification
characteristics in the I-V curves. The turn-on voltage of the p-n junction is around 0.7 V

under forward bias. The leakage current is only 3.6 HA at a reverse bias of 5 V and the

rectification ratio of the forward-to-reverse bias current is 243 at a bias voltage of £5 V.

1.00 -1
(a) o ®
0.751 s o1 g
< rd :  E
£ 0.50- § £
= s g 0.01at:
o g 3
5 0.25- g (3]
[&] g 1E-3
?
08
0.00 ﬁ% i
—L1E-4

50 25 00 25 5060 25 00 25 50
Voltage (V) Voltage (V)

Figure 3.4.16: I-V characteristics of the EL device of n-ZnO NR/p-Si in (a) linear and (b)

semilog form.

A schematic energy diagram of n-ZnO NR/p-Si heterojunction without bias is shown in
figure 3.4.17. According to Anderson model, energy barrier for an electron (the
conduction band offset) for the ZnO/p-Si heterojunction is:

AE. = E; (ZnO)-E. (Si) = 0.3 eV

and energy barrier for a hole (the valence band offset) is:

AE, = E, (ZnO)-E, (Si) = E,; (ZnO) + AE.-E, (Si) = 2.55 eV.

Since AE, >>AE,, thus favoring the electron injection from ZnO to p-Si below 2.8V [24].

3

The carrier concentration of ZnO nanorods is found in the range of ~10'7-10"® cm™ and

for the highly doped p-Si the carrier concentration is in the 5.8x10'® cm™ range [29, 30].
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These values are both in a similar range. Hence, we expect some of the minority carriers
from the p-Si side can diffuse and recombine in the depletion region at higher voltage

(~10V), resulting in recombination process.

p*-Si £Zn0
........... P —
i Evacuum
¥iS)=4.05 eV l
. X(Zn0)=4.35 eV
Eel5i) . —L AEc
Eg(Si=1.12eV L\ LT
V) .
Eq(5) | Ee{ZnQ)]
|
BE, |
2.568V | | EgiZn0)=3.37eV
N

E Zn0)

Figure 3.4.17: A schematic energy diagram of n-ZnO NR/p-Si heterojunction at zero bias

[26]. (x denotes electron affinity).

Figure 3.4.18 (a) shows the I[-V characteristics of the n-ZnO NR/p-PEDOT/PSS
heterostructure prepared with PLD ZnO nanorods on Si (100) substrate. In figure 3.4.18
(b), we have shown the semilog I-V plot of the n-ZnO NR/p-PEDOT/PSS heterojunction.
The I-V characteristics show excellent rectification behavior. The rectification ratio of the

forward-to-reverse bias current is 3.8 and 4574 at £5 and 50 V respectively. For the n-
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ZnO/p-PEDOT/PSS structure, Ag/Au and Ag/Al are chosen as bottom and top electrodes

respectively.
35 100
s0]| @ (b) 10
g E ' £
£ 20 01 2
S 15150%%5 00 25 50 0-01§
::; 10- Voltage (V) S 1P
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-50 -25 0 25 50 -50 -25 0 25 50
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Figure 3.4.18: I-V characteristics of n-ZnO NR/p-PEDOT/PSS heterojunction in (a)

linear and (b) semilog form.

The work functions of Ag, Au and Al are 4.26, 5.1 and 4.28 eV respectively. The
electron injection barrier at the Ag/ZnO is 0.06 eV and the hole injection barrier at
PEDOT/PSS/Ag is 0.96 eV. There is a 0.9 eV barrier for electron injection from ZnO
conduction band to PEDOT/PSS LUMO (lowest unoccupied molecular orbit) and a 2.3
eV barrier for hole injection from PEDOT/PSS HOMO (highest occupied molecular orbit)
to ZnO valence band edge. Hence at least a forward potential of 2.36 V is required for
hole injection from PEDOT/PSS to ZnO. A schematic energy diagram of n-ZnO NR//p-
PEDOTY/PSS heterojunction without bias is shown in figure 3.4.19. Since the contacts are
ohmic, the rectification shown in figures 16 and 18 are from n-ZnO NR/p-Si and n-ZnO

NR/p-PEDOT/PSS heterojunctions.
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LUMO=3.3 eV
E.=4.2 eV
4.26 eV
=
PEDOT/
PSS
e+
Zn0O HOMO=5.3 eV
E =7.6 eV

Figure 3.4.19: A schematic energy diagram of n-ZnO NR/PEDOT/PSS heterojunction at

zero bias.

