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ABSTRACT

One dimensional (1D) metal oxides nanostructures are considered to be a promising
material for solar cells, biosensors, electrochemical detection, and photocathode applications, as
they are economically cheaper and highly suitable for large scale production. Therefore it is
imperative to study these nanostructures in detail so that a cost effective technology for various
field effect and sensing application using metal oxides can be realized. This thesis is an attempt
to contribute in the direction of establishing a highly reliable technique for synthesizing 1D metal
oxide nanostructures and reduced graphene oxide based composites and study their electrical

transport characteristics as well as gas sensing properties.

First, the effect of reduced graphene oxide (RGO) thin film on the transport
characteristics of vertically aligned zinc oxide nanorods (ZnO NRs) grown on ITO substrate
were studied. We showed that GO uniformly drop casted on ZnO NRs can be easily converted
to RGO at 60°C. Thermally excited electrons from Zn; interstitial sites (~30 meV) of ZnO
nanorods aided this low temperature reduction. From the current-voltage (I-V) measurements of
RGO-ZnO NRs, we demonstrated that the RGO layer not only acts as a short circuiting inhibitor
but also reduces the height of the potential barrier for electron tunneling. We further probed the
presence of trap and defect states in ZnO nanorods by carrying out temperature dependent I-V
characteristics. From the activation energies we found that there are different traps and defect
states which are active in different temperature regimes. From the results we have concluded

that Zn interstitial states can be a possible source of inherent n-type conductivity of ZnO.

The other important metal oxide we focused in this thesis was copper oxide (Cu,O).
Growth of free standing Cu,O nanopillars (on gold substrate) were carried out by template
(AAO) assisted electrodeposition technique. We optimized the experimental procedure for the
removal of AAO template to obtain free standing Cu,O nanopillars by conducting various
experimental trials. The room and low temperature current-voltage (I-V) measurement of Cu,O
nanopillars were carried out in two terminal (Au-Cu,O-Au) configurations. The transport
characteristics of Cu,O nanopillars were explained by considering thermionic field emission
(TFE) theory in back to back schottky (metal-semiconductor-metal) model. Using this model,
we derived the carrier concentration as well as activation energies of carrier traps and defect

states present in Cu,O nanopillars.

XViii



Low temperature hydrogen (H2) sensor based on reduced graphene oxide (RGO) and tin
oxide nanoflowers (SnO, NFs) based composite were fabricated. From the morphological study
(FE-SEM), it was observed that the addition of SnO, NFs into RGO solution inhibits irreversible
restacking and agglomeration of RGO and increases the active surface area for interaction with
H,. This RGO-SnO, NFs hybrid film sensor showed an excellent sensing response, response
time and recovery time to H,. We found that the highly improved H, sensing characteristics of
RGO-SnO, NFs hybrid are due to (a) unique structural geometry that increased the surface area
for H, adsorption, and (b) change in the width of depletion layer at the interface due to H,

interaction.

Finally we report the hydrogen (H,) sensors based on reduced graphene oxide
(RGO)/Molybdenum disulfide (MoS;) nano particles (NPs) based composites fabricated by
facile drop casting method. The RGO/MoS; composite exhibited highly enhanced sensing
response to H, at an operating temperature of 60°C. It was found that our RGO/ MoS, composite
sample showed excellent selectivity to H, compared to ammonia (NH3) and nitric oxide (NO)
gases. The composite’s response to Hy is 2.9 times higher than that of NH3; whereas for NO it is
3.5. We attribute this highly improved H, sensing response and selectivity of RGO/MoS;
nanocomposites to the structural integration of MoS;, nanoparticles in the nanochannels and
pores present in the RGO.

XiX



OUTLINE OF THE THESIS

This thesis work has been split into six chapters. In chapter 1, a brief introduction of
various topics, essential for the understanding of the main subjects of this research work, has
been given. The topics discussed are basic aspects of nanoscience and nanotechnology,
classification of nanomaterials into two dimensional (2D), one dimensional (1D) and zero
dimensional (OD) system, importance of 1D nanostructures, their growth techniques and basics

of electrical and gas sensing mechanism.

Chapter 2 discusses the hydrothermal growth of Zinc Oxide nanorods (ZnO NRs) on
conductive Indium Tin Oxide (ITO) substrate. The challenge associated with the formation of
electrical contacts on the ZnO NRs is illustrated. A technique involving in-situ reduction of
graphene oxide on ZnO NRs to improve the reliability of contact for low temperature transport

measurements is described.

Chapter 3 gives the detailed experimental procedure for realizing vertically aligned
copper oxide (Cu,O) nanopillars by AAO template assisted electrodeposition technique. A
detailed analysis about the recipe for removing AAO template is discussed. A thorough
investigation of the effect of etching on the surface morphology of nanopillars and its transport

properties are discussed.

Chapter 4 presents the comprehensive information on the synthesis of graphene oxide
(GO), tin oxide nanoflowers (SnO, NFs) and RGO/SnO, NFs composites. Structural and optical
properties of the RGO-SnO, NFs based nanocomposites are discussed. The hydrogen sensing
response of this composite is studied to explore the possibility of fabricating highly efficient

room temperature H, gas sensor.

Chapter 5 discusses the synthesis of GO, molybdenum disulphide (MoS;) and their
composite (RGO/MoS;). The structural, morphological and optical characterization of
RGO/MoS; nanocomposites along with the H, sensing characteristics is provided.

Chapter 6 gives the conclusion and summary of this research work along with the
possibility of future work in the same direction.
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Introduction

CHAPTER ONE

INTRODUCTION

In this chapter, the motivation and fundamental aspects of the research work presented in
this thesis is given. To introduce the main subjects that will be presented and discussed in the
rest of the thesis, the current chapter has been divided into four sections. The first section
introduces some important aspects of nanoscience and nanotechnology, classification of
nanomaterials, and importance of one dimensional (1D) metal oxide (ZnO, Cu,0, and SnO,)
nanostructures.  The second section describes the growth techniques involved in 1D
nanostructure especially hydrothermal and electrodeposition technique. The third section
discusses the theoretical aspects of metal-semiconductors junction which are important for
understanding the electrical transport properties of 1D nanostructures and hydrogen sensing
characteristics of metal oxide/graphene oxide composites. The last section provides brief
information on tools used for the characterization of 1D metal oxide nanostructures along with

the outline on the work to be presented in the following chapters.
1.1. BASIC ASPECTS OF NANOMATERIALS

In the last few decades, nanomaterials have been the focus of research to study new
physics and investigate its potential to develop technologies for practical applications [1, 2].
Dimensionally, nanomaterials have at least one of its length scales in the order of few
nanometers (~ 100 nm). At this small dimension, the number of atoms available at the surface is
high, making the properties of nanostructures different from those of their bulk counterpart,
despite the fact that they share the same chemical compositions [3-5]. Nanomaterials usually
have (1) large fraction of surface atoms (2) high surface energy (3) quantized energy states and
(4) reduced defects. The high surface to volume ratio coupled with quantum confinement of
electrons and many body interaction leads to novel mechanical, electrical, optical, chemical, and

biological applications [6-8].

In 1959, Richard Feynman in his famous talk titled “there’s a plenty of room at the
bottom™ has invoked the idea of manipulating things at atomic level [9]. However, the real burst

of nanotechnology occurred in the early 1990s, after the development of sophisticated
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instruments such as scanning electron microscope (SEM), transmission electron microscope
(TEM) and atomic force microscope (AFM) for characterization which enabled investigation of
nanomaterials at the atomic level feasible [10-12]. These tools were then used to manipulate
materials at nanoscale to achieve new physical properties such as variable band gap, enhanced

phonon and electron conductivity, high tensile strength and tunable optical characteristics.

Z N
/
/1D
0 D
Quantum Wire X Quantum Dot

Figure 1.1: Schematic representation of quantum confinement in bulk, 2D, 1D and 0D

nanomaterials.

Nanostructures can be classified into two dimensional (2D, nanofilm), one-dimensional
(1D, nanorods or nanowires), and zero dimensional (0D, quantum dots or nanoparticles)
nanomaterials depending upon the degree of freedom available for the electron (Figure 1.la-

1.1d) [8]. For instance in 2D materials electrons are constrained to move freely in plane and the
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motion perpendicular to the plane is restricted to length scale less than 100 nm. Similarly in 1D
materials, electrons are free to move in one direction and movement in other two directions are
restricted. For OD materials, electrons are confined in all three directions. The properties of
these nanomaterials vary significantly from those of bulk counterpart [13-18]. For example, thin
films of metals are chemically inert whereas, metallic nanoparticles are chemically very active
and sensor made up of these materials was found to have highly enhanced sensitivity and
selectivity [18-21].

1.1.1. Why 1D Nanomaterials?

In this thesis, we chose to work on 1D nanomaterials as they are easily scalable in
comparison to 2D and OD materials. 1D nanomaterials can be easily grown to large lengths of
the order of millimeters while maintaining high crystalline order. Such large lengths are difficult
to achieve in 2D materials. Highly crystalline graphene for instance are restricted to a flake size
of few microns. 0D materials are practically very difficult to implement for any real time
applications.  The millimeter length scale allows the 1D nanostructures to contact the
macroscopic world for many physical measurements which makes them an attractive structure of

choice for fabricating nanoscale devices [22, 23].

Among the 1D nanomaterials, particularly, metal oxide based 1D semiconductors are one
of the most sort after materials as they exhibit either hole type or electron type conductivity
without any external doping. So in the metal oxide 1D nanorods, it is possible to have high
mobility electrons or holes as the scattering due to impurities (dopants) are absent. It is also
possible to fabricate p-n junction by growing heterostructures of two metal oxides which
intrinsically exhibit electron and hole conductivity. Moreover, metal oxide nanomaterials can
also be synthesized easily in different shapes such as nanorods, nanowires, nanotubes, and
nanobelts. These different geometries can be exploited for various applications such as drug
delivery, chemical and bio sensing, solar cells and field emission devices. Also these structures

have different band gap which can be tuned by controlling their size [24-28].

1.1.2. Band Gap Engineering

In free space, electrons can have all possible energy states and hence their energy and

momentum (E-k) relation is parabolic and continuous. Inside a solid, electrons move in the
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periodic potential of the lattice and the interaction of electron wave function with the periodic
potential gives rise to an energy gap whose value strongly depends on the atomic arrangement in
the solid. It is possible to tailor the band gap according to our requirement by manipulating the
size and shape of the solid. Band gap is very crucial in classifying solids as conductors,
semiconductors and insulators. Band gap in general refers to an electrical band gap which
indicates the energy difference between the top of the valence band and bottom of the conduction
band. This band gap can be either direct or indirect depending upon the location of valence band
maxima and conduction band minima. If they both have same momentum values then the band
gap is direct or else it is indirect [29-32]. For most electrical and optical devices, direct band gap
semiconductors are preferred as they dissipate less energy to the lattice. The other kind of band
gap is the optical band gap. Optical band gap of semiconductor is defined as the energy required
for creating an electron and hole and the electron-hole pair so produced are called as exciton.
Exciton is a quasi particle comprising of electron and hole bound together by an attractive force.
They exist as a single entity and for bulk semiconductor the dimension of the exciton can be

theoretically calculated by Bohr radius [33],

he (1.1)

where 7 is defined as Planck constant, ¢ is the dielectric constant and p is the exciton reduced
mass. However, if the radius of the semiconductor nanocrystal (quantum dot) is reduced to less
than its exciton Bohr radius then the exciton will be strongly confined in this limited volume and
the electronic structure of the three dimensionally confined electrons and holes will be drastically
modified [34, 35].

1D nanostructures (Quantum wires) represent confinement of electrons or holes in two
dimensions. Such confinement permits free electron (or hole) behavior in only one direction that
is along the length of the wire (say the x direction). For this reason, the system of quantum wires
are described as 1D electron gas (IDEG) when electrons are present in the conduction band [36,
37].

The total energy of an electron or hole in 1D material is the sum of allowed energies

associated with the motion of these carriers along two quantized direction (say Y, z direction) and
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the Kkinetic energy due to free motion of carriers in the other direction (say x direction) [38, 39] is

given by,

2 2 2n 2 2 (1.2)
ETotal :h_ nZﬂ. +h_ y_ﬂ- +h_(k><2)
2m| a 2m| b 2m

where ny, n, are integers and a, b are confined sizes of the materials along z and y directions.
From the above formula, it is clear that it is possible to engineer the band gap in 1D material by
varying geometry of the structure. The band gap can be increased or decreased by reducing or
increasing the size of spatial confinement of electrons i.e. by changing the value of “a” and “b”.
One important point to note is that if the size of “a” or “b” is increased beyond a certain limit,
then the crystal enters into a 2D regime, which not only alters the band gap but also the materials
density of states. This will lead to a whole new set of physics as illustrated below (figure 1.2a -
1.2d).

1.1.3. Density of States

Density of states refers to the number of available electron states per unit volume in the
crystal. When the density of states is multiplied by the energy interval dE, it gives the total
concentration of available states in that energy range dE. Another important feature of the
density of states is that it is not uniform across the energy band. In 3D crystals, the density of
states is maximum at the top of the band and minimum at the bottom of the band. For 2D
crystals, the density of states is constant across the band, whereas in 1D structure, density of state
peaks at the band edges and decreases sharply as we move away from the edge. Density of states
resembles dirac-delta like function for 0D materials. The importance of density of states can be
understood from the fact that any electron excitation from the valence band to the conduction
band depends upon the number of available energy states at the band edges. In 3D materials one
needs to pump more energy to excite electrons from the valence band to the conduction band, as
more energy is required to distribute electron across different energy states. In 1D materials, a
comparatively less energy is required to populate the conduction band, as almost all the energy
states are located at the band edges. That is why nanomaterials are very good candidates for

optoelectronic applications. In bulk semiconductor the density of states is smooth and
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continuous and is proportional to (3—'; =EY?). However for nanomaterials, the density of states

is sensitively dependent on the size (along the confined direction) of the nanomaterials. For 0D
nanomaterials, the electrons are completely confined in all three dimensions and they behave

analogous to atomic/molecular clusters with discrete states that are well separated in energy

(Z_II:=5(E) ). In 2D nanomaterials the density of states shows a quasi-continuous like

increment with increasing energy due to the quantum confinement in one direction

(3—';=Constant). In 1D nanomaterials, the density of states is quasi discrete with respect to

increasing energy due to the confinement along two axis perpendicular to the length of the

material (3—N:E‘“2). Once electrons are populated at the conduction band edge, it motion

across the crystal is determined by the transport properties of the material [40, 41].
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Figure 1.2: Schematic Illustration of Density of states as a function of energy in bulk, 2D, 1D

and 0D nanomaterials.



Introduction

1.2. ELECTRICAL TRANSPORT PROPERTIES

Electron transport refers to the manner in which electrons move across the crystal. The
motion can be categorized as diffusive, quasi-ballistic and ballistic depending upon the nature of
scattering that electron experiences during its journey. In the presence of strong scatterers such
as impurities and defects, the motion is most likely to be diffusive. However for weak scattering
such as electron-electron and electron-phonon interaction, the motion can be quasi ballistic or
ballistic. To quantify the effect of scattering potentials on the electron motion, parameters such

as Fermi wavelength, electron mean free path and phase relaxation length are being used.

To understand the effect of size reduction on various phenomena of one dimensional
nanostructures, it is important to have a clear idea about certain characteristic lengths. These
characteristic lengths determine the behavior of the systems as the effects start to appear when
the size of the system is reduced. In the case of electrical transport in one dimensional
nanostructures, there are few characteristic lengths which determine whether the transport is

classical or quantum in nature. They are Fermi wavelength and electron mean free path.
1.2.1. Fermi Wavelength (iF)

The wavelength associated with the kinetic energy of the electrons is called the de
Broglie wavelength. It defines the length scale on which quantum mechanical effects, i.e. the
wave-like nature of electron becomes very important. At low temperatures, the current is mainly
dominated by the electrons whose energy is very close to the Fermi energy and the contribution
by the electrons far below it is negligible. Therefore, the Fermi wavelength is the relevant
wavelength. The Fermi wavelength is given by,

by =2 2 (13)
F

where kg is the Fermi wave vector which is proportional to the square root of electron density n
for 2 dimensional electron gas (2DEG). For 3 dimensional electron gas (3DEG), the

corresponding relation is:
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-1/3 1.4
A :(3n] (1.4)

8r

1/d

In general, ke ~ (n)™", where d represents the dimension of the system. At 300K, in a

typical semiconductor, the de Broglie wavelength is of the order of 75 nm.
1.2.2. Mean Free Path (Ir)

The mean-free path is the average distance that an electron travels before it experiences
inelastic scattering which changes its initial momentum. This momentum change is related to
the scattering of electrons by static impurities, imperfections such as lattice defects and internal
or external surface boundaries. In addition, lattice vibrations (phonons), other electrons present
inside the lattice and magnons can also affect the mean free path. The mean free path of a

conduction electron is given by,

|, =V7 (1.5)

where Vg is the Fermi velocity and t is the momentum relaxation time (during which the applied

electric field acts on the electron).
1.2.3. Phase Relaxation Length (l4)

The phase relaxation length is defined as the length to which electrons travels before it
experience the inelastic scattering which destroys its initial coherent state. Scattering events
such as electron-electron collision and electron-phonon collisions changes the energy of the
electrons and randomizes its quantum-mechanical phase. Scattering by impurities may also

contribute to the phase-relaxation length. The phase relaxation length (l5) can be expressed as,

This is often the case in high mobility semiconductors where phase relaxation time (1) IS
in the same order or smaller than the momentum relaxation time (ty). In low mobility

semiconductor tm < T4, the transport is mostly diffusive. In the diffusive regime, the phase-

relaxation time is given in terms of diffusion constant (D=vZz, /2) as,
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|7 =Dz, (1.7)

The three parameters described above have a detrimental effect on the electrical
properties of the material. It is to be noted that all the three parameters have either direct or
indirect dependence on geometric parameters of the materials. Therefore, by varying the
geometry of the material, it is possible to engineer the value of mean free path relaxation time
and Fermi wavelength. In the following section, we highlight some of the important aspect of

electrotransport in 1D nanostructures.
1.2.4. Electrical Transport in 1D Nanostructures

In 1D nanostructures, electron are constrained to move in one direction and ideally their
motion in this direction should be ballistic. For example if the characteristics length of the
nanorod is around 1 micrometer, then for a ballistic transport, the electron mean free path should
be equal to or greater than 1um. One needs to ensure sufficient crystalline quality to achieve
such high mean free paths or else the advantage of scaling down the material size offers no
benefit.

In ballistic transport, electrons can travel across the sample length without undergoing
any scattering inside the sample. Here the sample length (I5) is defined as a length over which
the transport property is measured. Ballistic transport occurs when Is < < I, so that the electron
suffers no scattering when voltage is measured between the electrodes. This is the regime of
classical Ballistic transport (figure 1.3a).

The Ballistic transport can also be quantum in nature. If the diameter of the wire is
comparable to electron wavelength, the electronic energy levels becomes discrete and the
electrical transport enters the quantum regime (figure 1.3b). In this regime, the thermal energy
of the electron must be less than the energy difference between the discrete levels to suppress

any scattering events. In such cases, the conductance is given by Laundauer formula:

N 2¢? (1.8)
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where e is the electronic charge, h is the Planck’s constant and Tijis the transmission probability
from i" channel at one end of the wire to the j™ mode at the other end. The summation is over all
channels having a non-zero value of the transmission probability. In the ideal case with no
backscattering at the contacts, Tj; = 1 for i=j and zero otherwise.

For nanowires with lengths larger than the carrier mean free path, the electrons undergo
numerous scattering events while they travel along the wire. In this case, the electrical transport
is in the diffusive regime and the conduction mechanism is dominated by the carrier scattering
caused by phonons (lattice vibrations), boundary scattering, lattice and other structural defects,
and impurity atoms. For wire diameters (d) comparable to or smaller than the carrier mean free
path (In), i.e., d < I, or d~ I, but still much larger than the Broglie wavelength of the electrons (d
> > Jp), the transport in nanowires still falls in the classical regime, where the band structure of
the nanowires are still similar to that of bulk, while the scattering events at the wire boundary
greatly influence the transport behavior.