In figure 3.4.20 (a) we show the EL spectra of the n-ZnO NR/p-Si heterojunctions
formed with the nanorods prepared at low-temp at a forward bias of 10 V. There is no
emission at 0 V and under reverse bias, while visible light peaks due to defect states of
ZnO are observed under forward biases. The EL bands arising from the defect states are
observed at 407, 440, 460, 485 and 530 nm respectively. The 390 nm band and the defect
related bands have comparable intensity. For reverse bias, not sufficient holes from the p-
Si substrate get injected into the ZnO side, and therefore no EL is observed. A broad EL
band in the 700-800 nm range is observed at 10 V bias voltage, probably may be due to
the formation of some small silicon oxide on p-Si wafers [29, 73]. It should be noted that
the intensity of the EL spectra is low in comparison to the current. The deep-level

emission band around 430-500 nm range arises from the radiative recombination through
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the deep level defects [74]. As the forward bias is applied, electrons in the conduction
band of ZnO may first fall into deep-level defects, dislocations caused by large lattice

mismatch as well as diffused Si impurity from Si substrate, which act as the empty traps.
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Figure 3.4.20: Electroluminescence spectra of (a) n-ZnO NR/p-Si, (b) n-ZnO NR/p-
PEDOT/PSS heterojunctions.

Subsequently these electrons recombine with the holes injected from the p-Si side giving
the emission ~430-500 nm [75]. Since low temp grown ZnO nanorods are expected to
show more defects compared to high temp (PLD) grown nanorods, this effect is
prominent in case of the n-ZnO NR/p-Si heterojunction. Yet, the origin of the bands

around 430-500 nm is not clear although similar emissions are attributed to oxygen
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vacancies or Zn interstitials in other reports [76, 77]. Also we observe the intensity of the
UV peak to be low compared with deep level emission, probably due to low raditive
efficiency and self-absorption effect induced by deep levels [78].

Figure 3.4.20 (b) shows the EL spectra of the n-ZnO NR/p-PEDOT/PSS
heterojunctions prepared with PLD grown ZnO nanorods at 0, 5 and 10 V respectively.
The UV emission band at 390 nm is intense and we hardly observe defect related bands at
a bias voltage of 10 V. A broad peak in the range of 400-550 nm is observed at a bias
voltage of 5 V. For reverse bias and 0 V bias, there was no emission. In the case of n-ZnO
NR/p-Si heterojunctions, we observe the intensity of the UV peak to be low compared
with deep level emissions. For n-ZnO NR/p-PEDOT/PSS heterojunctions, the UV EL
dominates over visible EL and the defect related bands are observed marginally.

From the above results, we notice that there is a remarkable difference between PL
and EL of the two samples studied by us. This may be because EL and PL involve
different excitation processes. PL belongs to selective stimulation, and only a thin near
layer surface region can be investigated. It is not a bulk characterization process and there
is hardly any carrier transport process. In the EL process, injecting electrons and holes
under an electric field in the bulk generates non-equilibrium carriers and there is always a
barrier impeding the injection of electrons and holes from one to other side. In addition,
the injected electrons and holes are easily captured by defect states in the bulk and
interface depending on the fabrication process of the p-n junction [27]. Since we have
fabricated p-n heterojunctions of different geometries, we observe more defects in the
case of n-ZnO NR/p-Si heterojunctions compared to n-ZnO NR/p-PEDOT/PSS

heterojunctions.

210



Part 3

3.5 Conclusions

We have employed dielectrophoresis to directly assemble ZnO and WO, 7, nanorods
between Au gap (5 um) electrodes on glass subtrate. Top-gated FETs using SiO, (~300
nm)/Si as gate dielectric were fabricated and the transistor characteristics were studied.
Undoped and doped ZnO nanorods show n-type behavior and the fabricated FETs are of
depletion mode type. The carrier mobility of the ZnO nanorods (0.009 cm?/ V.s) is
improved to 0.845, 1.0023, 2.208 and 128.6 cm”/ V.s by Mg, Cd, N and Al doping
respectively. Cd-doped ZnO nanorods show higher sensitivity (~20) to 1000 ppm of H, at
room temperature compared to undoped and Mg, N, Al-doped nanorods. Response and
recovery times are minimized by applying a gate voltage, V=50 V. Also FET-
characteristics of the WO, 7, nanorods have been studied which show the depletion mode
type characteristics with the carrier mobility of 8.38 cm?/ V.s. The sensitivity for 1000
ppm of H; at room temperature is enhanced from 7 to 10 by applying a gate voltage,
V=50 V.

ZnO nanorods have been grown on Si substrates by a simple low-temperature method
and also by PLD. The n-ZnO NR/p-Si and n-ZnO NR/p-PEDOT/PSS heterojunction
devices have good diode characteristics. For n-ZnO NR/p-Si heterojunctions, the leakage
current is only 3.6 UA at a reverse bias of 5 V and the ratio of the forward-to-reverse bias
current is 243 at a bias voltage of 5 V. For the n-ZnO/p-PEDOT/PSS structure, the
rectification ratio of the forward-to-reverse bias current is 3.8 and 4574 at £5 and +50 V
respectively. The EL spectra of n-ZnO NR/p-Si show intense defect-related bands in the

400-550 nm relative to the 390 nm band, under sufficient forward bias. The n-ZnO NR/p-

211



Electrical and electroluminescence properties of ZnO nanorods

PEDOT/PSS LED device shows a broad ultraviolet EL. band at 390 nm at room
temperature and negligible defect emission. We believe that this system can have

promising LED applications.
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Part 4

Other investigations’

(Some studies based on carbon nanostructures)

Summary

This part of the thesis deals with the supercapacitive behavior of RuO, and IrO,
functionalized mesoporous carbon and exfoliated graphene. The capacitance of the
mesoporous carbon can be increased from 140 to 378 F/g in aq. H,SO4 by RuO; loading
and to 152 F/g by IrO; loading. The nanographene prepared by exfoliation of graphitic
oxide exhibit high specific capacitance in aq. H,SOy, the value reaching upto 117 F/g.

Interaction of single-walled carbon nanotubes (SWNTSs) with electron donor and
acceptor aromatic molecules has been studied by electrical measurements. Vertical
SWNT devices were fabricated in a porous anodic alumina (PAA) template by microwave
plasma chemical vapor deposition (MPCVD). I-V characteristics of the SWNTs in air and
in the presence of aniline, anisole, chlorobenzene and nitrobenzene have been studied.
The resistance decreases markedly in the presence of electron withdrawing molecules
such as nitrobenzene and chlorobenzene, whereas it increases in the presence of electron

donating molecules such as aniline and anisole.

* A paper based on these studies has appeared in J. Chem. Sci. (2008) and another paper
has been communicated.
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4.1 Supercapacitors
4.1.1 Introduction

Supercapacitors based on nanoporous carbon materials, commonly called electric
double-layer capacitors (EDLCs), have recently attracted considerable attention [1, 2].
Carbon supercapacitors bridge the gap between batteries and conventional dielectric
capacitors and are ideal for the rapid storage and release of energy. The first patent on
supercapacitor was granted to Becker at General Electric Corp. in 1957 [3], in which he
proposed a capacitor based on porous carbon material with high surface area. In 1969,
Sohio first attempted to market such energy storage device using high surface area carbon
materials with tetraalkylammonium salt electrolyte [4]. In late 70’s and 80’s, Conway and
coworkers made a great contribution to the capacitor research work based on RuO,, which
has high specific capacitance and low internal resistance [5]. In the 90’s, supercapacitors
received much attention in the context of hybrid electric vehicles [1, 2]. A comparison of
the properties and performance between battery, capacitor, and supercapacitor is given in
Table 4.1.1.

Supercapacitors have two electrodes immersed in an electrolyte solution, with one
separator between them, and two current collectors. The process of energy storage is
associated with buildup and separation of electrical charge accumulated on two
conducting plates spaced some distance apart as shown in figure 4.1.1. Even if their
technology is close to that of the batteries, their particularity is to involve only
electrostatic phenomenon (non-faradaic). This is a first difference between batteries and

supercapacitors: their power density is higher because there are no chemical reactions
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during charging and discharging. Thus, the constant time for loading and unloading is
reduced, and their lifetime is increased. The amount of stored energy is a function of the
available electrode surface, the size of the ions, and the level of the electrolyte

decomposition voltage.

Parameters Capacitor Supercapacitor Battery
Charge Time 10° ~ 107 sec 1 ~30sec 0.3 ~3 hrs
Discharge Time 10°~ 107 sec 1 ~ 30 sec 1 ~5hrs
Energy Density <0.1 1~10 20 ~ 100
Power Density > 10,000 1,000 ~ 2,000 50 ~ 200
Cycle Life > 500,000 > 100,000 500 ~ 2,000
Charge/Discharge | ~ 1.0 0.90 ~ 0.95 0.7 ~0.85
efficiency

Table 4.1.1: Comparison of Capacitor, Supercapacitor and Battery [6].