EA

@) (b) k,

Figure 1.3: (a) Schematic representation of increasing confinement by size reduction.
(b) Increasing confinement leads to increase in AE, the energy between the 1D subbands (when
AE > Kgr, transport occurs through individual subbands and can be considered as “one
dimensional”). Reproduced with slight modification from “PhD thesis: Quantum transport in

one-dimensional nanostructures”.
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The aspect ratio (length to width ratio) of 1D nanostructures determines the electron
transport regime. Technologically, it is really challenging to synthesize nanorods arrays with
identical electron transport properties. This is due to inhomogenity of the size distribution of
nanorods. One can overcome this problem by carrying out transport measurement over a large
area of nanorods and the average behavior can be modeled using any one of the transport
theories explained earlier to a good approximation. This thesis is an attempt to synthesize and

study the electrical transport and sensing characteristics of metal oxide based nanorods.
1.3. ONE DIMENSIONAL (1D) METAL OXIDE NANOSTRUCTURES

Metal oxides are generally represented by MyOx where M stands for metals such as Cu,
Zn, Sn, Fe, Si, and Ti. Metal oxides are ionic compounds that are made up of positive metallic
and negative oxygen ions. The electrostatic interactions between the positive metallic and
negative oxygen ions result in firm and solid ionic bonds [42, 43]. The s-shells of metal oxides
are completely filled, so that most of the metal oxides have good thermal and chemical stability.
However, their d-shells may not be completely filled, giving them a variety of unique properties
such wide band gaps, high dielectric constants, reactive electronic transitions, and good
electrical, optical, and electrochromic characteristics [44-46]. Metal oxides can be grown by
either physical or chemical techniques. Atomic layer deposition, chemical vapour deposition,
sputtering, and thermal evaporation are the various physical techniques commonly used to grow
metal oxides. Chemical techniques involve mixing of salts of metals with strong oxidizing
agents in a chemical bath to produce metal oxides. Regardless of the growth technique
employed, metal oxides shows new properties that originate from the more complex electronic
properties and crystal structures compared to other class of materials. This unique physical
properties are due to the existence of different oxidation states, coordination numbers, symmetry,
density, and stoichiometry. When these metal oxides are grown in 1D geometry, they exhibit
highly enhanced physical characteristics such as high optical absorption, ballistic conductance,
improved magnetic susceptibility, and significantly strong surface plasmon resonance which are
primarily useful for bio-sensing applications. Of the many metal oxides, ZnO, Cu,0 and SnO,
are the materials with a great potential for fabricating gas sensors, field emission devices, solar
cells, and field effect transistors. In the following sections, the structural, electrical and optical
properties of ZnO, Cu,O and SnO; are discussed [47-50].
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1.3.1. Zinc Oxide (ZnO)

Zinc oxide is a group 11-VI semiconductor, whose covalence is on the boundary between
ionic and covalent semiconductors. Its large energy band gap (3.37 eV), high exciton binding
energy (60 meV) and high thermal and mechanical stability at room temperature make it an
attractive candidate for use in electronics, optoelectronics and laser technology [51].
Furthermore, it is an electrically transparent conducting oxide semiconductor and exhibits
defects or impurity dominated n-type conductivity, even in its native state. The piezoelectric and
pyroelectric properties of ZnO mean that it can be used as a sensor, energy generator and
photocatalyst in hydrogen production. Because of its hardness, rigidity and piezoelectric
properties it is an important material in the ceramics industry, while its low toxicity,
biocompatibility and biodegradability make it a material of interest for biomedicine and in pro-

ecological systems [52].

- Oxygen atom k - Zinc atom

Figure 1.4: The wurtzite crystal structure of Zinc Oxide (ZnO) with Zn-O tetrahedral
coordination highlighted. White balls represent oxygen atoms and the yellow ones represent zinc

atom.
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1.3.2. Crystal Structure of ZnO

ZnO typically occurs in three different crystal structures, wurtzite (hexagonal symmetry),
zinc blende (cubic symmetry) and rock salt structure. At room temperature, it crystallizes into
more common and stable form of wurtzite structure (figure 1.4) [53]. This hexagonal lattice
belongs to P6smc space group with the lattice constant a = 3.2495 A, which represents the basal
plane, and ¢ = 5.2069 A, which is in the basal direction. The c/a ratio is 1.602, which is close to
the 1.633 ratio of an ideal hexagonal closed packed structure [54]. This structure is characterized
by two interconnecting sub lattices of Zn** and O% such that each Zn ion is surrounded by a
tetrahedral O ion, and vice-versa. The two sets of sub lattices are separated by u=0.385 in
fractional coordinates along the c-axis. The parameter u of ZnO crystal is derived from the ideal
wurtzite structure (u=0.375), and is defined as the amount by which each atom is displaced with
respect to the next along the c-axis. ZnO can be simply described as a number of alternating
planes each consisted of tetrahedral coordinated O® and Zn** ions, stacked alternately along the
c-axis and is characterized by two interconnecting sublattices of Zn** and O*. The tetrahedral
coordination in ZnO leads to a non-central symmetric structure, which is one of the most
important characteristics of wurtzite structural materials. The lack of central symmetry in
wurtzite structure, combined with large electromechanical coupling, results in strong
piezoelectric and pyroelectric properties. The other important structural characteristic of ZnO is

the polar surfaces. The most common polar surface is the basal plane [55].

In ZnO, internal charges are created by positively charged Zn - (0001) and negatively
charged O - (0001) surfaces, resulting in the creation of dipole moment and spontaneous
polarization along the c-axis as well as a divergence in surface energy. To maintain a stable
structure, the polar surfaces generally have facets or exhibit massive surface reconstructions.
However, ZnO - + (0001) are exceptions: they are atomically flat, stable and without
reconstruction [56]. The other two most commonly observed facets of ZnO are (112 0) (a-axis)
and (1010), which are non-polar surfaces and they have lower energy than the (0001) facets.
The polar faces possess different chemical and physical properties, while the O-terminated face
possess a slightly different electronic structure to the other three faces. Moreover, the polar
surfaces and the (1010) surface are found to be stable; whereas, the (112 0) face is less stable and

generally has a higher level of surface roughness. The tetrahedral coordination of this compound
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is also a common indicator of sp® covalent bonding. However, the Zn-O bond also possesses

very strong ionic character, and thus ZnO lies on the borderline between being classified as a

covalent or ionic compound, with an iconicity of f; = 0.616 on the Phillips iconicity scale [57].

Table.1.1: Physical Parameters of ZnO

Physical Parameters Values
Density (p) 5.606 g/cm®
Stable Phase at 300 K Wourtzite
Melting Point 1975°C
Thermal conductivity (k) 0.6, 1-1.2 Wem K™
Linear expansion coefficient(/°C) | ao: 6.5 x10®
Co: 3.0 x 10°°
Static dielectric constant 8.656
Refractive index 2.008, 2.029

Energy gap

3.37 eV, direct

Intrinsic carrier

Concentration

<10° cm™ (max n-type doping >10%
cm™ electrons; max p-type doping

<10 cmholes)

Exciton binding energy 60 meV
Electron effective mass 0.24

Electron Hall mobility (at 300 K | 200 cm?/V s
for low n-type conductivity)

Hole effective mass 0.59

Hole Hall mobility (at 300 K for | 5-50 cm?/V s

low p-type conductivity)

1.3.3. Electronic Structure of ZnO

The electronic band structure of ZnO has been calculated using the Local Density

Approximation (LDA) and incorporating atomic self interaction corrected pseudo potentials

14



Introduction

(SIC-PP). This theory predicts that the band structure exhibit high symmetry lines in the
hexagonal Brillouin zone [60]. Both the valence band maxima and the lowest conduction band
minima occur at the I" point k=0 indicating that ZnO is a direct band gap semiconductor. The

band gap of ZnO is 3.4 eV and the temperature dependence of the band gap up to 300 K is given
by the following relationship [58-61],

5.05x1074T 2 (1.9)
900-T

Table 1.1 lists some of the fascinating electrical, optical and mechanical properties of ZnO [62,

63].

E, (T)=E, (T=0)

1.3.4. Cuprous Oxide (Cu;0)
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Figure 1.5: Crystal structure of Cu,O (Cuprite structure). Red balls represent oxygen atom and
the blue ones represent copper atom.
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Cuprite structure is a three dimensional cubic structures with inversion symmetry (the
space group O7) with the unit cell parameter a = 4.27 A (figure 1.5). In this structure, O atoms
occupy the sites of body centered cubic lattice and each atom has four covalent bonds extending
in the tetrahedral directions. The adjacent atoms are bridged with each other via a linearly
coordinated Cu atom i.e. each Cu atom is coordinated by only two adjacent O atoms. This
structure may be also viewed as consisting of two independent and inter-penetrating O-Cu-0O zig-
zag frameworks with each one equivalent to the cristobalite structure. Apart from cubic
structure, it also crystallizes into hexagonal structure under certain experimental conditions [64,
65].

1.3.5. Band Structure

Several theoretical studies have been carried out on the band structure of Cu,O which
includes self-consistent technique based on Local Density Approximation (LDA), Generalized
Gradient Approximation (GGA), and Hartree Fock Approximation (HFA) [66, 67]. It is to be
noted that the LDA approximation underestimates the energy of the excited states (i.e. the
conduction bands), whereas those based on HFA overestimates it. However, the shapes of the
conduction bands are qualitatively correct and can be used to visualize the real conduction band
by simply shifting them in energy. It is found that the semi-empirical model correctly estimates

the band gap energy of Cu,O compared to the self-consistent model [68].

It can be also shown that Cu,O is a semiconductor with direct band gap (2.8 eV) at the
centre of the Brillouin zone (T" point). At intermediate and high temperature, the variations of
the gap with temperature can be explained by the empirical formula proposed by Varshini [69],

aT? (1.10)
T+p

E, (T)=E, () -

Furthermore, it exhibits large excitonic binding energy of ~ 140 meV which allows the
observation series of excitonic features in the absorption and photoluminescence spectrum [70].
The direct band gap of Cu,O is particularly desirable for solar applications because the light
absorption process involves an electron making a direct transition from the valence band to the

conduction band without any change in momentum. Practically, this means that Cu,O can
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readily absorb photons and require much smaller thickness to absorb the same number of

photons compared to indirect band gap semiconductors [71].

Table 1.2: Physical Properties of Cu,O

Physical Parameters Values
Density (p) 6.10 g/cm
Molecular Mass 143.092 g/mol
Melting point 1235 °C
Relative permittivity 7.5
Electron effective mass 0.98
Hole effective mass 0.58
Cu-0 bond length 1.85 A
0-0 bond length 3.68 A
Cu-Cu bond length 3.02A
Band gap energy at room |2.09eV
temperature (Eg)

Specific heat capacity (C,) 70 J/(K mol)
Thermal conductivity (k) 4.5 W/(K m)
Thermal diffusivity (a) 0.015 cm?/s

It is worth stating that, the photovoltaic ability of Cu,O was highlighted by researchers
during the mid-seventies due to its high optical absorption properties in the visible region of the
electromagnetic spectrum. The material was identified as a possible low cost material for solar
cell applications.  Cuprite still remains an attractive alternative to silicon and other
semiconductors for the fabrication of cheap solar cells for terrestrial applications. The advantage
of the materials over others in the photovoltaic field include: (1) abundance, (2) easy preparation
and (3) nontoxic nature. Cu,O based solar cells are known to have a theoretical energy
conversion efficiency of 22 % in AM1 (Air Mass 1, i.e. on the Earth surface at the equator)
conditions [72]. On the basis of band gap energy, the theoretical maximum photocurrent under
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AM 15 illumination for Cu,O is 14.7 mA/cm?, corresponding to a sunlight-to-hydrogen
conversion efficiency of 18%. Its conduction and valence bands straddle the water redox
potentials, satisfying the requirement for driving overall water splitting. Additionally, its
conduction band rests at ~0.7 V negative of the water reduction potential, providing a strong
over potential to drive hydrogen evolution. Table 1.2 shows the some important physical
properties of Cu,O [73, 74].

1.3.6. Tin Oxide (SnO,)

k - Oxygen atom ‘ - Tin atom

Figure 1.6: Crystal structure of tin oxide (rutile structure). White balls represents oxygen atom

and red ones represents tin atom.

SnO; is an anisotropic polar crystal, which crystallizes into tetragonal rutile structure of
space group P4,/mnm with the lattice parameters being a = 4.73820 A and ¢ = 3.18710 A (figure
1.6). The unit cell contains two tin cations and four oxygen anions. The Sn** cations are
coordinated by six O® anions, forming slightly distorted octahedra, whereas the oxygens are
surrounded by three tin ions, forming an almost regular triangle. The SnOg octahedra are

connected by common vertices in the ab - plane and by common edges in the [001] direction.
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Like other metal oxide in SnO,also phase transition has been observed, the transition of rutile to
pyrite structure, which is analogous to the structure of silica, occurs above the pressure of 21
GPa [75-77].

Tablel. 3: Physical Properties of Tin Oxide

Physical Parameters Values
Density 6.95g/cm’
Stable phase at 300 K Rutile
Melting point 1630°C
Thermal conductivity (k) 0.4 Wem™ K™
Thermal expansion coefficient 11.7x10°
Dielectric constant 4.17
Refractive index 2.006
Energy gap 3.57eV
Electron effective mass 0.35
Hole effective mass 0.69
0-O distance 4.6646 A
O-Sn distance 3.7662 A

1.3.7. Band Structure

The band structure of SnO, was calculated by the plane wave pseudo potential method,
using the generalized gradient approximation (GGA) of the local density formalism (LDF).
These LDF and GGA method underestimate the band gap. This error has been corrected in the
band structure by introducing the “scissors operator,” a rigid upward shift of the conduction
bands. The band gap of SnO; calculated by LDF and GGA method with the correction by

employing scissors operator is 3.6 eV.
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Further, the ease of making it n-type, its highly dispersive conduction band (small
effective mass), and the large energy difference between the conduction band minimum and the
next higher conduction band at I contribute to SnO, supporting high carrier concentrations while
still maintaining a high degree of optical transparency [78, 79]. It is an attractive material not
only for the gas sensors but also as a catalyst of the organic compounds oxidation, a key
component in Li ion batteries, master element in optoelectronic devices, antistatic coatings,
special coatings for energy-conserving windows, dye-sensitized solar cells, and photo catalysts
and so on [80-82]. Table 1.3 shows the some important physical properties of SnO, [83-86].

1.4. SYNTHESIS METHODS OF ONE DIMENSIONAL (1D) NANOSTRUCTURES

Vertically aligned 1D metal oxide nanorods are of great interest because these structures
can be easily made into various functional devices for energy storage, solar cells, and sensing

applications.

Various efficient routes have been developed to synthesize well defined 1D
nanostructures with controlled sizes and shapes. Roughly, the synthesis routes can be divided
into “Top-down” and “Bottom-up” approaches (figure 1.7). Generally, the “Top-down”
approach, a solid phase method involves breaking down of a bulk material to generate nanosized
structures with high purity. It usually requires high temperature, complex procedure,
sophisticated equipment and rigid experimental conditions, such as chemical vapor deposition
(CVD), vapor-liquid-solid (VLS) methods, and thermal evaporation [87-89]. In contrast to
conditions involved in vapor-phase methods “Bottom-up” approach, a solution phase method
involves formation of nanostructures by assembling of atoms/molecules, suitable for large scale
and reproducible fabrications of 1D nanostructure due to its simple, fast, convenient and less
expensive features. Additionally, the solution phase approach presents a powerful tool not only
for providing the control over the size, shape and composition of nanomaterials but also for
growing on various conductive substrates [90]. The solution phase chemical route can be

roughly grouped into template assisted and template free processes [91-93].
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Figure 1.7: Schematic illustration of bottom up and top down approach for the synthesis of

nanomaterials.
1.4.1. Template Assisted Method

Template assisted synthesis represents a convenient and versatile method for generating
1D nanostructures. The templates used are divided into two types: the soft templates (surfactant
based) and the hard templates. In the soft template technique, the template (surfactant) serves as
a scaffold where other materials with similar morphologies are synthesized. The surfactant
promoted anisotropic 1D crystal growth has been considered as a convenient way to synthesize
metal oxides nanostructures [94]. A classic microemulsion system, such as surfactant phase and
aqueous phase, is involved in this anisotropic growth. In the emulsion system, these surfactants
serve as micro reactors to confine the crystal growth. The surfactant molecules selectively
adsorb and bind onto certain surfaces of the nanocrystals and thus reduce the surface energy and

lead to the growth of 1D nanostructures [95].
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Porous alumina, carbon nanotubes, polycarbonate membranes and mesoporous materials
with nanochannels have been considered as the hard templates for generating 1D nanomaterials.
Normally, the nanochannels can be filled with desired material by using solution, sol-gel or
electrochemical method [96-98]. The nanowires so formed are obtained by the host matrix
removal. The most widely used hard template is anodized aluminum oxide (AAO) membranes,
which contain hexagonally packed 2D array of cylindrical pores with a uniform size. Through
the electrodeposition and sol-gel deposition methods, 1D nanostructures can be achieved by
filling the pores of AAO template. As the diameter sizes of these nanochannels and the
interchannel distance are easily controlled, it provides a convenient way to manipulate the aspect
ratio and the density of 1D nanostructures [99]. It is also possible to grow 1D nanomaterials

without using templates.

The template free method requires in depth understanding of intrinsic structural
properties of materials to be synthesized and the ability to activate or deactivate a crystal plane in
synthetic 1D nanostructures. For example, OH™ or H* concentration in the reaction system could
be the key factor controlling the growth rate of different crystal faces and leading to the
formation of a rod like morphology. This method often leads to structures with poor
reproducibility and hence used for only very special cases. In this thesis, we have used both soft
and hard template assisted methods for the growth of 1D ZnO and Cu,O nanostructures. The
more details on the growth techniques we have used and the procedure followed are explained in

the respective chapters.

15. ELECTRICAL TRANSPORT PROPERTIES OF METAL OXIDE
SEMICONDUCTOR

First we will give some background information regarding the electrical contacts on
metal oxide and electrical transport, then in the proceeding chapter more detailed information
regarding the electrical transport studies that we carried out on 1D ZnO and Cu,O nanopillars,

nanorods will be given.
1.5.1. Ohmic and Schottky Contacts

Any metal-semiconductor based electrical devices have two types of contacts at the

junction. An ohmic contact, exhibiting linear 1-V characteristics and the rectifying contact
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exhibiting non-linear I-V characteristics due to the existence of potential barrier at the junction.
The nature of contacts (ohmic or rectifying) primarily depends on the difference in work function
between the metal and semiconductor. Work function (¢n,) in metal is the energy needed to take
an electron at the Fermi level (Ers) and place it outside the metal at rest (Eyac). Similarly
semiconductor is characterized by its work function (¢s) and electron affinity (ys). Here, the
electron affinity (ys) is defined as the energy difference between the vacuum level and the bottom
of the conduction band edge (E) [100].
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Figure 1.8: Energy band diagram of formation of a metal - n type semiconductor (M-S) contact.

(a) before contact (b) after the contact at equilibrium; formation of schottky junction for the case
of ¢m > os.

Figure 1.8a and 1.8b display the energy band diagram of metal and n-type semiconductor
with and without contact. The two materials are chosen such that ¢, > ¢s. When the two
materials are brought together in equilibrium, their bands line up and band bending occurs such
that Er is constant and the vacuum level has no step discontinuities. In the band diagram, it is

evident that there are two potential barriers Vy; (built-in potential) and ¢g that prevents the charge
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carriers from flowing across the metal-semiconductor interface. A depletion region will form in
the semiconductor adjacent to the interface resulting in band bending. The band bending creates
a potential difference across the metal-semiconductor interface and any charge carrier had to
overcome this potential in order to flow through the device. Therefore the current-voltage
characteristics of device with such contacts exhibit rectifying behavior and the potential barrier is
called Schottky barrier (¢g). The schottky barrier height in terms of the work function of the
metal (¢#g) and the electron affinity of the semiconductor (ys) IS given by,

B =P — X (1.11)

When the work function of the metal is less than that of semiconductor, the electrons
from the semiconductors flows into the metal until the Fermi level reaches equilibrium across the
junction. In this situation, 1-V curves of the device appear linear and the contact is termed as
ohmic contact. The potential barrier is either non-existent or small enough to be overcome by a
small voltage. Such a contact is sometimes termed a negative Schottky barrier, while rectifying

junctions are deemed positive Schottky barriers.