Separator
Electrolyte /
Oy D
SEHIS
° Y
S D Figure 4.1.1: Schematic diagram
© fay of a supercapacitor
s i
5 1 9
O = 4
O =
5 16
sEH

Electrodes urrent collectors
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The membrane, which separates two electrodes, allows the mobility of the charged
ions and forbids the electronic contact. The electrolyte supplies and conducts the ions
from one electrode to the other. As the dissociation voltage of the electrolytes generally
used is less than 3 volts, this limits the maximum voltage that can be reached for a
supercapacitor. To develop supercapacitors as an alternative to batteries, currently intense
research efforts aim at increasing the energy density by optimizing the pore size
distribution of nanoporous carbon materials, which act as electrodes.

A different kind of capacitance can arise at electrodes of certain kinds, for
example RuO,, when the extent of faradaically admitted charge depends linearly, or
approximately linearly, on the applied voltage. This capacitance can be large but it is
faradaic and not electrostatic (i.e. non-faradaic) in origin. This is hence an important
difference from the nature of double-layer capacitance, so it is called
“pseudocapacitance”. Most of the oxides like ruthenium oxide, and conducting polymers
show pseudocapacitance behavior.

In a plane capacitor with a pair of plates of equal area, A, in parallel configuration

and separated by a distance, d, in vacuum, the capacitance, C, is given by equation (4.1).

C= A/4md 4.1)

If the plates are separated by a dielectric medium, €, the capacitance is given by equation

4.2).

C =Ag/4md 4.2)

Electrical double layer capacitor stores energy in the similar way, but the charge does not

accumulate on two conductors separated by a dielectric. Instead, the charge accumulates
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in the electric double layer at the interface between the surface of a conductor and an
electrolyte solution. When charged, the negative ions in the electrolytes will diffuse to the
positive electrode, while the positive ions will diffuse to the negative electrodes. In this
case, it creates two separate layers of capacitive storage, so the maximum energy density,
W, stored in the capacitor is given by equation (4.3).

W=1/2CV? (4.3)

where C is the specific capacitance, and V is voltage. The double layer capacitor does not
involve chemical reactions, thus supercapacitors have long life cycles of charge and
discharge. Besides the capacitance contribution from the separation of charge in the
double layer, capacitance associated with reactions on the surface of the electrode, are
also important. During these reactions, electron transfer does take place across the double
layer, with consequence of oxidation state change. Thus the capacitance from the faradaic

process is referred to as pseudocapacitance.
4.1.2 Scope of the present investigations

Supercapacitors based on exfoliated graphene, RuO, and IrO, functionalized
mesoporous carbon have been studied. Porous carbon materials such as activated carbon
[7, 8], xerogels [9] carbon nanotubes [10-13], mesoporous carbon [14] and carbide-
derived carbons [15] have been investigated for use as electrodes in EDLCs. The
supercapacitive behavior of several transition metal oxides such as RuO, [16], IrO, [17],
NiO [18] have been reported. These oxides can store charges by reversibly accepting or
donating protons from an aqueous electrolyte. In view of their electrical double-layer
capacitance, which can be as high as 100-200 F/g, templated carbons have received much

attention in recent years [19-21]. The electrochemical performance of mesoporous carbon
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prepared by a templating procedure using SBA-15 or MCM-48 have been studied [19].
Due to the presence of secondary micropores, capacitance values of 200 and 110 F/g were
obtained in aqueous and organic media respectively. Using SBA-16 as the template
materials and polyfurfuryl alcohol as the carbon source, mesoporous carbon of pore size
3-8 nm have been synthesized and a maximum capacitance of 150 F/g was found [20].
Ordered carbon materials were prepared by using MCM-41, SBA-15 and MSV-1 as
templates and its electrochemical performance showed a capacitance in the 50-200 F/g
range depending on the aqueous or organic electrolytes [21]. Capacitance of 243 F/g has
been achieved by ruthenium loading, whereas unloaded mesoporous carbon delivers a
specific capacitance of 100 F/g [22]. An in situ reduction method has been employed to
synthesize a novel structured MnO,/mesoporous carbon composite and a maximum
specific capacitance of 200 F/g for the composite was observed [23]. In the present study
we report the supercapacitive behaviour of RuO, and IrO, functionalized mesoporous
carbon. Using cyclic voltametry we have found that the capacitance of the mesoporous
carbon can be increased from 140 to 378 F/g in aq. H,SO4 by RuO; loading and to 152 by
IrO; loading.