It is to be noted that, the other intrinsic factors such as the presence of surface states
(charge states present at a semiconductor surface) in the semiconductor’s band gap often causes
the pinning of the Fermi level to lie inside the semiconductor band gap, regardless of the choice
of metal for the junction. This pinning effect thereby creates a Schottky barrier whose magnitude
is independent of the work function of the metal. [101-103].

1.5.2. Effect of External Bias on Barrier Potential

It is very crucial to see the band diagram of the metal - semiconductor junction under an
applied voltage (figure. 1.9). A positive voltage can reduce the barrier, and a negative voltage
will increase it depending upon the nature of barrier formed at the junction. Following are the

various mechanisms by which electron transport across the barrier can takes place. [103].
1. Thermionic emission over the top of the barrier.
2. Thermally assisted tunneling through the barrier.
3. Direct tunneling through the barrier.
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Figure 1.9: Electrical transport in a forward biased schottky junction. (a) Thermionic emission
over the barrier (b) Thermally assisted tunneling through the barrier and (c) Direct tunneling
from the bottom of the conduction band.

1.5.3. Thermionic Emission

Thermionic carrier injection is the phenomenon by which carriers thermal energy is
sufficient to overcome the potential across the interface (i.e. KT > ¢g). In metal-semiconductor
junction with small barrier potential, this carrier injection results in Ohmic contact. However at
low temperatures the effect of potential barrier shows up and the contact becomes Schottky. This
is one of the reasons for many devices to become highly resistive at low temperature. Since
thermally excited carriers (represented by (a) in figure 1.9) can flow both ways, an expression for
the total current due to thermionic emission is determined by subtracting the current which flows
from the metal to the semiconductor 1,5 from the current flowing from the semiconductor to the

metal g,/

By subtracting the current which flows from the metal to the semiconductor Iy_s from
the current flowing from the semiconductor to the metal Is_,, the following expression for the

total current | is obtained [116].

1.12
| =A"AT? exp (— Ei_f_j {exp (ni—VTJ _1} (1.12)
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where q is the charge of the electron, kg the Boltzman constant, T the temperature, A* the
Richardson constant, 4, the barrier height and n the ideality factor (unity for purely thermionic

emission dominated transport), and A* is given by [104],

A 4rem Kk} (1.13)
h3
where me is the effective mass of the electron.

1.5.4. Electron Transport by Tunneling (Thermally Assisted Tunneling and Direct
Tunneling)

Tunneling is a quantum mechanical phenomenon in which electrons penetrate a potential
barrier even though their energy is less than the height of the barrier. This phenomenon is
dominant at low temperature regime where the thermal energy has little or no effect. At very
low temperatures electrons tunnel directly through the barrier (direct tunneling, represented by
(c) in figure 1.9) and at intermediate temperatures electrons first get thermally excited before
tunneling across the high potential (thermally assisted tunneling, represented by (b) in figure

1.9). In the direct tunneling regime the current is given by:

1.14
felg): .

ho| Ny (1.15)
Eoo = Nme
m’e,

where Eq is given by,

The saturation current density Is depends weakly on temperature as cT = sin (cT), where c is a
constant. In the thermally assisted tunneling regime, the current density is given by [173]

1.16
ool .

and
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1.17
E, = E,, coth {qEOO} (17

KT

where, Eqo is a tunneling parameter (also called as characteristic energy). Eq (T = 0 K) is 1,
(Eqgn.1.15) hence Ep (T = 0 K) equals Eqo. It also implies that for this case Eqn. 1.16 approaches

to Eqn. 1.14 at very low temperatures.
1.6. GAS SENSORS

Gas sensing is extremely important to detect toxic gases in environment, monitor ambient
air quality, checking gas leakage in pipelines and for safe transport of dangerous gases such as
Hydrogen. Among many different gases, the rapid detection of hydrogen is technologically
essential because it is colorless, odorless, and highly explosive [105]. Various kinds of gas
sensors have been extensively explored and developed, including solid electrolyte gas sensors,
metal oxide gas sensors and electrochemical gas sensors. Of all these, metal oxides represent an
appealing class of materials owing to their high sensitivity to most gases, low cost, and simple
fabrication techniques [106, 107].

The recent advent of nanotechnology led to the development of metal oxide-based gas
sensors, in the form of nanowires, nanoflakes or nanoparticles. The larger surface-to-volume
ratio in these nanostructures greatly improved the sensor response. But still there are some
unresolved issues for these metal oxide nanostructure based gas sensors such as the relatively
high operating temperatures (usually over 200 °C) as well as the long response and recovery
times. The high operating temperatures would impose a substantial safety risk during the gas
detection and consume considerable amount of energy for their operation.  The requirement for
high operating temperature is due to the presence of large energy barrier at the surface of the
active material [108]. To overcome this difficulty, one needs to develop a composite in which
the host material which encapsulates the active material (metal oxide nanostructures) acts as a

catalyst for electron transfer across the energy barrier.

One of the promising candidates for host material is two dimensional reduced graphene
oxide (RGO). It is a chemically modified graphene with high surface area (2630 m?/g)
containing small amount of oxygen functional groups such as alcohols, carboxylic acids and

epoxides [109-111]. It can be easily synthesized in large scale using inexpensive facile chemical
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approaches and can be easily processed into continuous paper like structures [112-115]. Since
the properties such as conductivity and tensile strength of RGO mainly depend on the amount of
functional groups present, they can be easily fine tuned by adjusting the reduction conditions.
Furthermore, the functional groups present in the RGO allow it to functionalize (chemical
modification), with different nanomaterials such as nanoparticles and nanorods/nanowires, which

potentially makes RGO a versatile material for the gas sensing applications [116-118].

The incorporation of RGO into metal oxide nanostructures or vice versa results in the
following advantages over the individual component. First, the large 2D flexible area of reduced
graphene oxide can accommodate nanomaterials (nanoparticles/nanorods) without forming
aggregates. The high electrical conductivity of RGO could facilitate fast electron transport in
catalytic (sensing) reaction. Thirdly, the structural defects (functional groups) present in the
RGO will provide more room for the functionalization of more nanomaterials. On the basis of
this advantages the metal oxide nanostructures anchored/coated RGO based composites have
emerged as one of the promising candidate for the development of next generation gas sensors.
By considering all the advantages of nanocomposites, in this research work we have synthesized
RGO/Sn0O, NFs and RGO/MoS; NPs composites for hydrogen sensors. A detailed study on the
preparation of composites and their sensing measurement studies will be discussed in chapters 4

and 5 respectively.
1.7. CHARACTERIZATION TOOLS

After the synthesis of nanomaterials, to understand the structural, morphology, and
compositional characteristics different characterization techniques were used. In the proceeding

section a brief description of the techniques used and their working principle will be given.
1.7.1. X-Ray Photoelectron Spectroscopy (XPS)

The modern technique of X-ray photoelectron spectroscopy (XPS) was founded by K. M.
Siegbahn, earning him the Nobel Prize for Physics in 1981. It is working on the principle of
photoelectric effect. When a sample is placed within a beam of X-ray, photoelectrons are ejected
from the atoms within the material. X-rays have enough energy to eject electrons from the core
orbitals of all atoms as shown in figure 1.10. By dispersing the ejected electrons according to

energy, a spectrum of binding energies is obtained.

28



Introduction

Phtoelectron
® Auger electron
Incident photon T ®
Vacuum f

L 2p;p
L 9—@ 2pyp
L 2s
K —0O0— 1s

Figure 1.10: X-ray photoemission and Auger electron emission

The locations of peaks in the XPS spectrum indicate both the presence of specific
elements and their respective oxidation states. Furthermore, the binding energy of core electrons
is very sensitive to the chemical environment of the corresponding element. When the same
atom is bonded to a different chemical species, this leads to a change in the binding energy of its
core electrons. The variation of binding energy results in a shift of the corresponding XPS peak.
This effect is termed as chemical shift, which can be applied to study the chemical status of all
elements in the surface. Therefore, XPS is also known as electron spectroscopy for chemical
analysis (ESCA). The intensity of photoelectron peak varies with the surface concentration of
the corresponding element, allowing quantitative determination of the composition of the
surface. This paved the way for photoemission to become one of the most successful techniques
for the study of the chemical and electronic properties of materials, by allowing direct access to
the density of states (DOS) at the surface [119, 120].

Figure 1.11 shows the basic elements of an XPS instrument consisting a light source, an
electron energy analyzer and an electron detector.
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Figure 1.11: Basic elements of XPS experiment

1.7.2. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a crystallographic technique employed for identification and
quantification of various crystalline phases in solid materials and powders [121, 122]. The
crystal structure and grains size can be determined via the XRD. In this technique, a beam of X-
rays are directed at a sample and proportions of them are diffracted to produce a pattern. By
comparison of those diffracted pattern with the reference patterns, the crystal phases of the
sample can be identified.

Figure 1.12 presents the diffraction of X-rays by parallel planes (illustrated as horizontal
lines) in a crystal in the XRD technique. A monochromatic X-rays beam with wavelength 1 is
directed onto the crystalline material with inter planar spacing d, at an angle & and then diffracted
when leaving the various planes. The diffracted wave pattern can be in or out of phase to
produce either destructive or constructive interference. Each diffracted X-ray signal corresponds
to a coherent reflection is called Bragg reflection. The constructive interference patterns only

occur when incident angles satisfy the Bragg’s law:

nA=2dsin @ (1.18)
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where n = 1, 2, 3, ... is the order of diffraction, A is the X-rays wavelength, d is the spacing
between atomics planes in the crystalline phase and & is the Bragg angle. In a XRD pattern, the
intensity of the diffracted X-rays is plotted with the detector angle 26. The intensity and angle of
a set of peaks is unique to the crystal structure of the examined material.

Incident Reflected
X-rays X-rays

Figure 1.12: Diffraction of X-rays by lattice planes in a crystal using XRD technique.
1.7.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) technique is a powerful tool for studying the
morphological and structural features of the nanomaterials [119]. It produces images of the
sample by scanning it in a raster pattern on the specimen surface with a focused beam of
electrons. The interaction between the electron beam and the specimen surface produces various
types of energetic emissions, including back scattered electrons, secondary electrons, Auger
electrons, continuous X-rays and characteristics X-rays. The electrons interact with atoms in the
sample, producing various signals, containing information about the samples surface topography

and composition, which can be detected using specialized detectors.

The schematic image of SEM is illustrated in figure 1.13. The SEM uses electrons
instead of light (compared to optical microscope) to form an image. A beam of electrons is

produced at the top of the microscope by heating of a metallic filament. The electron beam
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follows a vertical path through the column of the microscope. It makes its way through
electromagnetic lenses which focus towards the sample. Once it hits the sample, some are
backscattered and others produce a secondary electron by knocking out electrons from the
sample. Detectors collect the secondary or backscattered electrons, and convert them into a

signal that is sent to a viewing screen producing an image [123].

Figure 1.13: Schematic illustration of scanning electron microscope (SEM)
1.7.4. Atomic Force Microscope (AFM)

The atomic force microscope (AFM) is a very high resolution type of scanning probe
microscope, with demonstrated resolution of fractions of a nanometer, more than 1000 times
better than the optical diffraction limit. Binnig, Quate and Gerber invented the first AFM in
1986 [124]. The AFM is one of the foremost tools for imaging, measuring and manipulating
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matter at the nanoscale. Figure 1.14 illustrates the block diagram of AFM. The AFM consists of
a microscale cantilever with a sharp tip (probe) at its end that is used to scan the specimen
surface. The cantilever is typically silicon or silicon nitride tip with radius of curvature in the
order of nanometers. The AFM works by scanning a tip over a surface, when the tip is brought
into proximity of a sample surface, Van der Waals forces between the tip and the sample lead to
a deflection of the cantilever. The magnitude of the deflection is captured by a laser that reflects
at an oblique angle from the very end of the cantilever. A plot of the laser deflection versus tip
position on the sample surface provides the topography of the surface [125].

Laser Quadrant
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Cantilever
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scanner

Figure 1.14: Schematic Diagram of Atomic Force Microscope (AFM).
1.7.5. Raman Spectroscopy

Raman scattering is a powerful light scattering technique used to determine the
composition of the materials qualitatively and quantitatively. In a light scattering experiment,
light of a known frequency and polarization is scattered from a sample. The scattered light is

then analyzed for frequency and polarization. Raman scattered light is frequency shifted with
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respect to the excitation frequency, but the magnitude of the shift is independent of the excitation

frequency. This "Raman shift" is therefore an intrinsic property of the sample [126].
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Figure 1.15: Schematic representation of Raman spectrometer

Raman spectroscopy usually consists of three parts: Laser, spectrometer and charge
coupled device array (CCD) detector. The spectrometer itself is a commercial "triple-grating”
system. Physically, it is separated into two stages, i.e. monochromator and spectrograph, which
are shown schematically in figure 1.15. The laser beam from the laser is filtered for
monochromatic and directed by a system of mirrors to a focusing/collecting lens. The beam is
focused onto the sample; the scattered light which passes back through the same lens is then
passed through a second lens into the monochromator of the spectrometer. Finally the light is
refocused and sent out to the spectrograph of the spectrometer to focus the filtered light on the
final grating. The dispersed light is now analyzed as a function of position, which corresponds to
wavelength. The signal as a function of position is read by the system detector. The
wavelength/intensity information is then read to a computer and converted in software to

frequency/intensity [127, 128].
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1.9. OBJECTIVE
Free standing 1D metal oxide (ZnO and Cu,QO) nanostructures in the form of nanowires
and nanopillars have the potential to become central component in the electronics and sensing
applications. To make use of these nanostructures for practical applications, it is essential to
understand their electrical transport characteristics. Similarly reduced graphene oxide (RGO)
and its nanocomposites are considered to be the suitable candidates for next generation gas
sensing devices. However, devices made up of this materials still lacks the qualities (high
temperature, high response time and recovery time) for commercial applications. For good
hydrogen sensing characteristics, it is very important to find new materials combinations to
overcome the obstacle put forth by the current materials. Based on these problems, the objective
of this thesis work has been divided into
» Optimizing the growth process for realizing n-type vertically aligned ZnO oxide
nanorods with high aspect ratio, good crystalline structure and uniform morphology and

study of its temperature (10 K — 298 K) dependent transport characteristics.

» Growing of vertically aligned p-type Cu,O oxide nanopillars with high aspect ratio and

characterizing them with temperature (180 K - 300 K) dependent I-V techniques.

» Synthesis of reduced graphene oxide (RGO) and RGO-SnO, nanoflower based
nanocomposites for highly selective, responsive and low temperature hydrogen sensing

application.
» Synthesis of reduced graphene oxide and RGO/MoS; nanoparticles based

nanocomposites for highly selective, responsive and low temperature hydrogen sensing

application.
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CHAPTER TWO
IN-SITU REDUCED GRAPHENE OXIDE INTERLAYER FOR
IMPROVING ELECTRODE PERFORMANCE IN ZnO NANORODS

2.1. INTRODUCTION

For any practical applications and electrical transport measurements, ZnO NRs have to be
grown on various conductive substrates such as Indium Tin Oxide (ITO) and silicon (Si) so that
it can be easily integrated with the existing technology. In this work, we have chosen
hydrothermal technique for the growth of ZnO NRs on ITO substrates. However, the problem
associated with hydrothermal technique is that though it yields highly crystalline materials, there
exist physical gap between the nanorods and also the length of grown nanorods is limited to the
order of few tens of nanometers [129-135]. This makes it difficult to fabricate reliable electrical
contacts, which are essential for optoelectronic device application and undertaking vertical
transport measurement without using expensive space fillers such as polymethyl methacrylate
(PMMA) as a short circuiting inhibiter [136-138]. The presence of polymer over ZnO
nanostructures will definitely affect its inherent physical and chemical properties [139, 140]. In
cases where metals such as gold (Au) and platinum (Pt) were successfully deposited directly on
ZnO NRs, it usually resulted in Schottky contact with high potential barrier. Post deposition
surface treatments and high temperature annealing procedure were carried out to reduce the
contact resistance which had a negative impact on the performance, reliability and life cycle of
the devices [141, 142].

It is therefore necessary to find a new technique to realize good ohmic contacts which is
cost effective, easy to process and suitable for various device applications. Reduced graphene
oxide (RGO) can be a suitable candidate for electrode material on ZnO NRs [143-145]. RGO is
electrically very conducing, optically very transparent, non-permeable to any organic or
inorganic species and can be made extremely thin [146, 147]. It also has large number of
dangling bonds which allows it to make a strong bond with any material over which it is drop

casted.

In this work, we have devised a simple technique for the formation good quality ohmic
contacts on vertically aligned ZnO nanorods grown on ITO, which do not require any expensive
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space fillers such as PMMA, time consuming surface cleaning procedures, sophisticated high
vacuum technique for metal deposition and high temperature annealing process. In this
technique, chemically processed graphene oxide (GO) was reduced on vertically aligned ZnO
NRs at temperature as low as 60°C which is much lesser than the temperature used for
conventional reduction process. The in-situ reduced graphene oxide (RGO) not only acts as a
short circuit inhibitor but also facilitates the formation of good ohmic contact on vertically
aligned ZnO nanorods. By using RGO as an interlayer between metal and ZnO, we were able to
study the electrical properties of ZnO at temperatures as low as 10 K. From the temperature
dependent current voltage (I-V) curves, we were able to measure the activation energy of shallow

donor sites in ZnO nanorods.
2.2. MATERIALS AND EXPERIMENTAL METHODS

All materials used (Sigma Aldrich, India and SD Fine chemicals, India) in this
experiments were of analytical reagent grade and used without any further purification. All the

aqueous solutions were prepared using Deionized (DI) water.

2.2.1. ZnO Nanorods Growth

Vertically aligned ZnO NRs were grown using hydrothermal method. In the following
section, first we will give general information on the hydrothermal technique followed by

detailed experimental procedure used for the growth of ZnO NRs.

2.2.2. Hydrothermal/Solvothermal Method

The term hydrothermal is of purely geological origin and it was first coined by the British
Geologist Sir Roderick Murchision (1792-1871), to describe the action of water under elevated
pressure and temperature in bringing changes in the earth’s crust, leading to the formation of

various rocks and minerals [148-149].

Hydrothermal usually refers to any heterogeneous reaction in the presence of aqueous
solvents or mineralizers under high temperature and pressure conditions which dissolve and
recrystallizes into materials that are relatively insoluble under ordinary conditions. Based on the
previous research works K. Byrappa and M. Yoshimura had proposed to define a hydrothermal

reaction as “any heterogeneous chemical reaction in the presence of a solvent (whether aqueous
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or non aqueous) above room temperature and at pressure greater than 1 atm in a closed system
[150].”
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Figure 2.1: Schematic phase diagram of water showing the important zones for hydrothermal
processing. P, Tiand Py, Ty indicates the triple point and boiling point respectively, while P, T,
are the pressure and temperature of the critical point (374°C and 221 bar). The curve indicates
the condition for autogeneous water pressure, while high pressure hydrothermal synthesis is
conducted in the whole temperature range of fluid existence above the P..

Hydrothermal processing is a non-conventional method to obtain nanocrystalline
inorganic materials. As implied by the name, water at elevated temperature plays an essential

role in the transformation of the precursor material. In a typical reaction, a precursor and a
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reagent which is capable of regulating the crystal growth are added into water with appropriate
ratios. This mixture is placed in an autoclave to allow the reaction to proceed at elevated
temperature and pressures. The reaction time ranges from a few hours to a few days. The major
advantage of this approach is that most of the inorganic materials can be made soluble in water at
elevated temperatures and pressures. As such, it is suitable for use with any solid material.
Figure 2.1 shows the schematic phase diagram of water showing the important zone for
hydrothermal processing. It indicates the presence of two different hydrothermal pressure ranges

namely the autogenous and high pressure range.
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Figure 2.2: Isothermal-isobar hydrothermal processing: (I) only water and precursor materials
are present. (I) and (Il1): time dependent precursor material dissolution. Nucleation occurs

spontaneously if point (111) is achieved and subsequent crystal growth in the saturated solution.
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There are many parameters which greatly increases the complexity of the reaction in
hydrothermal process. For example, it is known that temperature plays significant role in
kinetics of product formation as well as the thermodynamic stability of the product and the
pressure controls the supersaturation range directing the product phase (e.g. crystallization of a
denser phase will occur at high synthesis pressure). Time is also an important parameter because

time allows kinetically stable phase to manifest in due course [151].