In the last few years, there has been great interest in nanographene, which
constitutes an entirely new class of carbon. Electrical characterization of single-layer
nanographene has been reported [24, 25]. We have investigated the use of nanographene
as electrode material in electrochemical supercapacitors. For this purpose, we have
employed nanographene prepared by exfoliation of graphitic oxide and supercapacitor

behavior with aq. H,SOj as the electrolyte has been studied.
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4.1.3 Experimental

For the synthesis of the mesoporous carbon two methods were followed. The first
method involves the polymerization via enhanced hydrogen bonding interaction which is
described elsewhere [26]. To prepare the mesoporous carbon, a composition range of
weight ratios of phloroglucinol: pluronic F127: formaldehyde: ethanol: water: HCI = 1:
1:0.3:150:90:0.03 were taken. As the reaction proceeded, the reaction mixture separated
into two layers within 30 min. The upper layer consisted of water/ethanol, while the lower
layer was a polymer-rich containing phloroglucinol/formaldehyde oligomers, F217 and
small amount of water/ethanol. After removing the upper layer, the polymer solution was
stirred for overnight and it forms elastic, but non-sticky monolith. Then, the monolith was
dried at 100°C for 20h and then calcined at 850°C for 2h in N, atmosphere. In the second
method, SBA-15 is used as the template, which is described in ref. [27]. 1g of SBA-15
was added to a solution obtained by dissolving 1.25g of sucrose and 0.14g H,SO, in 5g of
H,0. The mixture was placed in a drying oven for 6h at 100°C and subsequently the oven
temperature was raised to 150°C and maintained for 6h. Again 0.8g of sucrose, 0.09g of
H,SO4 and 5g of H,O were added and kept at 150°C for 6h. The carbonization was
completed by pyrolysis with heating to 900°C in N, atmosphere. Then the carbon-silica
composite obtained was washed with 1M NaOH solution to remove the silica templates.
Then the template-free carbon products was filtered, washed with ethanol and dried at
100°C.

The mesoporous carbon samples prepared by in situ polymerization was referred
as MCI1 and the samples prepared by using SBA-15 as templates was referred as MC2.

The MC2 samples with different ruthenium and iridium contents were prepared by using
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RuCl; and IrCl; aqueous solution with conc. of 0.005, 0.01, 0.03,0.05 M [28]. In a typical
loading procedure, 0.1g of mesoporous carbon (MC2) was dispersed into 50 ml aqueous
solution of RuCls or IrCl; and NaOH and stirred for 48h. The obtained sample was
washed with distilled water and dried in vacuum at 100°C for 6h. These samples were
referred as 0.005SRuMC, 0.01RuMC, 0.03RuMC, 0.05RuMC, 0.03IrMC and 0.05IrMC
respectively.

Graphene was prepared by thermal exfoliation of graphitic oxide [29]. In this
method, graphitic oxide was prepared by reacting graphite (Alfa Aesar, 2-15 pm) with
concentrated nitric acid and sulphuric acid with potassium chlorate at room temperature
for 5 days. Thermal exfoliation of graphitic oxide was carried out in a long quartz tube at
1050°C.

The mesoporous carbon and graphene electrodes and supercapacitor cells were
fabricated following Conway' and the measurements were carried out with a two-
electrode configuration, the mass of each electrode being 5 mg. Electrochemical
measurements were performed using a PG262A potentiostat/galovanostat, (Technoscience
Ltd, Bangalore, India). We have performed cyclic voltammetry as well as constant current
charging and discharging to characterize the two-electrode supercapacitor cells with the
graphene and different mesoporous carbon samples, the RuO, and IrO, loaded samples
and aqueous H,SO, was used as the electrolyte. Specific capacitance (Fg'l) was
calculated using the following formulae:

In cyclic voltammetry,

Ccev=2(iy - i.)/(m x scan rate), 4.4)
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where i, and i. are maximum current in the positive scan and negative scan respectively
and m is the mass of electrode.

As we know C=Q/V, the cell capacitance can be deduced from the slope of the discharge
curve: C = 1/(dV/dt), i is the constant current applied and dV/dt is the slope of the
discharge curve. Hence, in constant current charging and discharging,

Ccep=2(1)/(s x m), 4.5)

s is the slope of the discharge curve.
4.1.4 Results and discussion

In figures 4.1.2 (a) and (b), we show the FESEM images of mesoporous carbons
MC1 and MC2 respectively. The Brunauer-Emmett-Teller (BET) surface area of MC1
and MC2 were 750 and 903 m2/g respectively. The average pore size was 2.4 and 2 nm
for the MC1 and MC2 samples. In figures 4.1.2 (c) and (d), we show the TEM images of
MC2 and 0.03RuMC samples. The EDAX results confirmed the deposition of RuO, and
IrO, on the mesoporous carbon. The peak around 2.5 kV and 2 kV showed the presence of
ruthenium or Iridium. The XRD patterns of the mesoporous carbon shows broad
diffraction peaks at 20=24° and 43° that are related to the (002) and (100) reflections of
microcrystalline carbon [30]. After loading of RuO, and IrO, the intensity of the
diffraction peaks decreased. For the more loaded samples (0.05SRuMC and 0.05IrMC)
only the weak peak at 20=24° existed in the XRD patterns (Figure 4.1.3). So the structural
order decreased after the loading. From the XRD pattern it is revealed that RuO, and IrO,
in those composites were all amorphous and no Ru metal or crystalline RuO; or IrO,

formed.
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Figure 4.1.2: FESEM images of mesoporous carbons (a) MC1 and (b) MC2, TEM
images of (c) MC2 and (d) 0.03RuMC sample.

Mesoporous carbon
Figure 4.1.3: XRD patterns of
mesoporous carbon, and RuO,, IrO,
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>
-~
[72]
c
[J]
-
£
Mesoporous carbon/IrO,
15 30 45 60 75

2 Theta(deg.)

228



Part 4

In figure 4.1.4 (a), we show cyclic voltamograms (CVs) under a potential in the
range of 0 to 1.0 V with a scan rate of 5 mV/s for capacitors built using mesoporous
carbon and the RuQO,, IrO; loaded samples as electrodes and 1M H,SOy as electrolyte. All
the supercapacitors exhibit good box-like CVs with 0.05SRuMC exhibiting the highest
specific capacitance of 377 F/g and MC1, MC2 shows a capacitance of 86 and 136 F/g
respectively. Capacitance of 173, 192 and 250 F/g is observed for the 0.005RuMC,
0.01RuMC and 0.03RuMC based supercapacitors. Supercpacitors based on 0.03IrMC and
0.05IrMC shows a specific capacitance of 140 and 151 respectively. Figure 4.1.4 (b)
shows the CVs of the supercapacitors based on different samples with a scan rate of 100
mV/s. Good box like CVs are observed for the samples, which are loaded with less
quantities of RuO, or IrO,. As the loading increases it is observed that the CVs are not
nearly rectangles, which indicates that the ohmic resistance for electrolyte motion in the
carbon pores has affected the double-layer formation mechanism. The surface of the
loaded mesoporous carbon is involved in the pseudocapacitive behavior of RuO, and
IrO,. The loaded carbon walls can provide large surface area and good electric
conductivity, which contributes for the enlarged electrochemical capacitance.

In figure 4.1.5, we show typical charge-discharge curves at 10 mA current for
supercapacitors built using MC1, MC2, 0.005RuMC, 0.01RuMC, 0.03RuMC and
0.05RuMC. The charging and discharging curves are nearly linear. Figure 4.1.6 (a) shows
variation of specific capacitance with respect to scan rate. It is observed that at a scan rate
below 100 mV/s, the capacitance increases drastically compared to higher scan rates. In
figure 4.1.6 (b) we show variation of specific capacitance with respect to discharge

current.
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Figure 4.1.4: Cyclic voltamograms (CVs) with a scan rate of (a) 5 mV/s, (b) 100 mV/s
for capacitors built using mesoporous carbon (MC1 and MC2) and RuO, (0.005 M, 0.01
M, 0.03 M and 0.05 M), IrO; (0.03 M and 0.05 M) loaded samples as electrodes.
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In figure 4.1.7, we show AFM images of exfoliated graphene with image profiles.
There is some disorder in the graphene sheets. In figure 4.1.8 (a), we show cyclic
voltamogram (CV) at a scan rate of 100 mV/s for a capacitor built using nanographene as
electrodes and 1M H,SOy as electrolyte. The supercapacitor exhibits good box-like CV
exhibiting the highest specific capacitance of 117 F/g. The specific capacitance decreases
slightly as the scan rate is increased as shown in figure 4.1.8 (b), but the capacitance
remains at 100 F/g at a scan rate of 1000 mV/s, retaining the box-like characteristics. The
results obtained from cyclic voltammetry were confirmed by charge-discharge
experiments. In figure 4.1.8 (c), we show typical charge-discharge curves at 5 mA current
for a supercapacitor built using graphene. The charging and discharging curves are linear