The principle of the hydrothermal process of dissolution—supersaturation and subsequent
crystallization is shown in figure 2.2. Standard hydrothermal experiments are conducted under
isothermal and isobar conditions without agitation. At the beginning of the experiment, the
hydrothermal fluid consists only of water with solid precursor materials (point I); it gets more
and more concentrated with time. Near the solubility limit of the product phase (point II,
supersaturation), the precursor can still be dissolved. At a certain level of supersaturation (point
I11), spontaneous crystallization will finally occur, leading to a decrease of the concentration in
the hydrothermal fluid.

As explained above, the growth of 1D metal oxide materials during the hydrothermal
process occurs due to dissolution-reprecipitation method, which includes dissolution of
precursor, diffusion of precursor species, and precipitation. However, the growth along one
specific direction can be achieved only if the material possesses anisotropic crystallographic
structure. The use of surfactant (additives to the precursor) also plays a significant role in

determining the 1D growth of metal oxides.
2.2.3. ZnO Nanorods by Hydrothermal Growth Method

ZnO nanorods were grown on conductive ITO, with the surface resistivity of ~ 70 €/sq,
substrate and p-type silicon substrate with SiO, layer of 100 nm by surfactant (soft) assisted

hydrothermal growth.

Before growing nanorods, all the substrates were subjected to standard cleaning
procedure which consists of sonication in acetone and ethanol for 20 min followed by washing
with DI water and drying in convection air oven until the water dries. The nanorods growth
procedure consisted of two steps namely (1) Seed layer preparation and (2) Hydrothermal growth

of ZnO NRs, which are given below in detail.
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Seed Layer Solution Preparation:

1)
2)
3)
4)

5)

6)
7)

8)

0.0219 g of Zinc Acetate Dihydrate was measured

Then it was added to 20 ml of absolute ethanol in 100 ml beaker

Followed by magnetic stirring for 2hr on hot plate maintaining at 60°C.

After 2 hrs magnetic stirring, the solution was taken off from the hot plate and was cool d
own to room temperature naturally.

2l of as prepared seed (above) solution was drop cast on ITO substrate and heated to 60°
C until all the ethanol evaporated.

The same procedure was repeated for 10 times as given in point 5.

After drop casting procedure was over, all the substrates were washed with copious amou
nt of ethanol to remove the residues on the substrates.

Finally, the drop cast ITO substrate was annealed in tube furnace at 325°C for 15 min wit
h the following settings (table 2.1).

Table: 2.1: Annealing Parameters of seeded ITO substrate

Parameters Set values
Temperature "325°C
Time to attain set value 5 min
Holding time (at 325°C) 10 min
Room temperature Natural cooling

“+ 5 degree was observed in the temperature set values

Preparation of ZnO Nanorod Growth Solution

1.

0.594 g of Zinc nitrate was added to 40 ml of DI water followed by magnetic stirring for
30 min.

0.280 g of hexamethylenetetramine (HMTA) was added to the above solution followed b
y magnetic stirring for 30 min.

After 30 min of stirring, the as prepared growth solution was transferred to custom made
Teflon coated autoclave along with seeded ITO substrate (fixed inverted in the teflon hold
er).

For the growth of ZnO NRs on seeded ITO substrate, the autoclave was placed inside the
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oil bath at 93°C + 1 for 4 hr.

5. Finally the substrate was taken out from the autoclave and cleaned with copious amount o
f DI water followed by drying in convection air oven at 60°C for 24 hr. Figure 2.3 shows
the hydrothermal setup (Teflon lined autoclave (50 ml) and teflon made nut and bolt whic

h was used as the seeded substrate holder for the experiment) used in this research work.
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Figure 2.3: Experimental setup used for the hydrothermal growth of ZnO NRs on ITO substrate

2.2.4. Synthesis of Graphene Oxide (GO)

The thin film GO was synthesized from graphite flakes by Hummers method. 0.5 grams
of natural graphite is mixed with 0.35 gms of NaNOj3 (99% purity). About 30.7 gms of conc.
Sulphuric acid (96% purity) was slowly added to the mixture with continuous stirring in ice
water bath. 1.95 gms of potassium permanganate was gradually added and the resultant mixture
was cooled for 1 hour. The mixture was stirred continuously for 5 days at 20° C. The mixture is
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then diluted with 50 ml of aqueous solution of 5% weight Sulphuric acid and 1.5 gms of 30%
weight H,O; is added to remove ions of oxidant origin. Further purification process is performed
by repeated rinsing with de-ionized water to get highly purified GO thin films [152] (figure 2.4d).
2.5 ml of as prepared solution was added to 7.5 ml of DI water and it was ultrasonicated for one
hour followed by centrifugation at 15000 rpm for 10 minutes. Finally, the supernatant solution

(GO) was collected in a centrifuge tube and stored at room temperature for further use.

2.2.5. Formation of Top Electrical Contact on Vertically Aligned ZnO NRs

Cleaning of ITO Seed layer formation Hydrothermal groWwth of
substrates leO NR
c)

(b)

Keithley
4200S8CS

Preparation of GO by modified
hummer’s method Drop casting of GO on ZnO NRs

(d) (©) 0

Deposition of Au on

Figure 2.4: Schematic Illustration of fabrication process of RGO-ZnO NRs heterostrcutres (a)
cleaning of ITO substrate. (b) Formation of seed layer at 350°C. (c) Hydrothermal growth of
ZnO NRs at 90°C. (d) Synthesis of GO by modified Hummer’s method. (¢) Reduction of GO
into RGO at 60°C on top ZnO NRs. (f) e-beam evaporation of Au on RGO for electrical

measurements.

For the formation of electrical contacts, 120 ul of as synthesized GO solution was drop
casted on the ZnO nanorods while simultaneously heating at 60°C to convert them into partially
reduced RGO (figure 2.4e). 300 nm layer of gold was deposited as a top metal electrode for the
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RGO/ZnO nanorod heterostructure. The deposition was performed under a pressure of 10°® mbar
at the rate of 15 nm/min. Current-Voltage (I-V) measurements were performed at different
temperatures in two terminal configuration by using ITO substrate as a bottom electrode. Low
temperature measurement was performed by loading the sample in a closed cycle cryostat. Prior
to loading the sample, the top and bottom electrodes are electrically connected to the contact

pads of the chip carrier by aluminum wire using silver paste as an adhesive.

To verify the reproducibility of our method four devices were fabricated using the same
experimental conditions. All the devices exhibited similar electrical characteristics with little
more or less resistance values confirming the reproducibility of this method.

2.2.6. Electrical Measurement

The electrical transport properties of vertically aligned ZnO NRs were carried out in two
terminals (top and bottom) configuration. During the measurement, voltage V is forced on the

top contact of the ZnO NRs and the current | is measured across the ZnO NRs.
At Room Temperature

After the formation of electrical contacts, the quality of each device was verified by
performing room temperature 1-V measurement. To avoid driving high current to the devices,
the voltage range for the measurement was identified by trial and error method (By varying the
sweeping voltage ranges). All the room temperature I-V measurement was carried out in dark
by contacting the device using signatone micropositioners fixed with tungsten probe tips (SE-T)
holders (figure 2.5).

At Low Temperature

Once the quality of the device was verified at room temperature, it was loaded into the
closed cycle cryostat (Janis, USA) for investigating the temperature (10 K to 298 K) dependent
electrical transport properties. The electrical connections from the sample were drawn using 8-
pin feedthroughs. Then the samples were connected to 4200 SCS (Keithley, USA) by custom
made radiation shield box made up of aluminum using BNC cables. Prior to low temperature
measurement, the cryostat was evacuated to the pressure of 5 x 10° mbar with the help of

pumping unit comprising of diffusion pump and rotary pump. For measuring at different
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temperatures, a PID controller unit was used to stabilize the temperature at the desired values
(figure 2.6).

Micropositioner Setup

Figure 2.6: Experiment setup used for low temperature electrical transport measurement of ZnO
NRs grown on ITO substrates
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2.3. RESULTS AND DISCUSSION
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Figure 2.7: XRD pattern of vertically aligned ZnO NRs grown on ITO substrate

Figure 2.7 shows the XRD pattern of ZnO nanorods grown on seeded ITO substrates.
Four prominent peaks corresponding to planes: (100), (002), (101), (102) and (110) appear at 26
= 31.0° 33.7°, 35.5° 46.8° and 55.9° respectively. The strong diffraction peak for (002)
indicates that the ZnO nanorods are highly oriented along the c-axis which confirms that our

sample is highly crystallized hexagonal wurtzite type.

Our results (figure 2.8a and 2,8b) clearly indicate that ZnO seed layers are very essential
to grow vertically aligned nanorods. This ZnO seed layers acts as a nucleation sites for the
formation of nanorods. The orientation of the ZnO NRs array strongly depends on the
orientation of ZnO nanoparticles in the seed layered substrate. When the zinc acetate film coated
ITO substrates were annealed, large number of ZnO seeds or particles will be formed with (0001)
plane parallel to the substrate. Therefore, ZnO NRs are formed during the growth process from

these seeds along the direction of c-axis.
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Figure 2.8: (a) and (b) Top view SEM images of as prepared ZnO NRs grown on ITO substrate.
(c) Top view SEM images of RGO thin film drop casted on ZnO NRs. (d) SEM images of RGO-
ZnO NRs heterostructure at a tilt angle of 50°.

Zn (OH), has been proposed as likely precursor species in the hydrothermal growth of

ZnO crystals. During the growth process, the following chemical reaction is considered to be
responsible for the formation of ZnO NRs,

Decomposition reaction:
(CH,),N, +6H,0 —6HCHO +4NH, (2.1)

Hydroxyl supply reaction:
NH, +H,0 <> NH; +OH (2.2)
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Super saturation reaction:

20H +2Zn*? — Zn (OH), (2.3)

ZnO Nanowires growth reactions:
Zn (OH), »Zn0 +H,0 (2.4)

Generally, ZnO crystal exhibits different growth behavior, depending on the relative
growth rates of various crystal facets under hydrothermal conditions. The growth velocities of

the ZnO crystal are different along different plane [0001] > [0111] > [0110] > [0111] > [0001]

directions. Furthermore, ZnO has positively charged Zn [0001] surface, which is chemically
active, and negatively terminated and chemically inert O [0001] surface which are playing
significant role in the growth of ZnO NRs during the hydrothermal process. It is suggested that,
during the hydrothermal process, along with inherent crystal properties of ZnO, HMTA
(surfactant) play important role in producing nanorods structure. The HMTA, being a non-polar
chelating agent would preferentially attach to the non-polar facets of the nanorods, thereby
exposing only the (002) plane for the epitaxial growth. Thus preferential growth along the [0001]

direction occurs.

To confirm the successful reduction of drop casted GO over ZnO NRs, we have
performed Raman measurement on the GO film. GO drop casted on Si substrate was taken as a
control sample. Both the samples were thermally annealed at 60° C before taking the Raman
spectra. The GO deposited over ZnO nanorods shows higher disorder (D) band intensity (Ip=358
3.03) at 1351 cm™ than the Graphitic (G) band (1c=3290.80) at 1596 cm™. The ratio between the
intensities (Ip =1750)/1c=1753.31) was found to be 1.08. In GO deposited over Silicon Ip/lg was
around 0.99 (figure 2.9). The higher value of Ip/lg in GO on top of ZnO NRs indicates
successful conversion of GO to RGO as the newly formed graphitic domains and defects during
the reduction process increases the intensity of the D band [153]. From the SEM image (figure
2.8c), it can be observed that the drop casted GO thin films makes a wavy like structure on the
top surface of ZnO nanorods without any visible holes and defects in it. From the image (figure
2.8d), it is clear that GO solution due to its planar structure did not percolate between the

nanorods and forms a blanket like structure over the nanorods.
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Figure 2.9: Raman spectra of GO drop casted on ZnO NRs and Si substrate followed by

annealing at 60°C.

Figure 2.10a and 2.10b shows the I-V characteristics of ZnO NRs with and without RGO
deposition. From the figure it is clear that there is almost two orders of magnitude change in
resistance for devices with [~1 Kilo ohms] and without RGO [~50 ohms]. The extremely low
resistance in samples without RGO layer indicates that there is a direct conducting path (short
circuiting) between metal electrode and bottom ITO substrate. With RGO, this short circuiting is
inhibited which allow us to probe the electrical characteristics of ZnO nanorods. Moreover, the
observed resistivity (~ 10">ohm cm) is consistent with the resistivity of ZnO considering the

diameter and length of the ZnO NRs is ~300 nm and 2 um respectively.

Generally, GO requires higher heating temperature to transform into partially reduced
RGO which are many folds greater than the temperature used in this study [154]. By extending
the knowledge of optically induced electron reduction, it is possible that the reduction of GO
occurs by thermally generated electrons activated from the zinc related interstitial sites (Zn))

which is usually prevalent at (0001) face of as grown ZnO nanorods [155-159]. The sample
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temperature of 60°C which is comparable to activation energy of Zn,, falls in the range of ~ 30
meV, is sufficient enough to activate enough electrons from the traps to convert GO into RGO
which act as a facilitator for improved electrical contacts [160, 161]. Figure 2.11 represents the
schematic diagram for in-situ reduction of GO into RGO over the (0001) face ZnO NRs.

A
3
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Figure 2.10: Room temperature 1-V characteristics of ZnO NRs (a) with RGO and (b) without
RGO.
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Figure 2.11: Schematic diagram of thermal reduction of GO into RGO on top surface of ZnO
NRs at 60°C.
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Figure 2.12: Temperature dependent (10 K — 298 K) semilog I-V characteristics of RGO-ZnO
NRs heterostructure.
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Figure 2.12 depicts the I-V (log (I) vs V) characteristics of RGO-ZnO NRs
heterostructure at various temperatures ranging from 10 K to 298 K. The voltage-current plot of
as prepared sample indicates that Au/RGO-ZnO heterostructure follows ohmic like behavior.
The observed electrical characteristics can be interpreted by considering the carrier transport at
the RGO-ZnO NRs interface. At the junction, carrier injection occur either (1) by the thermal
activation of electrons over the schottky barrier (SB) or (2) as a result of quantum mechanical
tunneling of carriers across the barrier. Generally, these transport mechanisms have different
degree of sensitivity to temperature [162]. As discussed in chapter 1, in the high temperature
region, phonon assisted injection is more dominant and at low temperatures, carriers are injected

across the barrier by either direct or Fowler-Nordheim (F-N) tunneling.

Here, we use direct and F-N tunneling equations (2.5) and (2.7) and mathematically test
the linearity of our experimental data using the equations (2.6) and (2.8) for easy comparison
[163-165].

2.3.1. Direct Tunneling

RN ] (2.5)
h

Iaexp[

( | ) (|j 47d\/2m" 4, (2.6)
n| — |lah|—=|-——=
V2 V h

2.3.2. Fowler-Nordheim Tunneling

laV?e B yom gy 2m' gy’ &0
® 3hqV

( | j 1[87211 2m*¢83] (2.8)
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Figure 2.13: (a) In (1/V) plotted vs. the inverse of bias voltage (1/V). (b) In (1/V?) plotted vs.

logarithmic of inverse of applied voltage In (1/V).
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Here ¢ is the barrier height, m” is the effective mass of the electrons in ZnO, q is the
electron charge, h is plank’s constant and d is width of the barrier. Equation (2.6) and (2.8)
imply that direct and F-N tunneling differ in terms of I-V dependency. Therefore, if the plot for
In (1/V?) vs 1/V shows linearity, then F-N tunneling is expected to occur, whereas for direct
tunneling the slope has a quadratic dependence. In figure 2.13a one can observe a clear
crossover from F-N (linear regime) to direct tunneling at temperatures below 100 K on
decreasing the applied voltage. The crossover is not observable at T > 100 K due to phonon
assisted carrier injection (figure 2.13b). This observation is consistent with the theory that F-N
tunneling current is dominant mainly in the low temperature regime [166]. The direct tunneling
and the F-N tunneling are determined by nature of the interfacial barrier. The former occurs
when the barrier is trapezoidal (wide) and the later occurs when the barrier is triangular (thin).
The shape, width and height of the schottky barrier at the RGO-ZnO NRs interface are mainly
modulated by the applied bias, affecting the carrier injection behavior. At low bias, the most
probable mechanism of carrier transport is direct tunneling as the carriers have to overcome wide
barrier whereas at high bias carriers experience a very thin triangular barrier that favors F-N
tunneling (figure 2.14a and 2.14b). At 10 K, this cross over occurs at ~ 0.47 V (2.12 V'), and it
is worth noting that as the temperature decreases from 100 K to 10 K, the signature of F-N
tunneling (crossover point) becomes more visible, clearly demarcating the two different

tunneling regimes.

(b)
SB <> Direct Tunneling ~ Ec. SBT\ > FNTumeling  E;
E o E
i RGO Tv Ep F' RGO ?VB E,
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~__ E, \_ o E,
Low Vg High V,

Figure 2.14: Schematic diagram of band alignment at RGO-ZnO NRs heterostrcutre interface at
low temperature (T < 100 K) under (a) Low bias (b) High bias.

The improved contact performance at low temperature can be attributed to the reduction
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in the density of surface states by the RGO layer as it prevents direct chemical bonding between
the metal and ZnO. This will unpin the Fermi level and promotes dynamic changes in barrier
height with the externally applied bias. Therefore, when RGO is drop casted on the ZnO NRs a
better ohmicity is expected which explains the observed linear electrical behavior.

The inset of figure 2.15 shows the variation of resistance as a function of temperature for
AU/RGO-ZnO heterojunction. The resistance changes only by a factor of 6, when the
temperature was decreased from 298 K to 10 K. This clearly indicates that there exist shallow
traps in ZnO from which electrons are still getting activated even at low temperature. The
evaluation of temperature dependent I-V characteristics allows an analysis of the thermal
activation energy of free charge carriers. First, we will introduce the equation for finding the

activation energies and then we will use it to further analyze the 1-V characteristics of ZnO NRs.

The probability of energy state E occupied by an electron as a function of temperature T

is given by Fermi distribution function fo(E),

1 (2.9)

1:o(E): E-E
exp ( " TFJ+1
B

where Er is the Fermi energy and kg is the Boltzman constant. The density of electrons (n)

available between the energy range E and E + dE can be given by.

2 (2.10)
n= [ f,(E) g (E)dE
Ec
where g (E) dE is density of states available between the energy range E and E + dE
and g (E)is given as 3 2.11
g (E)isg driom): (2.11)
g (E) =~ VE-E

Here, m* is the effective mass of the carrier charge and h is Planck’s constant.

Using 2.11 in equation 2.10 the density of electrons (n) can be written as,
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: (2.12)

4”(2m) T f,(E)x JE-E, dE

By using Fermi integral Fy/, the above equation can be rewritten as,

. 3 (2.13)
N2 2im kT )2 2 = E-r —E.

h? Jr P KT

1 (2.14)
T x2dx
Fp (X)=
vz A -([1+exp (X—X,)
Using Boltzman approximation i.e. Ey < Er < Ec and Ec-Ef > 3kgT,

(2.15)

227zka exp_EC—EF
h? kgT
According to the above equation the density of free carriers depends on the temperature and the

activation energy Ea which is defined as the difference between the energy of conduction band

minimum Ec and Fermi energy Eg. The resulting resistance can be written as:

(2.16)
R(T)aexp( k—_l_Ejaexp[ kETJ
E, (2.17)
R(M) =R, exp| - T

Therefore, the activation energy Ea can be obtained by plotting aln (REJVS T The
0

slope of a linear fit to the values directly reveals the activation energy Ea over ks. Using the
equation 2.17, we have calculated the activation energies of the shallow traps. The calculated
activation energies of traps in the low temperature regime [region I11] is E3= 0.060 + 0.007 meV
which is comparable with previously reported values [166-169]. The calculated activation

energies are attributed to shallow donor state of “Zn” interstitials which plays significant role in
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the intrinsic n-type electrical conductivity of ZnO nanorods. In the high temperature regime
[regime I > 120 K], the resistance falls very rapidly as electrons are activated not only from
shallow traps but also from deep levels. The activation energy for region | was found to be
around AE; = 14 + 1 meV. In the intermediate temperature regime (120 K < regime II > 50 K) the
resistance drops linearly with temperature and the activation energy is around AE; = 4.4 + 0.1
meV. In all the three regimes (figure 2.15), the In (R) versus T was best fit to a straight line
which emphasizes temperature dependent transport [170-171]. This confirms that there are
defect levels in ZnO NRs with different activation energies which are contributing to the
observed electrical property of ZnO NRs.
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Figure 2.15: In (R) plotted vs 1/T. Inset shows change in resistance of ZnO NRs at various

temperatures.