with no loss due to series resistance. The specific capacitance decreases slightly as the

discharge current is increased from 1 mA to 50 mA {Figure 4.1.8 (d)}.
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Figure 4.1.7: AFM height profiles of graphene.
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Figure 4.1.8: (a) Voltammetry characteristics of a capacitor built from graphene
electrodes (5 mg each) at a scan rate of 100 mV/s using aqueous H,SOs (1 M) as
electrolyte, (b) Specific capacitance as a function of scan rate, (c¢) Typical charging and

discharging curve at 5 mA and (d) specific capacitance as a function of discharge current.
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4.2 Electrical properties of SWNT's
4.2.1 Introduction

Single-walled carbon nanotubes (SWNTs) exhibit diverse electronic structure and
properties arising from the quantization of electron wave vector of the 1D system [31-33].
Thus, SWNTs exhibit significant changes in the electronic structure and chemical
reactivity depending on the geometry, doping, chemical environment and solvent.
Electron or hole doping influences the electronic structure of SWNTSs and thereby their
Raman spectra [34] and electrochemical doping also causes similar effects [35].
Interaction of SWNTs with gold and platinum nanoparticles can give rise to a
semiconductor to metal transition [36]. More interestingly, aromatic solvents containing
electron donating and electron withdrawing groups have been shown to modify the
electronic structure of the nanotubes giving rise to changes in the electrical properties
[37]. Clearly, the electron transfer caused by the interaction of SWNTs with other
molecules depends on the density of states near the Fermi level [38]. We have
investigated the interactions of electron-withdrawing and electron-donating molecules
with SWNTs to determine the sensitivity of their electronic structure and properties to

molecular charge-transfer.
4.2.2 Experimental

In order to carry out electrical resistivity measurements, vertical SWNT devices
were fabricated in a porous anodic alumina (PAA) template [39-42]. The process involves
the deposition of a thin Ti layer on the surface of the wafer to serve as an electrical back-
contact. Three subsequent metal layers, 100 nm Al, 1 nm Fe, and 500 nm Al, are then

deposited onto the wafer. The Al layers are used to create a nanoporous template, while
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the thin middle layer (Fe) ultimately serves as the catalyst. The metal films and substrate
are then submerged in an acid and anodized using a standard two-step technique. The
anodization process forms self-assembled nanopores in the Al layer as it oxidizes and
turns to PAA. After anodization, a microwave plasma chemical vapor deposition
(MPCVD) system is used to create hydrogen plasma at a microwave power of 300 W and
substrate temperature of 900°C. The substrate is exposed to this plasma for 10 minutes to
reductively open the bottom of the oxide layer. Methane gas is then introduced into the
MPCVD chamber to provide a carbon source for growth of the nanotubes from the Fe
catalyst on the pore wall. During this process, SWNTs grow with a typical density of one
per pore. Subsequently, Pd is electrodeposited into the pore bottoms. Continued Pd
electrodeposition past the establishment of bottom contacts to SWNTs results in the
formation of Pd nanoclusters that concentrically surround SWNTSs on the top PAA surface
[43]. Many of the clusters exhibited cubic or a combination of cubic and pyramidal
geometries. A thin layer consisting of Ti (~20 nm) and Au (~50nm) was deposited by
physical vapor deposition on top of the PAA membrane to achieve the top contact for the
electrical resistivity measurements. Bottom contacts were taken from the Ti-coated Si
substrates. The I-V characteristics of the SWNT bundle prepared as above and soaked in
the liquids of electron-withdrawing and electron-donating molecules were measured using
a Keithley 236 multimeter.
4.2.3 Results and discussion

Figure 4.2.1 shows the schematic diagram of the vertically aligned SWNTs grown

on Si substrate, as by Fisher and coworkers.
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SWCNTs

Catalyst
Layer
(Fe) —

sio,

Figure 4.2.1: Tilted cross-sectional schematic of the growth of the SWNTs (a) an
evaporated metal film stack prior to anodization, (b) SWNTs emerging from PAA pores
after undergoing anodization and PECVD synthesis, and (c) electrodeposited Pd
nanowires contacting the bottom of SWNTs and Pd nanocubes forming on SWNTs

located on the top of PAA surface (From Fisher and coworkers [42]).

det [ HFW | tilt| — 200 nm — 2127,
TLD |1.24 ym| 0

Figure 4.2.2: FESEM images of the SWNTs with Pd cubes on the PAA surface (From

Fisher and coworkers).
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In figure 4.2.2 we show FESEM images of SWNTs with Pd cubes on the PAA
surface. It is observed that only nanotube grows from a pore. The I-V characteristics of
this SWNT obtained by conducting AFM measurements exhibit a nearly linear behavior,
establishing that the electrical contacts were well established (Figure 4.2.3). Inset of

figure 4.2.3 shows an AFM image of Pd cubes connected to SWNTs.