In summary, ZnO NRs growth conditions were optimized. The effect of reduced
graphene oxide (RGO) thin film on the transport characteristics of ZnO NRs was studied. The
observed electrical transport characteristics were explained using appropriate conduction

mechanism.
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CHAPTER THREE

HIGHLY ORDERED COPPER OXIDE (Cu,0) NANOPILLAR ARRAYS
USING TEMPLATE ASSISTED ELECTRODEPOSITION TECHNIQUE
AND THEIR TEMPERATURE DEPENDENT ELECTRICAL
CHARACTERISTICS

3.1. INTRODUCTION

One dimensional (1D) Cu,O nanostructures have attracted immense attention in various
optoelectronics and sensing device applications due to its unique physical and chemical
properties. However, for any practical device applications, it is necessary to grow vertically
aligned free standing Cu,O nanopillars on electrically conductive platforms [172-177]. In this
research work, we have grown Cu,O nanopillars using AAO template assisted electrodeposition
technique.

However, the main challenge in obtaining free standing Cu,O nanopillars using AAO
assisted electrodeposition is the removal of template after deposition [178-183]. The usual
procedure to remove AAO membrane is by treating it with alkaline solution such as sodium
hydroxide (NaOH) [195]. Depending on the material that is deposited inside the AAO pores, the
etching rate of the template for a given concentration of NaOH will be different. If suitable
etching recipe (etchant concentration and etching time) is not used then it will lead to either
under etching or over etching of the membrane. Under etching leaves template debris on the
nanostructure and over etching creates localized surface damages which results in either
aggregation or total collapse of the 1D nanostructure [196]. This will also adversely affect the
electron transport properties of nanopillars which limit their use in optoelectronic, gas and bio-
molecule sensing applications [186, 187]. Therefore the etching recipe should be customized
according to the deposited material. Though, in the recent past, there are few studies in
obtaining vertically aligned 1D Cu,O nanostructures by removing the AAO template, there is no
detailed procedure or protocol describing how the etching parameters are chosen to obtain
template free vertically aligned Cu,O nanopillars. In this work, we have demonstrated a step by

step procedure for the removal of AAO template by NaOH solution and identified the most
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reliable recipe for obtaining free standing Cu,O nanopillars. On the whole, this work provides
the general approach towards the realization of complete removal of AAO template to obtain free
standing Cu,O nanopillars which can also be extended to other 1D materials. In addition, we
also probed the quality of the nanopillars obtained using this technique by investigating their

electronic defect states by carrying out temperature dependent current-voltage measurements.
3.2. MATERIALS AND METHODS
3.2.1. Preparation of Electrolyte Solution

The electrolyte solution used for the deposition was prepared by mixing 1.498 g
CuS04.5H,0 in 15 ml of DI water followed by magnetic stirring for 15 min. After stirring, the
above solution was added to 15 ml of lactic acid aqueous solution. The pH value of the resultant
solution was adjusted to 9 by adding 4 M NaOH solution. 50 ml of the as prepared electrolyte
solution was used for the deposition of Cu,O [188].

3.2.2. Electrodeposition of Cu,O Nanopillars

Copper oxide (Cu,O) nanopillars were fabricated by template directed electrodeposition
technique. First, basic information related to electrodeposition technique is provided followed

by detailed procedure used for the growth of Cu,0.
3.2.3. Electrodeposition

Electrodeposition (better called as an “art”) is as old as the electricity. Electrochemical
deposition is also known as electrodeposition which involves oriented diffusion of charged
reactive species through a solution in the presence of external electric field and reduction of the
charged growth species at the desired template (which also acts as an electrode). The very
success of electrodeposition lies in the fact that it can be scaled up for industrial applications
ranging from electronics, micro-macro, and optoelectronics to automobile industry. The first
guantitative formulation of electrodeposition was done by Michael Faraday, popularly known as

Faraday’s laws of electrodeposition which gives an estimate of the amount of material (W)
deposited in terms of the product of electrochemical equivalent (Ej and the charge passing

through the electrolyte [189, 190],
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W = (E) It (31)
F

where E is equivalent weight and | and t are current and time respectively with F = 96485
Coulomb/mol. Here this formulation assumes the complete reduction of ions by the charged
passed between the electrodes. Practically the efficiency of the process is much less than the
theoretically expected value due to factors like joule heating and material deposition at the
electrode. Generally, this method is only applicable to electrically conductive materials such as
metals, alloys, semiconductors, and conductive polymers. After the initial deposition, the
electrode is separated from the depositing solution by the electrodeposited material and so the as
deposited material must conduct in order for the deposition process to continue. Naturally, the
electrodeposits follow the shape of the electrode used. The feature that the electrodeposits can
take shapes of objects (electrode) in a controlled way makes electrodeposition a unique
technique for synthesis of materials at nanoscale. When the deposition is confined to the nano

pores of template membranes, nanowires/nanotubes arrays are produced.

Electrochemical deposition can be carried out in two different ways according to the
number of electrodes used in the electrochemical cells. The simplest form of an electrochemical
cell is 2-electrode system, consisting of a cathode and an anode (figure 3.1a). In the 2-electrode
system, the voltage is measured between these two electrodes, and the current is measured
anywhere in the circuit. This system works very well under equilibrium conditions.

(a) (b)

CE WE CE WE

Figure 3.1: Schematic view of the (a) two electrode setup (b) and three electrode setup.
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However, if the electrochemical reactions taking place are not in equilibrium, the voltage
measurement will be inaccurate due to redox potentials and over potential. To counter this
problem a third electrode is introduced for measuring the voltage on the working electrode
versus a known stable reference potential (figure 3.1b). This electrode is called a reference
electrode. This three electrode electrochemical technique is the widely used technique for

growing nanomaterials [191, 192].
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Figure 3.2: Schematic illustration of three electrode based electrochemical cell.

Figure 3.2 shows the schematic representation of electrochemical cell with three
electrode configuration, a working electrode (WE), a counter electrode (CE) and a reference
electrode (RE) are placed in an electrolyte containing the ions of interest [193, 194].

The substrate over which materials had to be deposited is used as a working electrode.
For this purpose the substrate must be always electrically conductive and should not get

chemically reacted with the electrolyte solution.

The counter electrode (also known as auxiliary electrode) is an electrode which is used to
close the circuit current in the electrochemical cell. It is usually made up of inert materials such

as Pt, glassy carbon and Au and do not generally involve in any chemical reactions.
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A reference (standard) electrode is an electrode whose electrode potential remains always
constant because of the constant activity of the ions. Often used reference electrodes are normal
hydrogen electrode (NHE), saturated calomel electrode (SCE) and Ag/AgCl. Compared to using
NHE and SCE the AgCl electrode has the advantage of being both environmentally friendly and
easy to make [195, 196].

There are two types of electrodeposition techniques which are predominantly used for the

deposition of materials namely galvanostatic and potentiostatic deposition.
3.2.4. Galvanostatic Electrodeposition

In the galvanostatic mode, a constant current is maintained between working electrode
(WE) and counter electrode (CE) and the potential difference between the WE and RE is
measured (V-t curve). The most important advantage of using the galvanostatic mode is that the
reaction rate can be optimized, since the amount of deposited material is directly related to the
current via Faraday’s law [197]:

Y (3.2)

W=——
zZF

where W is the weight of the deposited material, 1 is the measured current, t is the passed time, z

is the unit-less valence of the deposited atoms, and M is the molecular weight.
3.2.5. Potentiostatic Electrodeposition (Chronoamperometry)

In potentiostatic mode (chronoamperometry), the current is measured versus time as a
response to potential pulse applied to the WE. At the beginning of the experiment the potential
of the working electrode is held at initial value E;. At t = 0, the potential is instantaneously
changed to a final value Eg, and corresponding current-time (I-t) response is recorded as shown
in figure 3.3a and 3.3b. The current at any time due to the step potential can be given by Cortell
equation [198],

- nF AC, D}'? (3.3)

1/241/2
7t
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Where n = the stoichiometric number of electrons involved in the reaction; F = is Faraday’s
constant (96485 Clequivalent), A = electrode area (cm?), C, = concentration of electro active

species, and Dg = diffusion constant for electro active species.

(a) (b)

o F---
-
[=-}
-

Figure 3.3: The chronoamperometric experiment. (a) Potential-time profile, E; is the initial value
and Eg (final value) is the potential of interest for the deposition of materials. (b) The

corresponding current response as a function of time.

The most important advantage of using the potentiostatic mode is that, one can aim for a
specific reaction or product because the type of chemical reaction and stoichiometry is strongly
dependent on the applied potential. By varying the potential it is possible to control the quality
and geometry of deposits such as nanowires or nanotubes. Since the quality of electrodeposits
mainly depends upon electrodeposition conditions, it becomes important to determine a
particular potential where the rate of deposition is optimum. Any small deviation in the applied
potential with respect to the ideal deposition potential will have detrimental effect on the quality
of the material. In the preceding section we will discuss about general information regarding the

procedure for finding correct electrodeposition potential for growing nanopillars.
3.2.6. Linear Sweep Voltammetry (LSV)

Generally, the electrodeposition potential required for the synthesis of materials is
unknown. In this case, linear sweep voltammetry (LSV) measurement technique is employed to

identify oxidation or reduction potential. In LSV the current at the working electrode is
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measured and the voltage between WE and RE is varied linearly within a fixed range (V; and
V,). The oxidation and reduction is registered as a peak or trough in the current signal indicating
the potential at which the species begins to reduce or oxidize (figure 3.4a and 3.4b). From this
LSV curve the electrodeposition potential is deduced which is then used as the deposition

potential for growing nanorods using chronoamperometric technique [199].

(2) (b)

Voltage Voltage
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Figure 3.4: Linear sweep voltammetry experiment. (a) Plot of voltage applied between WE and
RE (between V; and V;) (b) Current-voltage response of the electrolyte and the dotted line
indicate the potential at which reduction occurs.

3.2.7. Electronic Block Diagram of the Potentiostat

It uses an electrical feedback loop to control the potential of the working electrode (the
electrode at which the reaction of interest occurs) with respect to a reference electrode, even in
the presence of ohmic drop. A third electrode, the auxiliary/counter electrode is used to supply
the current to the working electrode. Since third electrode eliminates current flow through the
reference electrode, the three electrode technique provides more control over the applied
potential. A simplified diagram of a potentiostatic circuit is given in figure 3.5.

Most modern electrochemical equipment employs versatile high-input impedance

differential amplifiers known as operational amplifiers (OAs) as circuit elements. In the
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potentiostat circuit, OA1 provides the auxiliary electrode with the required voltage and current to
maintain the desired potential difference between the reference and working electrodes. OA2 is a
buffer amplifier (voltage follower) that prevents significant current draw through the reference
electrode and creates low input impedance at the reference electrode potential. In operation, the
amplifier OAL adjusts the current and voltage at the auxiliary electrode to whatever is necessary
to minimize the voltage difference at the inputs. The negative feedback loop that exists between
the output and input of OAL includes OA2, the reference and auxiliary electrode, and the

solution resistance between reference and auxiliary.

Ry

Figure 3.5: Electronic circuit illustration of potentiostat

Thus, the voltage at the auxiliary electrode will be the inverted sum of the reference
electrode voltage (Er), any externally applied voltage (Ew), and the ohmic voltage arising from
current flow through the solution resistance. This means that, if the reference electrode is close
to the working electrode, the effect of the ohmic drop is minimized and the potential difference
between the working electrode and reference electrode is maintained or ‘‘clamped’’ close to Ew.
Clamping the voltage at Eyy is the basis for the name ‘‘voltage clamp’’; a term used outside the
electrochemical literature as a more descriptive name for the potentiostat circuit. The working
electrode is maintained at the circuit common potential in the potentiostat circuit. The current-
transducer amplifier, OA3, maintains the electrode potential at common potential and provides a
voltage output proportional to the current input. As before, the amplifier uses negative feedback
to minimize the potential difference between the inputs by adjusting the output. In the process,

the inverting input (-) is set to be virtually the same as the potential of the non-inverting input
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(+), and thus the inverting input is at ‘‘virtual ground.”” Note that the output voltage across the
feedback resistor, RF, produces a current to oppose the current flowing into the input and
changing RF changes the signal gain. Although the above circuit could be used in voltammetric
experiments, most potentiostat circuits are considerably more sophisticated. Additional circuitry
is added to provide damage protection from excessive signal inputs or outputs, additional current
or voltage range (i.e., compliance) at the auxiliary electrode, and for variable gain and filtering of

the input current.

As described above, in a typical template assisted potentiostatic electrodeposition, metal
coated commercially available porous templates such as AAO and Poly carbonate membranes
are used as a working electrode. By finding the suitable deposition potential,
nanowires/nanorods are grown inside the pores. Subsequently the free standing 1D metal oxide
nanostructures are obtained by removing the template in appropriate etchant (base solution). In
this research work using this potentiostatic electrodeposition technique (chronoamperometry) we

had grown Cu,O nanopillars inside the AAO template.

3.2.8. Electrodeposition of Cu,O Nanopillars

Working elegtrode |
Teflon cell (Side View) 'M%ﬂon cell (Top View)

Figure 3.6: Electrodeposition set up used for the growth of Cu,O nanopillars (a) Side view of
Teflon cell (with AAO template) connected to electrochemical analyzer for the deposition (b) top
view of the Teflon cell.
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Copper oxide (Cu,O) nanopillars were fabricated by template directed electrodeposition
technique using the electrodeposition set up shown in figure 3.6. Commercially available
anodized alumina membrane (Whatman) with pore size of 100 nm was used as a template in this
study. Firstly, the membrane was thoroughly cleaned in acetone and ethanol by ultrasonication
for 10 min followed by washing with copious amount of DI water. Prior to electrodeposition,
500 nm gold thin film was e-beam evaporated on backside of the AAO membrane to create
electrically conductive surface. Custom made Teflon cell was used to carry out the entire
electrodeposition process. The electrical contact to the working electrode (gold coated AAO
template) was made by placing the copper foil underneath it and tightening them together with
the help of O ring. The total area exposed to the electrolyte solution was 0.1 cm?. Figure 3.7
shows the schematic representation of teflon cell and how electrical contacts to AAO template

are made for the electrodeposition of Cu,0O nanopillars.

(a)

Teflon cell with AAO
Teflon cell bottom portion template and CuSO, solution

Teflon cell top portion

Reference electrode Counter electrode

{ CH Instruments ]

Working electrode

Figure 3.7: Electrodeposition set up used for the growth of Cu,O nanopillars (a) Top part
(solution container) of the teflon cell (b) bottom portion of the teflon cell inserted with copper
foil to form a electrical contact with Au coated AAO template (c) Teflon cell fixed with AAO
template along with electrolyte solution for electrodeposition (d) Teflon cell with AAO template

connected to CH instruments during the electrodeposition process.
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3.2.9. Potentiostatic Deposition of Cu,O Nanopillars
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Figure 3.8: Electrodeposition of Cu,O nanopillars. (a) Linear sweep voltammogram of an

aqueous solution of CuSO4.5H,0. (b) Chronoamperogram (I-t) of Cu,O nanopillars
electrodeposition inside the AAO template at -0.16 \ vs. Ag/AgCI reference electrode at 60°C.
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The electrodeposition potential required for the Cu,O synthesis was determined by LSV
technique. Figure 3.8 (a) shows the typical cathodic scan performed between -200 mV to 200
mV at a scan rate of 10 mV.s™. The peak at -0.199 mV corresponds to the reduction of Cu®* to
Cu® and the subsequent formation of Cu,0O. Cu,O nanopillars were deposited inside the AAO
membrane at fixed potential of -0.16 V (versus 1M Ag/AgCI reference electrode) for 1000
second using chronoamperometry technique (CH instruments, USA) at 60°C figure 3.8b. After
the electrodeposition, free standing vertically aligned Cu,O nanopillars were obtained by
removing the AAO membrane in NaOH solution. It is to be noted that we chose -0.16 V vs.
Ag/AgCI as the deposition potential over the higher values to avoid the over reduction which

would generally results in damages of nanopillars.

The mechanism for the electrodeposition of Cu,O inside the AAO template from the

alkaline solution of copper lactate (pH~9) maintained at 60°C can be given by [200],

2Cu* +2e —2Cu* (3.4)
2Cu* + 20H — 2Cu (OH) (3.5)
2Cu (OH) —Cu,0+H,0 (3.6)

At first, cuprous ions (Cu*) are formed through the reduction of cupric ion (Cu?*) as given in the
equation (3.4). The as formed Cu" ions further transforms into copper hydroxide (eq.3.5) which

subsequently undergoes dehydration process (eg.3.6) resulting in the deposition of Cu,0.
3.2.10. Formation of Electrical Contacts on Cu,O Nanopillars

250 nm gold thin film was e-beam evaporated as a top metal electrode on vertically
aligned Cu,O nanopillars. The e-beam deposition was carried out under a pressure of 3x10°®
mbar. Temperature dependent electrical characteristics (180 K -300 K) were carried out in two
terminal configurations (figure 3.9d) using closed cycle refrigerator (Janis, USA) and
Semiconductor characterization system (Keithley 4200, USA). Figure 3.9(a, b and c) shows the
schematic representation of electrodeposition of Cu,O nanopillars inside the AAO template and

device configuration used for the electrical measurements.
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thley
4200 SCS

(d)

Figure 3.9: Schematic diagram of electrodeposition of Cu,O nanopillars inside the AAO
template (a) bare AAO template with bottom Au coating (b) AAO template with half filled Cu,O
nanopillars (c) AAO template with fully deposited Cu,O nanopillars (d) Vertically aligned Cu,O
nanopillars after the removal of AAO template connected to Keithley 4200 SCS for electrical

characterization.
3.3. RESULTS AND DISCUSSIONS

The crystalline structures of the Cu,O nanopillars were characterized by X-ray diffraction
(XRD) measurement after removing the AAO membrane. Figure 3.10 shows the XRD pattern of
vertically aligned free standing Cu,O nanopillars and it confirms that the Cu,O nanopillars are in
cubic phase. The presence of (111) and (200) and (110) planes indicates that electrodeposited
Cu,0 nanopillars are polycrystalline in nature. The presence of less intense peak at 20 = 47 may

be due to Cu (111) which will generally get co-deposited along with Cu,O.

After the electrochemical deposition, AAO templates embedded with Cu,O nanopillars
were treated with aqueous NaOH solution to dissolve the AAO template. Template removal step
was carried out at different concentrations of NaOH for varying time periods. SEM images of
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NaOH treated template were taken to analyze the effectiveness of each etching parameters in
removing the AAO template. To begin with, the Cu,O deposited AAO template was treated with
5M NaOH solution for 1 hour. On inspecting the sample using SEM (figure 3.11a), no trace of
AAO template was found. However Cu,O liberated from the template got entangled with each
other and collapsed on the gold support. It was quite obvious that the sample was over-etched
and the etchant not only reacted with AAO template but also with Cu,O nanorods. Therefore to
develop a recipe that will etch only the AAO template while maintaining the structural integrity
of nanorods, a series of etching trials were performed. A mild etching recipe of 1M NaOH and 8
min etching time was chosen for the second trial. The idea behind choosing very low
concentration of NaOH is to slow down the etch rate and a small time period is chosen to
determine the smallest sample volume removed by the etchant. Subsequent etching trials were
repeated by varying the time of etching and fixing the concentration of NaOH at 1M. Figure
3.11b is the top view SEM image of Cu,O nanopillars embedded in AAO template treated using
the above experimental condition. The image clearly shows that AAO template is still in its

original state, which indicate that etchant concentration and reaction time is insufficient.

200 (Cu,0)
111 (Au)
= 111 (Cu,0)
8
=y
&
@
= 200 (Au)
=
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30 35 40 45 50
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Figure 3.10: XRD pattern of vertically aligned free standing Cu,O nanopillars after the removal

of AAO template on gold thin film.
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3.3.1. Removal of AAO Template to Obtain Vertically Aligned Free Standing Cu,O

Nanopillars

Figure 3.11: SEM images of Cu,O nanopillars embeded in AAO template (a) AAO template
dissolved in 5 M NaOH solution for 1 hr (b) 1M NaOH solution for 8 min (c) 1M NaOH solution
for 25 min and (d) 1M NaOH solution for 30 min.

For the third trial, the sample soaking time in 1M NaOH was increased from 8 min to 25
min. Figure 3.11c shows the SEM image of Cu,O nanopillars after removing the AAO template
using the above parameters. From this image one can clearly see a highly ordered vertically
aligned Cu,O nanopillar under a stack of un-dissolved AAO template. This indicates that the
etching time is good enough to disintegrate AAO but insufficient to completely dissolve them.
Therefore, for the fourth trial, the soaking time period was increased from 25 to 30 min and we
were able to achieve vertically aligned freestanding Cu,O nanopillars with traces of AAO

membrane (figure 3.11d).

Having established that 30 min soaking time almost removes the AAO template, three

more etching trails were carried out in samples prepared under the same experimental condition
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at three different etching time periods. The time periods used were 45 min, 50 min and 1hr. It
turned out that the sample which has gone through 1 hr etching process resulted in very clean
and vertically aligned Cu,O nanopillars arrays and also exhibited good reproducibility (figure
3.12a - 3.12d). Though the samples which have gone through dissolution time period of 45 and

50 min exhibited well aligned Cu,O nanopillars, they still had some traces of un-dissolved AAO.

Figure 3.12: SEM images of vertically aligned Cu,O nanopillars after the removal of AAO

template in 1M NaOH solution for 1hr (a, b and c) Top view and (d) Cross sectional view.

From the above results we can conclude that 1M NaOH and 1hr dissolution time period
are the optimized or suitable parameters for obtaining reproducible results. Though this
experiment was carried out using commercially available AAO template with Cu,O
electrodeposited for 1000 seconds, it can be also extended to any other templates and materials
deposited. However, care should be taken while choosing the etching parameters because the
parameters used or optimized in this particular experiment will vary slightly from template to
template and the materials deposited. From our experimental observation we suggest that for
any sample prepared using longer/lesser deposition time, it is always suggested to use less
concentration NaOH, preferably 1M NaOH, and vary the reaction time so that distortion free 1D
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nanostructures can be obtained. Figure 3.12 shows the SEM images of vertically aligned Cu,O
nanopillars prepared by 1M NaOH solution and 1hr dissolution period. The length and diameter
of the nanopillar was found to be ~4 um and ~300 nm respectively. The XRD pattern of
vertically aligned Cu,O nanopillars and SEM image of samples prepared by 1M NaOH solution

and 45 min and 50 min dissolution period were given in figure 3.13.

Figure 3.13: SEM images of vertically aligned Cu,O nanopillars after the removal of AAO
template in 1M NaOH solution for (a) 45 min and (b) 50 min.

3.3.2. Electrical Characteristics of Cu,O Nanopillars

Figure 3.14 shows the electrical characteristics of vertically aligned Cu,O nanopillars
measured at different temperature (300 K-180K). From the I-V curve, we can clearly see that it
exhibits symmetric characteristics. Generally, any metal/semiconductor based electrical devices
can be explained based on two types of contacts at the junction. An ohmic contact, exhibiting
linear 1-V characteristics and the rectifying contact exhibiting non-linear I-V characteristics due
to the existence of potential barrier at the junction [201, 202]. In addition, the electrical transport
properties across this metal/semiconductor junction can be easily explained by using simple
thermionic emission equations [203]. However, in most of metal-semiconductor-metal contacts
based devices; two rectifying contacts are inevitable where the analysis of I-V (symmetric)
characteristics using these conventional methods would lead to erroneous results [204].
Therefore, it is very necessary to use different electrical transport theory which can provide
correct and reliable information. Herein, by considering two schottky barriers as a basic building

block, we have analyzed the 1-V characteristics of Au-Cu,O Nanopillars-Au (MSM) structure
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using back-to-back schottky diode model under the assumption of thermionic and field emission
(TFE) theory [205].
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Figure 3.14: Temperature (180 K — 300 K) dependent current-voltage (I-V) characteristics of

Cu,0 nanopillars (inset is the schematic representation of the device configuration used).

Figure 3.15a and 3.15b shows the schematic representation of metal-semiconductor-metal
[Au-Cu,O-Au -MSM] structure and its equivalent circuit consisting of two back to back
Schottky diodes. The schottky barrier for the top and bottom schottky diode is referred as ¢prsg
and ¢psp respectively. When an external voltage V (positive or negative) is applied, the back to
back diode configuration ensures that one junction is always forward biased and the other one is
reverse biased (figure 3.15c). For instance, when positive voltage is applied to the top electrode,
the potential at the top electrode is more positive when compared to the potential at the bottom
electrode. In this case, the top diode is forward biased and the bottom diode is reverse biased. In
the case of negative voltage applied to the top electrode, the potential at the bottom electrode
becomes more positive than the top resulting in forward biased bottom electrode and reverse

biased top electrode. Any voltage applied to the MSM structure will be distributed across top
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and bottom Schottky diode and Cu,O Nanopillars. When voltage V (positive or negative) is
applied to the MSM structure, it can be divided into three portions V1, V, and Vgs as illustrated
in the figure 3.15b. Where, Vi, V, and Vyps are the voltages which are dropped across top
schottky diode bottom schottky diode and Cu,O nanopillars respectively.
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Figure 3.15: (a) Metal-semiconductor-Metal (MSM) representation and (b) equivalent circuit of
Au-Cu,0O-Au structure (c) Room temperature 1-V characteristics of Cu,O nanopillars. F and R
indicate the nature of biasing (F-forward, R-reverse) when voltage V (positive or negative) is
applied across the metal-semiconductor junction.

The 1-V characteristics of MSM structure, according to TFE, can be divided into two
conduction regimes. In the first regime, the applied voltage V is small and most of the voltage is
likely to be dropped across the reverse biased schottky diode [206]. As the voltage is gradually
increased, the current is dominated by the tunnel assisted thermionic emission at the reverse
biased junction. At high voltages, the transport enters the second regime, where the intrinsic
resistance of Cu,O nanopillars becomes more significant [207]. At this stage, most of the

applied voltage is dropped across Cu,O nanopillars and eventually the current is limited by
conduction in the bulk which is almost linear.

In the first stage, the current due to voltage V is given by [198, 208],
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A A g 1) 4.1
| = Ax e (V, Dg) = A JSR(V’@B)EXp{V(kBT Eﬂ ISReXp{V(kBT EH (3.7)

where A is the cross-sectional area of the device and Jsg is the current density, and it can be

written as,
1
2
1
AT (mE, )2 ) o)
JSR:%eXp('_BJX q(\/_é’)_i_—B (38)
B aE, cosh? B0
kT
Where E, = E,, coth (qf?j 3.9)
and
1
(N, (3.10)
©2(m'e,

Here Ng, m", and & are the carrier concentration, effective mass of holes and relative permittivity
of Cu,0O NRs respectively. For further analysis equation (3.7) can be rewritten as given below
[209],

ni=hig,+v| 4_1 (3.11)
KT E,

According to equation (3.11), the plot of In I vs V gives the slope of q/kT-1/Eo, (figure
3.16). Therefore, the tunneling parameter (Eo) can be easily obtained from In | vs V curve
plotted for various (180 K -300 K) temperature. At room temperature, the value of E, was found
to be 26.0 mV and it further increased to 26.3 mV for 180 K indicating that tunneling becomes
more dominant at low temperature. By using E, values, the carrier concentrations present in the
Cu,0 nanopillars were calculated. At room temperature it was found to be 5.45 x 10* cm™ and

it further decreased to 3.45x10" cm®on reducing the temperature to 180 K.
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Figure 3.16: Temperature (180 K — 300 K) dependent semi logarithmic I-V characteristics of

Cu,0 nanopillars. The dots and solid lines are the experiment and fitted results respectively.

According to TFE theory, the resistance of Cu,O nanopillars can be obtained by
differentiating the I-V curves at higher voltage [199].
R:(d_Vj (312)
di
Figure 3.17a shows the resistance of Cu,O nanopillars calculated at different temperatures
calculated at higher voltage ranges. From the figure, we can clearly see that the resistance of
Cu,0 nanopillars gradually increases as the temperature is decreased. At room temperature, the

resistance of Cu,O nanopillars was found to be ~ 0.3 x10°® MQ and it further increased to 3 x10°
MQ at 180 K.

To further understand the electrical transport, the activation energy of the Cu,O NRs was

calculated by using the temperature dependent equation as given below [209],

(3.13)

R(T)=R, exp['kE;j
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where E, is the activation energy and KgT is the Boltzman constant. Figure 3.17b shows the

variation of In R as a function of inverse of temperature (arhenius plot).
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Figure 3.17: (a) Temperature dependent resistance variation of Cu,O nanopillars and (b) In (R)
plotted as a function of 1000/T (Arhenius plot).

From the plot we can clearly see that there are two linear regions with different slopes

emphasizing temperature dependent electrical transport. The activation energy for the region |
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(300 K to 220 K) was calculated to be AE; = 0.6 £ 0.1 eV whereas for the region Il (220 K to
180 K) it was found to be AE, = 0.37 £ 0.04 eV. These two activation energies (AE;and AEy)
calculated at region | and Il can be attributed to copper (Cu) vacancy and the hole traps
respectively located above the valence band maximum (VBM) [210]. This further confirms that
there are defect levels with different activation energies which are contributing to the observed
electrical properties of Cu,O nanopillars at different temperature regime.

In summary, highly ordered Copper Oxide (Cu,O) nanopillars were successfully grown
inside the porous anodized alumina (AAO) template by electrodeposition technique. Nanopillars
were liberated from the AAO template by appropriately choosing the NaOH solution.
Temperature (180 K — 300 K) dependent current-voltage (I-V) characteristics of Cu,O
nanopillars revealed possible carrier activation from two defect sites with activation energies 0.3
and 0.6 eV respectively. The present study demonstrate a reliable recipe for the realization of

free standing vertically aligned Cu,O nanopillars on conductive substrate for solar cells and

sensing applications.
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CHAPTER FOUR

LOW TEMPERATURE HYDROGEN SENSING USING REDUCED
GRAPHENE OXIDE AND TIN OXIDE NANOFLOWERS BASED HYBRID
STRUCTURE

4.1. INTRODUCTION

Hydrogen (H,) is considered to be one of the most promising sources of energy for next
generation power and transportation sectors [211, 212]. It can be produced from zero-carbon
methods such as wind, solar, nuclear power, and fossil sources using complete carbon capture
and storage. Its extraordinary properties such as low molecular weight, high energy content and
its combustibility without emitting any harmful gases make it an ideal choice for alternative
energy source [212-214]. However, H; is very volatile and extremely flammable in nature,
therefore a small leak in the atmosphere can cause a potential explosion [211, 215]. Since H, is a
colorless and odorless gas, it cannot be detected by ordinary human senses [216]. Thus,
development of cost effective H, sensors with high sensitivity and short response time is

essential for safely harnessing energy from hydrogen.

One of the most promising candidates for sensing H; is reduced graphene oxide (RGO)
which is chemically very facile to synthesize. RGO is a derivative of graphene and widely
studied for gas sensing applications due to its high specific area (2630 m? g*) and high
sensitivity [217]. In the recent past, though many studies have been carried out on RGO based
H, sensing devices, most of those devices resulted in relatively high working temperature, poor
sensitivity, high response and recovery time which are not suitable for practical applications
[218, 219].

Metal oxides such as ZnO, CuO, WOs3, and SnO, were also widely investigated for their
potential in monitoring various explosive and pollutant gases owing to their unique physical and
chemical properties [220-222]. Among these, SnO; has attracted much attention in H, sensing
applications owing to their high chemical stability, low cost, high sensitivity, fast response and
recovery time. The sensing characteristics of SnO, are greatly dependent on various parameters

such as morphology, porosity, surface to volume ratio, and shape [223]. So far, much of the H,
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sensing studies have been carried out on various types of SnO, nanomaterials, such as
nanoparticles, nanorods, nanoflowers, nanograss and nanospheres [224-226]. Generally, the
sensors made up of those SnO, nanostructures require high operating temperature (200-400°C)
leading to higher power consumption [227]. In most of the cases the as prepared SnO,
nanostructures are in powder form and the sensing devices are made out of these nanomaterials

using binders which generally degrade the sensing characteristics [228].

An effective way to harness and improve the sensing characteristics of SnO,
nanostructures will be to use RGO as a binder. Up to now, several RGO based composite
materials has been synthesized by incorporation of metal/metal oxide nanoparticles for better
sensing properties [229]. Although, above mentioned methods resulted in better H, sensing
property, they still suffer from draw backs such as high cost, complex and time consuming
process, which limit their wide applications [230, 231]. Moreover, the preparations of
composites materials are carried out by an in-situ process which usually results in aggregation of
RGO or nanoparticles limiting their efficiency [232].

In this work, we have integrated hydrothermally prepared 3D tin oxide nanoflowers
(SnO, NFs) with solution processed 2D RGO nanosheets and used them to fabricate a highly
sensitive H, sensor. The hybrid structure was found to possess structural properties (large
surface area) of RGO and electrical properties of SnO,. The hybrid composite nanostructure
(RGO-SnO;, NFs) exhibits highly enhanced sensitivity to hydrogen at low working temperature
compared to pure RGO. The enhancement in the sensitivity to H, is due to the larger surface

area and the formation of charge depletion layer at the RGO-SnO, NFs interface.
4.2. MATERIALS AND METHODS
4.2.1. Synthesis of Graphene Oxide

Graphene Oxide (GO) was synthesized by modified Hummer’s method [233, 234]. Prior
to drop casting process, the concentration of as prepared GO solution was diluted to 25% by the
addition of pure DI water. Then it was ultra sonicated for 45 min to reduce the size of GO flakes
and then centrifuged at 15000 rpm for 5 min in order to remove the thicker flakes. The top

portion of the solution was collected in a vial and stored in room temperature for the further use.
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By using this method, we were able to prepare 1 nm thick and few microns wide GO sheets.

Figure 4.1a shows the atomic force microscopy (AFM) image of the GO thin film.
4.2.2. Synthesis of Tin Oxide (SnO,) Nanoflowers

Tin Oxide nanoflowers (SnO, NFs) were successfully grown by hydrothermal method.
Conventionally anisotropic growth is achieved by using environmentally harmful surfactants
such as Cetyltrimethylammonium Bromide (CTAB) and Hexamethylenetetramine (HMTA). In
this study we have synthesized SnO, NFs without using these surfactants by adopting the
following recipe. 0.9 g of NaOH was added to 100 ml of glass beaker containing 40 ml of DI
water followed by magnetic stirring for 30 min. Subsequently, 1.05 g of SnCl4.5H,0 was added
to the above solution while keeping it stirred. After 30 min, 40 ml of ethanol was added to the
above solution very slowly which resulted in a white translucent solution. This resultant solution
was transferred to teflon coated stainless steel autoclave and its temperature was maintained
controllably in an oil bath at 200°C + 1 for 24 hr. The light blue color final product was
collected and washed with copious amount of DI water and ethanol to remove any unwanted
chloride ion impurities followed by drying in convection air oven at 60°C for 12 hrs [235].

400
[nm]

Figure 4.1: (a) AFM image of GO thin film drop coated on Si substrate. (b) Microscope image
of as fabricated Au electrodes. (c) As fabricated gas sensor placed inside the chip carrier. Inset is
the FE-SEM image of the drop casted RGO-SnO, based sensing layer.
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4.2.3. Fabrication of Gas Sensing Device

The device fabrication consists of two steps. Firstly, the pre-patterned metal (Ti/Au)
electrodes with 4 um gaps were fabricated by photolithography technique. Following are the
procedure taken for the fabrication of metal electrodes using photolithographic technique. The
metal electrodes were fabricated by Photolithography (negative resist) technique. The following

are the steps taken to fabricate the metal electrodes:

The entire process of fabricating interdigitated electrodes (figure 4.1b) was carried out in
class 1000 clean room. To start with, Si substrates (3 x 3 cm) with 300 nm SiO, were cleaned by
sonication in acetone and IPA, each for 10 min and then followed by cleaning it with nitrogen
blow to remove any unwanted polymer or organic residues. After the cleaning process,

1) The photoresist was spin coated at 500 RPM for 5 sec followed by 5000 RPM for 25 sec.

2) Then it was baked at 90°C for 1 min in the hot plate.

3) Then it was loaded into UV based mask aligner system (MDA-40FA) along with the
required mask aligner (figure 4.3a).

4) The samples were subjected to UV photolithography, for defining the pattern, consisting
two step exposures. In the first step, it was exposed to UV light for 1sec followed by
heating at 130°C for 105 sec. In the second step, it was exposed to 60 sec.

5) After the exposure, the sample was developed by dipping it in the developer for 22 sec
then it was washed in DI water followed by nitrogen blow.

6) After developing, the sample was subjected to metal coating (Au (100 nm)/Ti (10 nm))

by e-beam evaporation technique (figure 4.3b).

Finally, lift-off process was carried out in acetone followed by cleaning it with IPA and
nitrogen blow. During each process, we were able to fabricate maximum 6 electrodes ina 3 x 3
cm Si substrate and they were cut into individual electrodes (device) by dicer. It was further
used for fabrication of gas sensing devices. Figure 4.1b shows the microscopic image of the
interdigitated electrodes fabricated on SiO,/Si substrate. Now the sensing layer was prepared by
directly drop casting 0.5 pl of solution on a metal electrodes containing GO and SnO, NFs
followed by annealing at 400°C (figure 4.1c). The mixture solution is the uniform dispersion of

0.5 ml GO and 1 mg of SnO, NFs powder prepared by ultra sonicating it for 30 min. Under
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same experimental condition control sample was prepared by directly drop casting 0.5 ul of 25%
GO. To use the fabricated device as a gas sensor, it was connected to chip carrier using gold
wire by wire bonder. Finally, it was fixed into sensing chamber by placing it in chip holder.
Figure 4.2 shows the schematic diagram of RGO-SnO, NFs based hydrogen sensor. For clarity,

only the hydroxyl groups in RGO were considered in schematic representation.
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Figure 4.2: Schematic diagram of RGO-SnO, NFs based hydrogen gas sensor.

4.2.4.. Hydrogen Gas Sensing Measurements

The gas sensing measurements were carried out in a closed chamber equipped with PID
controlled electrical heater (figure 4.4). Before starting the sensing measurement the chamber
was evacuated to ~ 1x10° mbar by rotary pump. To register sensing signal, high purity H, gas
(99.99%) introduced at optimized concentrations by mass flow controller (MKS, USA) while
monitoring the electrical response of the sensor by current-voltage (I-V) measurement system

(Keithley 4200 SCS).
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Figure 4.3: Experimental setup used for fabrication of interdigitated metal electrodes (a) Photo
lithography unit (b) e-beam evaporation unit.
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Figure 4.4: Experimental setup used for Gas sensing measurement

From FE-SEM images, it can be clearly seen that the as prepared hydrothermally grown
SnO; forms a flower like structure (figure 4.5a and figure 4.5b). Each flower like structure
consists of large number of nanorods with common base. The average width of the nanorods
was found to be ~ 74 nm and the length to be ~ 250 nm. Figure 4.5¢ and 4.5d, shows that SnO,
NFs are integrated into RGO in two ways. In the first case, SnO, NFs protrudes out of RGO
layer, allowing top portion of the nanoflowers to interact with H,. In the second case, SnO; NFs
are completely covered by RGO sheets, which are free from wrinkles and agglomerations. The
chemical reaction for the formation of SnO, NFs can be given by,

Sn** + 60H—Sn (OH)?* (4.1)
Sn (OH)? -»Sn0O, +2H,0+20H (4.2)
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4.3. RESULTS AND DISCUSSIONS
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Figure 4.5: (a) and (b) FE-SEM images of hydrothermally prepared SnO, NFs. (c) and (d) FE-
SEM images of RGO-SnO, NFs hybrid composite film.