\
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Figure 4.2.3: I-V characteristics obtained by CAFM measurements, with the inset
showing the AFM image of the Pd cubes on which the I-V characteristics were obtained

by contacting the CAFM tip.

Figure 4.2.4 presents the I-V characteristics of the SWNTs in air and in the
presence of aniline, anisole, chlorobenzene and nitrobenzene, with the inset showing the
calculated resistance at a bias voltage of 0.05 V. The resistance of the SWNTs is 492 Q in
air at a bias voltage of 1 V. At a forward bias, the resistance decreases markedly in the
presence of electron withdrawing molecules such as nitrobenzene and chlorobenzene,

whereas it increases in the presence of electron donating molecules such as aniline and
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anisole. Thus, the resistance of the SWNTs was 2.5 kQ and 725 Q in the presence of
aniline and anisole respectively at 1 V, the corresponding values in the presence of the
chlorobenzene and nitrobenzene being 297 Q and 217 Q respectively. At a bias voltage of

0.05 V, the resistance of the SWNTs is 1.0 kQ in air. In the presence of aniline, anisole,

5.0
s ﬂ‘ﬂ‘ﬁ
—w—Aniling A
—&—Anisole A
g5 —O—AN £ o
: —o—Chlorobenzens ﬂ.ﬁ‘i“ o= s
2 O
—A&— Nitrohenzene ﬂﬁﬂ o Oooo
ol o
— i3 5.
<L
E
Tt
.}
[ T
o 6
5 s
O B,
sl Bls i
ﬂ& E 2 i zole
] a&&& = 1 R{ﬂL%ITberzere
& 0 Nitrobereens
'5.0 T T T T T T ! T
-1.0 0.5 0.0 05 1.0
Voltage (V)

Figure 4.2.4: 1I-V characteristics of the SWNTs in air and in the presence of different

aromatic molecules attached with electron-withdrawing and electron-donating groups.

chlorobenzene and nitrobenzene, the resistance values are 6.6, 1.7, 0.5 and 0.3 kQ
respectively. SWNTs under ambient conditions usually show p-type behavior [37]. It is
possible that in the presence of electron-donating molecules, the number of hole carriers is
reduced, causing an increase in the resistance. In the presence of electron-withdrawing
molecules more holes are generated in semiconducting SWNTs. Interestingly, that the

resistance varies proportionally with the Hammett substituent constants, the order being
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NH; > OCH;3 > Cl > NO,. This trend reflects the changes in the nature and the
concentration of carriers as well as their mobilities brought about by interaction with
electron donor and acceptor molecules. The I-V curves become more nonlinear as one
goes from aniline to nitrobenzene. The slope of the I-V curve also increases going from
nitrobenzene to aniline, due to the presence of a higher proportion of metallic like

nanotubes in the presence of aniline.

4.3 Conclusions

In conclusion, we have shown that mesoporous carbon and nanographenes act as
good electrode materials for application in supercapacitors. Supercapacitive behavior of
RuO; and IrO, functionalized mesoporous carbon is studied using cyclic voltametry. We
have found that the capacitance of the mesoporous carbon can be increased from 140 to
378 F/g in aq. H,SO4 by RuO; loading and to 152 F/g by IrO, loading. The specific
capacitance of the exfoliated nanographene in the aqueous electrolyte is comparable to
that obtained with activated carbon [8] while value of the energy density of the
nanographene capacitors is one of the highest known to date. The supercapacitor
characteristics are directly related to the quality of the nanographene, specifically the
number of layers and the associated surface area.

Vertical SWNT devices were fabricated in a porous anodic alumina (PAA)
template by microwave plasma chemical vapor deposition technique. The interactions of
electron-withdrawing and electron-donating molecules with SWNTs were investigated.
The present study establishes the high sensitivity of SWNTSs to molecular charge-transfer.
This feature of SWNTs may be useful in many of the applications such as sensors and

nanoelectronics.
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