From equation (4.1) and (4.2), it can be clearly understood that during the hydrothermal
reaction an intermediate product is formed and it decomposes into large number of small SnO,
nuclei and each nuclei further grows (Sn(OH)2') into nanoflowers consisting large number of
nanorods. Since the growth of these SnO, NFs were carried out in the absence of surfactant the
observed rod like structure can be attributed to chemical potential of the water/ethanol and the
inherent crystalline structure of the SnO,. For rutile structure, the surface energy of SnO, for
various crystal faces can be sequenced as (110) < (100) < (101) < (001). It is this inherent

crystal property, assisted by ethanol/water system, which promotes nuclei to grow
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anisotropically along (001) direction forming nanorods structure by favoring the minimum

surface energy [236].
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Figure 4.6: High resolution XPS and curve fit of (a) Cls in untreated GO. (b) XPS survey
spectra of RGO with and without SnO, NFs. High resolution XPS and curve fit of (c) C1s in
RGO-SnO, NFs hybrid composite and (d) Sn3d in RGO-SnO, NFs hybrid composite structure.

The chemical composition of GO, RGO and RGO-SnO, NFs hybrid structures were
investigated by X-ray photoelectron spectroscopy (XPS) analysis. Figure 4.6b shows the survey
spectrum of RGO and RGO-SnO, NFs. The bands observed at 284.6 and 530.4 eV are attributed
to carbon (C) and oxygen (O) 1s core level binding energies, respectively [237]. In RGO-SnO,
NFs, apart from Cls and Ols peaks, several bands associated with Sn element was also
observed. The Sn 3d spectrum of RGO-SnO;, NFs (figure 4.6b, and 4.6d) observed at 487.3 eV
and 494.9 eV, confirms the presence of SnO, NFs in the hybrid structure [232, 238]. The C1s
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spectrum of GO and RGO-SnO, NFs are given in figure 4.6a and 4.6¢ exhibiting three peaks at
284.6, 286.8 and 288.7 eV, attributed to C-C, C-O and C=0 bands. The presence of C-O and
C=0 peaks in the C1s spectrum of RGO-SnO, NFs implies that oxygen containing groups such
as hydroxyl, carbonyl and epoxide are still present even after the annealing treatment [237, 238].
However, the peak intensities of C-O and C=0 has tremendously decreased compared to
untreated GO (figure 4.6d) suggesting that most of the functional groups in RGO-SnO, NFs has
been removed after the annealing at 400°C.
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Figure 4.7: 1-V characteristics of RGO and RGO-SnO, NFs hybrid composite annealed at
400°C.

4.3.1. Hydrogen Sensing Characteristics of RGO and RGO-SnO;, NFs

The as fabricated sensing devices, both RGO and RGO-SnO, NFs, were initially tested
for its room temperature (~25°C) conductivity by carrying out current - voltage (I-V)
measurement. This is done to confirm the presence of RGO, as the parent material GO is non-
conductive due to the extensive presence of saturated sp> bonds, high density of electronegative

oxygen atoms bonded to carbon and other defects. From I-V characteristics (figure 4.7), the
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resistance of the RGO based device is found to be ~ 20 kQ which indicate that GO has been
reduced successfully. The linearity of the I-V curve shows that the contacts have a very low
Schottky barrier. After the addition of SnO, NFs to RGO, the resistance increased to ~ 30 MQ
which is three orders of magnitude greater than the pure RGO sample. This can be attributed to

the formation of depletion layer, at the interface between SnO, NFs and RGO [232].

For all the sensing measurements, we first test the response of each sample to Hydrogen
gas for a very long period of time. The graph for one such test measurement is shown below
(figure 4.8). In the graph, it can be clearly seen that the response had reached the saturation
value around 600 seconds. Therefore, for all the sensing measurement we had limited our
exposure time to 400 sec as the sample reached 90% responsivity during this time and response

increased very slowly thereafter.
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Figure 4.8: Test measurement of resistance variation for longer time period

Figure 4.9a and 4.9b shows the resistance variation of control sample and RGO-SnO,
NFs composites upon exposure to H, measured at room temperature (RT) and 40°C respectively.
The measurements were performed for different concentration of H, ranging from 200 — 1000
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ppm. The time used for introduction (ON) and removal (OFF) of H, was 400 s and 300 s

respectively.
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Figure 4.9: Resistance variation upon exposure to various concentration of hydrogen at room

temperature and 40°C respectively (a) in RGO and (b) RGO-SnO, NFs composite.
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At room temperature, when hydrogen is “ON” the resistance of the device increased
resulting in a peak (p-type conductivity) and it decreased while the temperature was increased to
40°C resulting in a valley (n-type conductivity). By plotting both the curve together we can
clearly see that the peak and valleys occurs in opposite phase. This is an effect commonly seen
in chemically processed samples where there exist significant number of vacancies, defects and
hydroxyl group over which Oxygen get weakly adsorbed. On slightly increasing the surface
temperature Oxygen gets desorbed leaving the sample surface electron rich. Similar kind of
behavior was observed in RGO by Le-Sheng Zhang et. al [239].

The sensing response, response time and recovery time of both the devices were studied
in order to understand the effect of incorporation of SnO, NFs into RGO nanosheets. The

response of the device is defined as [240],

Response =(R -R,)/R, x 100% (4.3)

where, R is the resistance of the sample exposed to the gas and R, is the baseline resistance in
air. The H, sensing response of as fabricated sensors, both RGO and RGO-SnO, NFs, were
carried out in a gas sensing chamber as described in the experimental section. H, was introduced
(400 s) and removed (300 s) from the chamber periodically. Both introduction and removal of
H, was considered as a single period (700 s). The H, concentration was varied after each period
and the concentration used were 200, 500, 800 and 1000 ppm, resulting in a sensing curve

containing four periods in series for a particular operating temperature.

Figure 4.10a and 4.10b shows the sensing responses of both RGO and RGO-SnO, NFs at
different operating temperatures. The operating temperature used for the sensing measurement
was 40°C, 50°C, and 60°C. From the room temperature sensing curve (figure 4.10b), it can be
clearly seen that addition of SnO, NFs into RGO indeed improves the sensing response. The
improvement becomes very remarkable when the operating temperature is increased to higher
values (40°C and 60°C).

The responses of RGO-SnO, NFs at 60°C was found to be 19.6%, 21.2%, 22.74% and
22.91% for the concentration of 200, 500, 800, and 1000 ppm respectively. For the same
concentration and operating temperature, the responses of RGO was calculated to be 8.6%,
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9.59%, 10.28% and 10.51% and its highest response for 200 ppm was 22.2% at 150°C. For e.g.
at 60°C the response of RGO has been improved by 126 % for 200 ppm due to the addition of
SnO;, NFs (figure 4.11). Furthermore, we also verified the variation in the sensitivity for 4 to 5
on-off cycle and it was found to be around 5%. This percentage was calculated by determining
the difference in peak resistance value after every exposure cycle.

RT 40C 60C
o (a) 100C 150C

Response (%)

200 ppm 500 ppm 800 ppm 1000 ppm
0 500 1000 1500 2000 2500

Time (Seconds)

28

24
20
16

12

Response (%)

ppm 800 ppm 1000 ppmj
0 500 1000 1500 2000 2500
Time (Seconds)

Figure 4.10: Hydrogen sensing characteristics of (a) RGSO and (b) RGO-SnO, NFs composite
film.
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Figure 4.11: Comparative H, sensing response of RGO and RGO-SnO, NFs based composite

film at 60°C.

Table 4.1: Comparison of Sensing Performance of the H, Sensor prepared in this work

with those reported in the literature.

Materials Working Concentration Response Reference
Temperature [°C] [ppm] [%6]

Reduced graphene oxide/SnO, 50°C 1000 3.2 [241]
nanoparticles
Graphene/ZnO Nanocomposite 150°C 200 35 [242]
Palladium loaded Tungsten 200°C 200 20 [243]
Oxide nanoparticles
Ni doped TiO, Nanotubes 200°C 1000 13.8 [244]
Reduced graphene oxide 300°C 200 17 [245]
Pd loaded SnO, nanofibres 320°C 1000 12 [246]
RGO-Sn0O, NFs 60°C 200 19.6 This work

95



Chapter-4

We also have gathered sensing data from published literatures and listed them in Table
4.1. ltis clear from the table that the sensing response reported in our work is much better than

the previously published results on H; sensing.
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Figure 4.12: (a) Hydrogen sensing response time and (b) recovery time of RGO-SnO;, NFs
hybrid structure.

Figure 4.12a and 4.12b shows the H; response and recovery time curve (color strip in both the
curve indicates the time) of RGO-SnO, NFs hybrid sensor. The response time is defined as the
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time required for the response to increase from its base value to 90% of its highest value. The
recovery time is defined as the time required for the response to decrease from 90% of its highest
value to its initial value [229]. It was found that, when the operating temperature was increased
by 10°C from RT the response time has decreased and the same trend was observed up to 60°C.
The RGO-SnO, NFs showed a response time of 119.61 s at 60°C for the concentration of 1000
ppm as compared to the pure RGO sample which showed the response time of 145 s. The
recovery time of hybrid sensor decreased monotonously as the operating temperature was
increased from RT to 60°C and it showed a recovery time of 265 s for 1000 ppm at 60°C. The as
prepared pure RGO sample showed a recovery time of 275 s at the same operating parameters.
As in the case of sensitivity, we have also verified the variation in the response time and
recovery time for different cycles and it was always found to be below 5%. A comparative study
for the response and recovery time of our sample with already published literature shows that our

sample sensing characteristics was much better than the previously reported values [table 4.2].

Table 4.2: Comparison of response and recovery time of H, Sensor prepared in this work

with those reported in the literature.

Samples Operating Concentration Response Recovery Reference
temperature (°C) (ppm) time (sec)  time (s)

Nanostructured 200°C 1000 270 - 251
molybdenum oxide
CuO-CuyFes;.x04 295°C 1250 190 400 252
nanostructured thin
Pt/MoO3 with La,O3 180°C 1250 135 507 253
layer
SnO, functionalized 50°C 10000 240 570 254
AlGaN/GaN
Pd-WO; thick film 200°C 200 270 - 255

4.3.2. Selectivity of RGO-SnO; NFs Composites

For the practical sensor applications, a sensor should be highly selective to various gases.
We therefore verified the selectivity of RGO-SnO, NFs sensors upon exposing it to NH3 for 200
ppm at operating temperatures RT, 40°C and 60°C respectively. For example, at 60°C, the
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sensing response of our sample to H; is 19.6 % whereas for NH3 is 15.96 % (figure 4.13). The
selectivity coefficient (K = Response ,/Responsenns) for H, to NHj at this operating condition

was found to be 1.22 confirming selective detection of Hs.
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Figure 4.13: Sensing response of RGO-SnO, NFs to NH; and H, at the operating temperature of
60°C for 200 ppm.

The higher sensing performance of the RGO-SnO, NFs hybrid composite can be

attributed to three factors.
4.3.3. Sensing Mechanism of RGO-SnO;, NFs

(i) First and the foremost factor is the way by which SnO, NFs gets structurally
integrated with RGO to improve the available active sites for H, interaction. As seen in FE-SEM
images, the structural integration occurs in two ways namely type 1 and type 2. In type 1 hybrid
structure, SnO, NFs protrudes out of the RGO sheets and it directly comes into contact with the
H, molecules. The protruding nanorods create more open ends resulting in more active sites,

such as vacancies, defects and unsaturated bonds which greatly facilitate the adsorption and
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diffusion of H,. In type 2 hybrid structure, SnO, NFs are covered by the RGO sheets and it plays
significant role in preventing the aggregation of RGO sheets which in turn increases the active

surface area (figure 4.15a and 4.15b).

(if). Secondly, the change in resistance due to interaction between oxygen molecules
absorbed on SnO; and H; gas. When O, molecule gets absorbed on the surface, it gets converted

into negative ion by the following reaction [231].

0, (air) — O, (ads) (4.4)

0, (ads) +e — 0O, (ads) (4.5)
When SnO, is exposed to a reducing gas such as H,, the gas molecules react with the
oxygen ions on the surfaces of SnO, NFs, as shown in equation below. Such reactions result in

the retrieval of the trapped electrons back to the conduction band of the sensing film and lead to

a decrease in resistance of SnO, NFs (figure 4.14a and 4.14b).

2H, +0,” (ads) —>2H,0+e" (4.6)

In Air

Depletion region

Figure 4.14: Schematic representation of H, sensing mechanism of SnO, nanorods

(iii) Thirdly, formation of heterojunction at the interface between and RGO and SnO;
NFs. Since the work function of RGO (4.75 eV) is higher than that of SnO, (4.3 eV), as soon as

a physical contact is formed between SnO, NFs and RGO, electron flows from SnO, NFs to
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RGO in order to align the Fermi level to reach equilibrium state [215, 256, 257]. It results in the
formation of depletion layer or potential barrier at the RGO-SnO, NFs interface. The width of

the depletion layer changes due to interaction with H, producing noticeable change in resistance.

-rGO
-- OH-group

Figure 4.15: Schematic representation of incorporation of SnO, NFs into RGO layer. (a) type 1
hybrid structure and (b) type 2 hybrid structure.
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By considering all these factors, the improved sensing characteristics of the RGO-SnO,
NFs can be explained as follows. On injecting the H, gas, all these three types of interaction
occurs simultaneously on the surface of RGO-SnO, NFs. The H, molecules directly interact with
(1) RGO layer (Rrco) (i) and SnO, NFs (Rsno2 nrs) and the (iii) RGO-SnO, NFs interface
(Rinterface) Which results in modulation of their individual resistance contributing to the total

change in resistance of the sensing layer resulting in improved sensing characteristics.

In summary, we have demonstrated low temperature H, sensor based on reduced
graphene oxide (RGO) and tin oxide nanoflowers (SnO; NFs) hybrid composite film. This
RGO-SnO, NFs hybrid film sensor showed an excellent response. The highly improved H,
sensing characteristics of RGO-SnO, NFs hybrid are due to its (a) unique structural geometry
that increased the surface area for H, adsorption, and (b) change in the width of depletion layer at

the interface due to H, interaction.
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CHAPTER-5

MOLYBDENUM DISULFIDE NANOPARTICLES DECORATED
REDUCED GRAPHENE OXIDE: HIGHLY SENSITIVE AND SELECTIVE
HYDROGEN SENSOR

5.1. INTRODUCTION

Recently, transition metal dichalcogenides (TMDCs) based nanomaterials have attracted
immense attention because they are found to exhibit wide range of physical and chemical
properties. Most of the TMDC materials such as molybdenum disulfide (MoS;), Tungsten
selenide, Molybdenum selenide have tunable band gap, highly reactive surfaces, good optical
absorption and mechanically very stable [211, 258, 259]. Of all the TMDC materials,
nanostructured MoS; is a very promising candidate for gas sensors as it has high density of

surface active sites [260-263].

The main bottleneck in using MoS; in sensing application is the stacking arrangement of
Mo and S layer. It is a lamellar compound, consisting of three atomic layers which are held
together by weak Van der waals interaction: Mo layer sandwiched between two S layers. This
Van der waals interaction inevitably results in aggregation phenomenon which decreases the
number of active sites as well as the whole sensing activity [264]. Therefore one needs to
develop a strategy to unravel the number of active sites present in MoS,. One method is to
functionalize or hybridize this material with conductive templates or supports such as graphene
or graphene oxide whose structural stability prevents the aggregation from occurring [265]. In
this chapter, we have hybridized MoS, nanoparticles with reduced graphene oxide (RGO) to

improve the sensing characteristics.

Among the graphene family, graphene oxide (GO) has been considered as an effective
substrate for the decoration of nanoparticles owing to the coupling interactions between
nanoparticles and oxygen-containing functional groups on the surface of GO sheets [266].

In this work, we embedded MoS;, nanoparicles into RGO matrix producing size-
controlled RGO/ MoS;, composites for gas sensing. Here the RGO plays the dual role of support

matrix for MoS; nanoparticles for better mechanical stability and also as a catalyst for enhancing

102



Chapter-5

their gas sensing response. We have shown through this work that MoS; integrated with RGO
have excellent response and sensitivity to H, at temperatures as low as 40°C. Through this work,
we intend to accelerate RGO/MoS;, based composites in hydrogen sensing applications and
provide more possibilities for reducing the hydrogen economy.

5.2. MATERIALS AND METHODS
5.2.1. Synthesis of Graphene Oxide

Graphene Oxide (GO) was synthesized by modified Hummer’s method [164]. Prior to
drop casting process, the concentration of as prepared GO solution was diluted to 25% by the
addition of pure DI water. Then it was ultra sonicated for 45 min to reduce the size of GO flakes
and then centrifuged at 15000 rpm for 5 min in order to remove the thicker flakes. The top
portion of the solution was collected in a vial and stored in room temperature for the further use
(figure 5.1a and 5.1b).

5.2.2. Synthesis of Molybdenum Disulphide (MoS;) Nanoparticles

In a typical synthesis procedure, an aqueous solution of ammonium heptamolybdate
tetrahydrate ((NH4)sM07024:4H,0, 2 g) and thiourea (H,NCSNH,, 1.8 g), was prepared by
dissolving them in 100 ml of DI water followed by magnetic stirring for 1 hr. 3 ml of 1-Octanol
and 1.4 g of sodium lauryl sulfate (SDS) was added into the above solution and was transferred
to 100 ml Teflon lined autoclave. Finally, the total volume of the autoclave was adjusted to
70 % of its volume by adding DI water. Finally, the autoclave was subjected to hydrothermal
reaction at 180 °C for 5 hr in oil bath. The autoclave was then gradually cooled down to room
temperature and the black precipitate was separated by filtration followed by washing with
copious amount of ethanol and DI water. The final product was dried in 60°C in convection air
oven for 12 hr and stored in glass vial for further use.

5.2.3. Fabrication of Gas Sensor

The electrodes for the sensors were fabricated on silicon (Si) substrate with 300 nm SiO,
layer. Before fabrication, the silicon substrates were cleaned in acetone, ethanol and deionized
water by ultrasonication followed by drying in nitrogen flow. The interdigitated electrodes were

fabricated by e-beam evaporation by depositing 10 nm Ti and 100 nm Au onto a lithographically
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patterned photoresist mold. The photoresist was removed by lift-off process. The resultant
electrodes were washed with ethanol and copious amount of deionized water and finally dried by
nitrogen flow. 1 mg of MoS; powder was suspended in 0.5 ml of GO solution under sonication
for 1hr to produce uniform suspension, after which 3pl of MoS; nanoparticles dispersed GO
solution was suspended on the metal electrodes followed by annealing at 400°C (figure 5.1c and
5.1d).  For comparison, the control sample was prepared by directly drop casting 3ul of 25%
GO solution on SiO,/Si substrate followed by heating at 400°C.

Graphite Graphene Oxide RGO/MoS, NPs intercalation RGO/MoS, NPs composite

Figure 5.1: Schematic representation of formation of RGO/MoS, composite sensing layer (a)
Graphite (b) Graphene oxide (GO) preparation by modified hummer’s method (c) RGO/MoS,
composite (d) FE-SEM images of RGO/MoS, composite based sensing layer.

5.2.4. Hydrogen Gas Sensing Technique

The gas sensing measurements were carried out in a closed chamber equipped with PID
controlled electrical heater. Before starting the sensing measurement, the chamber was
evacuated to ~ 2x10° Torr by rotary pump. The sensing measurement was performed by
sending high purity H,, NO, and NH3 gases to the gas sensing chamber. The flow rate was
controlled using mass flow controllers and sensing response of the composite was monitored by

measuring the change in current [267].
5.3. RESULTS AND DISCUSSIONS

Figure 5.2a shows the schematic diagram of RGO/MoS; based hydrogen sensor. Room
temperature current-voltage (I-V) characteristics (figure 5.2b) of RGO and RGO/MoS; based
devices exhibited linear (Ohmic) behavior with the resistance of 2.3 MQ and 28 MQ

respectively, indicating that the contacts are ohmic in nature.
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Figure 5.3a and 5.3b shows the surface morphology of pure MoS, and RGO/MoS,
composite. The as prepared MoS, nanoparticles (size ~ 32 nm) after dispersion onto a silicon
substrate instantaneously agglomerated as their surfaces have high density of active sites (figure
5.3a). Upon dispersing MoS; nanoparticles into RGO, they are found to be homogenously
dispersed as shown in figure 3b. This clearly shows that the RGO is an ideal matrix material for

MoS; nanoparticles to retain their surface properties.
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Figure 5.2: (a) Schematic illustration of RGO/MoS; sensing device. (b) 1-V characteristics of
RGO/MoS; based device
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Figure 5.3: FE-SEM image of as prepared (a) MoS;, nanoparticles and (b) RGO/MoS; NPs
composite

The atomic valence states and the composition of the MoS,/RGO composites were
characterized by X-ray photoelectron spectroscopy (XPS) and the following elements were
identified: C, O, Mo, and S.  In the C 1s XPS spectrum of GO, the three observable peaks
correspond to C=0 (288.3 eV), C-O (286.7 eV), and C-C (284.5 eV) groups respectively (figure
5.4a). For RGO/MoS, composite the intensities of all C 1s peaks pertaining to functional groups
C=0, C-0, and C-C has decreased to a large extent (figure 5.4b). This is a confirmation of
effective removal of oxygen functional groups after the annealing treatment. Figure 5.4c shows
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high resolution XPS spectrum of RGO/MoS;, composite in the Mo3d region. It can be
deconvoluted into four peaks; the two intense peaks observed at 229.6 eV and 232.8 eV are
characteristics signature of Mo 3d5/2 and Mo 3d3/2 states respectively. The peak observed at
226.8 eV corresponds to S 2s state of MoS,, while the high binding energy peak observed at 236
eV can be attributed to Mo3d state of MoO3 or MoO,*, which may result from the oxidation of
the composite sample in air. Furthermore, S 2p spectra of RGO/MoS; exhibited two main
doublets located at binding energies of 162.4 eV and 164.0 eV corresponds to S 2psand S 2py,
lines of MoS; (figure 5.4d). Additionally, the binding energy at 165.6 eV suggests the existence
of bridging disulfides S,* and S*. The high energy peak observed at 167.8 eV can be assigned
to S* species in sulfate groups (SOs*) which are usually observed at the edges of MoS,
nanoparticles [265, 267].

c-0

(a)

Intensity (a.u.)
Intensity (a.u.)

294 202 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy (eV) Binding energy (eV)

Mo 3d ‘ ( C)

Intensity (a.u.)
Intesnsity (a.u.)

238 236 234 232 230 228 226 224 172 170 168 166 164 162 160 158
Binding energy (eV) Binding energy (eV)

Figure 5.4: (a) Cls XPS spectrum of GO (b) Cls spectrum of RGO/MoS, nanoparticles
composite (¢) Mo3d spectrum of RGO/MoS; and (d) S 2p spectra of RGO/MoS, NPs composite.
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5.3.1 Gas Sensing Properties

The gas sensing response of RGO/MoS; was assessed by monitoring the resistance
change upon exposure to trace concentrations (200 and 500 ppm) of H;, NO and NHj at
operating temperatures ranging from RT to 60°C. The sensing response was monitored with
semiconductor characterization system (Keithley 4200 SCS) at different operating temperature.
A voltage of 1V was applied to sensing device and response towards H, was calculated

according the following equation [268, 269].

R(%) =100x ARR , =100x (R ;s - R, )R, (5.1)

where R, is the resistance of RGO/MoS; devices before the exposure to H; gas, and Rgas is the
resistance of the device in the presence of H,. Hydrogen was introduced (400 s) and removed
(300 s) from the gas chamber periodically. Both introduction and removal of H, was considered
as a single period (700 s). H, concentration was fixed at 200 ppm for the first period and at the
end of the cycle, the concentration was increased to 500 ppm. This results in a sensing curve
containing two periods in series for a particular operating temperature as shown in figure 5.5.
For comparison, pure RGO, prepared by using the same experimental condition, is used as a
control sample. Figure 5.5a and 5.5b shows the typical H, sensing profiles of RGO and
RGO/MoS, with the concentrations of 200 and 500 ppm at different operating temperatures. For
the RGO/MoS; sensor, the sensing response was very sharp with resistance increasing rapidly as
H, gas is introduced. It also showed reasonably quick recovery after removing the H, gas.
Considering the fact that only 200 ppm of H, gas was used, the sample seemed to possess
remarkable sensitivity to H, gas. Control sample RGO showed similar characteristics but with

significantly lower responsivity.

For RGO/MoS,, at room temperature, the response plateaued at ~ 1.1 % for 200 ppm of
H, and across all concentrations ranges. The response however significantly increased to 15.6%
on heating the sample to 60°C. From the sensing response of the control sample and composite,
it is quite evident that addition of MoS, nanoparticles had improved the responsitivity by 81%.
The response of control sample and composite seemed to vary very little with increase in H;
concentration. This is due to the fact that the sensing response depends mainly on the active

surface area of the sensing materials. RGO with its planar structure offers maximum exposure to
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active sites for H, and hence exhibits good sensitivity even for lower gas concentration. In the

case of composite the presence of MoS, nanoparticles improved the

providing more active sites for H, bonding.
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Figure 5.5: Hydrogen Sensing response of (a) RGO and (b) RGO/MoS;, composite at operating
temperatures of RT, 40°C and 60°C for the concentration of 200 ppm — 1000 ppm.

Table 5.1 compares the H; sensing response of various materials reported in the literature

with those of RGO/MoS;, composite which was used in this study.

It is clear that the
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RGO/MoS, composite exhibits excellent H, sensing response compared to the reported samples

at a given concentration and operating temperature.

Table 5.1: Comparison of H; sensing response of the RGO/MoS, nanoparticles composite

prepared in this work with those reported in the literature.

Materials Working Concentration Response Reference
Temperature [°C]  [ppm] [%6]
Reduced graphene oxide 300°C 200 17 [245]
Graphene/ZnO Nanocomposite 150°C 200 3.5 [242]
Pt/Pd bimetallic ultra-thin films 150°C 10000 135 [248]
Ni doped TiO, Nanotubes 200°C 1000 13.8 [244]
Graphene 130°C 10000 7.6 [250]
Zn0:Cd nanorods 220°C 1000 6.13 [249]
Pd loaded SnO; nanofibres 320°C 1000 12 [246]
RGO/MoS; Nanoparticles 60°C 200 15.6 This work

The response time and recovery time of RGO/MoS; based sensor to 200 ppm of H, were
251 s and 260 s respectively which are much less than the previously reported values suggesting

excellent performance of RGO/MoS; in H; gas detection.
5.3.2. Selectivity

For practical sensing applications, a sensor should be highly selective to various gases.
We investigated the selectivity of RGO/MoS; sensors by exposing NO and NH; for different
concentration (200 to 500 ppm) at different operating temperatures. Selectivity is quantified by
taking the ratio of sensing response of H, with respect to other gases such as NO and NH3 which
are used in this study. The selectivity ratio or selectivity coefficient (Ksc) of H, for other gases
such as NO and NH3; were calculated using the following equation [273].

S 5.2
Kse = * 2

SNO’NH3

whereS,, , Sy, and Sy, are the responses of the sensor to Hz, NO and NH; gases respectively.
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Table 5.2: The Selectivity coefficient “Ksc” of the RGO/MoS; nanoparticles based H,
sensor at 200 ppm in comparison to ammonia (NH3) and nitric oxide (NO) gases at

different operating temperature.

Ksc at 200 ppm

Operating temperature RT 40°C 60°C

Ammonia 1.05 2.5 2.9

Nitric Oxide 1.3 2.9 3.6
20 '

] 3 |} L/ L) ¥ v >
B -, B ~o I N,

15

Response (%)
=)

200 ppm 500 ppm

Gas Concentration (ppm)

Figure 5.6: Comparative sensing response of RGO/MoS; nanoparticles based composite at 60°C
for 200 ppm and 500 ppm concentrations of H,, NO and NHs.

Table 5.2 lists the selectivity coefficient “Ksc” of RGO/MoS; based H; sensor for 200
ppm operated at RT, 40°C and 60°C. The selectivity coefficient “Ksc” for the operating
temperature 60°C is the highest. The higher values of Ksc indicates the more selective detection
of Hy, that is the value of Ksc = 3.6 for NO suggests that the H, response of RGO/MOS; is 3.6
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higher than that of NO whereas Ksc = 2.9 for NH3 shows that H, response is 2.9 times higher
[270-272]. It is to be pointed out that both NH3 and NO are highly reactive gases due to the
presence of unpaired electrons which allows them to easily bond with any surface. Greater
selectivity shown by the composite to H, can only be related to the size effect. H, being very
small in comparison to NO and NHj; can percolate through defects and pores and access the
active sites present underneath the surface [274, 276]. This leads to higher response for H; in
comparison to other gases. Figure 5.6 shows the comparison of selective H; response of
RGO/MoS; layer compared to NO and NH; at different concentrations and at 60°C.

It is also to be noted that, the addition of MoS; nanoparticles also improved the sensing
response characteristics of RGO towards NH3 and NO as in the case of H,. However, the
improvement was more significant for H, in comparison to NO and NHj3, which can be attributed
to the structural characteristics of sensing layer. From the FE-SEM images, it can be clearly seen
that MoS; nanoparticles are incorporated into RGO layer such that some nanoparticles are
anchored on the top surface of RGO layer and some are underneath it. These structures play a
significant role in sensing characteristics of the composite. Recently, it has been reported that
graphene oxide is tortuous in nature with the presence of nanochannels in the space between
each graphene oxide layers [276, 277]. The pores in the graphene oxide act as the permeation
route for gases with very small size. When the sensing gases (H,, NH3and NO) is exposed to
RGO/MoS; layer the gases have the possibility of interacting with (i) RGO layer (ii) MoS;
nanoparticles anchored on RGO and (iii) MoS, nanoparticles which are present underneath the
RGO layer. The highly improved H; sensing response characteristics of RGO/MoS, compared
to other (NH3 and NO) gases can be attributed to interaction of H, gas with MoS, nanoparticles
anchored on the top and bottom surface of RGO. The top RGO layers serves as a filtering layer
which selectively permits only H, gas due to its smaller size to pass through and interact with
MoS; nanoparticles buried underneath. However, for both NH3; and NO percolation is not
possible due to their larger sizes and their activity is confined to the top surface. Figure 5.7
depicts the sensing mechanism involved in RGO/MoS,. H, molecule with their smaller size were
able to easily permeate through the nanochannels/nanopores (red circles) and defects whereas
this permeation is very limited for NH; and NO because of their sizes. This phenomenon can be
attributed to the improved sensing response characteristics of RGO/MoS; for H, over NH3 and
NO.
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H, permeation
through nanopores

Figure 5.7: Schematic representation of type Ill interaction of H; sensing in RGO/MoS;

nanoparticles based composite.
5.3.3. Sensing Mechanism

The sensing mechanism (resistance change on exposure to Hy) can be explained based on
the interaction between hydrogen atom and chemisorbed oxygen ions (O2") on the surfaces or at
the interfaces (heterojunction) of the RGO/MoS, nanocomposite. The adsorption of oxygen
molecules on the surface of MoS; or RGO/MoS; interface can be given by [274],

0,+e -0, (5.3)
Upon injection of hydrogen the net reaction can be given by,
2H, +0;, > H,0+e’ (5.4)

A space charge layer (SCL) is formed on the surface of MoS, nanoparticles when the
electrons are trapped by the adsorbed oxygen species forming a high resistance state. When H,
is introduced, the H, molecules react with the ionic oxygen species, and the electrons trapped by

the oxygen adsorbents are then released back to MoS; nanoparticles, forming a low resistance
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state. In addition, the Schottky barrier around the interface of RGO and MoS; can result in the
specific capture and migration of electrons from MoS; nanoparticles to RGO nanosheets. Thus
the role of RGO nanosheets as an electron mediator further facilitates the transfer of electrons
from H, molecules to the RGO/MoS; nanostructure (figure 5.8). All the above reasons make the
conductivity undergo greater changes and improve the gas sensing performance of the
RGO/MoS, composite.

%
RGO-MoS, Nanocomposites Interaction of RGO-MoS, with H,

Figure 5.8: Schematic representation of H, sensing mechanism of RGO/MoS, nanoparticles

based composite.

In summary, we have investigated the (H,) sensing behavior of reduced graphene oxide
(RGO)/Molybdenum disulfide (MoS;) nano particles (NPs) based composite film fabricated by
facile drop casting method. The RGO/MoS; composite exhibited highly enhanced H, response
(~ 15.6 %) for 200 ppm at an operating temperature of 60°C. Furthermore, RGO/MoS,
composite showed excellent selectivity to H, with respect to ammonia (NH3) and nitric oxide
(NO) which are highly reactive gas species. The composite’s response to H; is 2.9 times higher
than that of NH3 whereas for NO it is 3.5. This highly improved H, sensing response and
selectivity of RGO/MoS, at low operating temperature were attributed to the structural

integration of MoS; nanoparticles in the nanochannels and pores in the RGO layer.
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CHAPTER SIX
SUMMARY AND CONCLUSIONS

In summary, we have shown that the metal electrode performance on the ZnO NRs can
be improved by using RGO as an interlayer. The RGO interlayer was realized by reducing drop
casted GO on vertically aligned ZnO NRs by annealing at 60°C. Successful reduction of GO was
confirmed from the ratio of Ip/lg in the Raman spectrum. This one-step reduction process can be
a suitable method for making contacts with low SB on ZnO NRs without the use of expensive
polymer fillers and a high temperature annealing process. The technique is very cost effective
and highly promising for the realization of reliable electrical contacts for transport measurement
in ZnO NRs. Moreover, RGO integrated with ZnO NRs can find applications in sensing, field
emission, energy storage and cryogenic device applications. Currently, more systematic studies
are underway to study how thickness of RGO thin film affects the transport characteristics in
ZnO NRs.

Highly ordered Cu,O nanopillars were grown by AAO template assisted
electrodeposition technique. AAO template etching parameters were optimized for obtaining
free standing Cu,O nanopillars. Temperature dependent electron transport properties of Au-
Cu,0O-Au were analyzed by constructing a simple resistor sandwiched between two back to back
schottky barriers. Thermionic field emission (TFE) theory was found to be the conduction
mechanism involved in the electrical behavior. Using this model, tunneling parameter, carrier
concentration and resistance of Cu,O nanopillar were extracted. Overall, this work is a cost
effective and promising approach towards the realization of vertically aligned Cu,O nanopillars

on conductive substrate which is very much in need for the solar cells and sensing applications.

The low temperature RGO-SnO, NFs composite based H, sensor fabricated by a simple
drop-casting process. The surface morphology of the hybrid structure was characterized by a
field emission scanning electron microscope (FE-SEM), demonstrating that incorporation of
SnO;, NFs prevents the irreversible restacking of RGO. The sensing property of the RGO-SnO,
NFs hybrid structure was studied at different operating temperatures (RT, 40 °C, 50 °C and 60
°C) by exposing it to various concentrations of H, ranging from 200 ppm to 1000 ppm. The as

fabricated RGO-SnO, NFs hybrid structure exhibited an excellent response of 19.6% to 200 ppm
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of H, at 60 °C which is 126% improvement compared to the pure RGO. The improved response
was attributed to the enhanced active surface area provided by SnO, NFs and the formation of a
heterojunction at the RGO and SnO, NFs interface. Our work suggests that the RGO-SnO, NFs
based hybrid composite can be a potential pathway to achieve a low temperature H, gas sensor
with better sensing performance than their constituents alone. This work demonstrates that the
as-prepared RGO-SnO, hybrid composite can be used for practical applications for monitoring
H, at temperatures as low as 60°C. Currently, a systematic study on the effect of various
concentrations of SnO, NFs on further improving the sensing properties of RGO thin film is

being carried out.

Finally, highly sensitive and selective RGO/MoS, based H, sensor was fabricated by
facile drop coating technique. The as prepared RGO/MoS; sensor exhibited 81% improvement
in the sensing response for the concentration of 200 ppm at the operating temperature of 60°C
compared to pure RGO sensor. In addition, this RGO/MoS; based sensor was found to be highly
selective towards H, compared to NH; and NO with selective coefficient (Ksc) of 2.9 and 3.5.
We envisage that the RGO/MoS, nanoparticles based composite can be a potential candidate for

H, sensing device applications at low operating temperature.
The overall achievements of this thesis work can be summarized as follows,

% Vertically aligned free standing ZnO NRs were successfully grown on conductive ITO
substrates using hydrothermal technique.

% Graphene oxide was used as a short circuit inhibitor and interfacial material to improve
ohmicity of the contacts.

%+ The temperature (10 K - 298 K) dependent electrical transport properties of as grown
ZnO NRs were carried out with the help of in-situ reduced graphene oxide as an
interlayer for the metal contacts.

¢ In this work, we have shown that, unlike the conventional method, the reduction (in-situ)
of graphene oxide on top of ZnO NRs can be carried out at temperature as low as 60°C.

% Established a standard procedure or protocol for realizing vertically aligned Cu,O

nanopillars on Au thin film.
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% The temperature (180 K — 300 K) dependent electrical transport characteristics were
carried out in two terminal configurations and were explained based on metal-

semiconductor-metal (MSM) model.

X/
°e

RGO-SnO, nanocomposite was identified as a H, gas sensor with high responsivity and
selectivity at temperature as low as 60°C.  The sensing response of the composite
showed 126% improvement in performance in comparison to control sample (RGO).
This many fold improvement was attributed to structural integration of SnO, NFs into
RGO as well as the formation of heterojunction at the RGO and SnO, NFs interface.

%+ Further improvement in H; gas sensing is achieved by using RGO/MoS, nanocomposite
which was prepared by simple drop casting method. The as prepared composite showed
an excellent gas sensing response and selectivity towards H, compared to the pure RGO
and RGO-SnO; composite. The observed improvement in the selectivity and sensing
response was attributed to the presence of nanopores/nanochannels in the RGO/MoS;

nanocomposites.

Our future work will be in the direction of fabrication of ZnO NRs and Cu,O thin film
based heterostructure based solar cells. The main focus of this work will be to study the relation
between quality of heterostructure interface and photocurrent by carrying out temperature

dependent electrical transport measurement with and without light illumination.
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GLOSSARY
A
Anodic Aluminum Oxide or AAO Template

AAO Template is a self organized material with honeycomb like structure formed by high
density arrays of uniform and parallel nanopores.

Ag/AgCI

Ag/AQCl is a type of reference electrode commonly used in electrodeposition or electrochemical

measurements.
B
Band gap

In solids (semiconductor), the band gap is referred as the energy difference between the top of
the valence band and bottom of the conduction band.

C

Current

An electric current is a flow of electric charge.

It is defined as flow of charge carriers (electron or hole) in semiconductors.
In an electrolyte the current is carried by charged species or ions
Chronoamperometry

Chronoamperometry is an electrochemical technique in which the potential of the working
electrode is stepped and the resulting current from faradic process at the electrode (working) is

monitored as function of time.
Cryostat

A cryostat is a device used to maintain low cryogenic temperatures of sample.
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D
Density of States

In solid state physics the density of states of a system is defined as the number of states per

interval of energy at each energy level that are available to be occupied.
E
Electrodeposition

A process that exploits the formation of solid materials from electrochemical reaction in plating

solution on the substrates
e-beam evaporation/evaporator

It is a physical vapor deposition in which target anode is bombarded with an electron beam
produced by charged tungsten filament under high vacuum. The equipment which is being used

for evaporation is called as e-beam evaporator.
F
Farayday’s Second Law

Faradays second law of electrolysis states that, when electricity is passed through electrolytes,

the mass of the substance deposited are proportional to their chemical equivalent weight.
L

Low temperature electrical transport measurement

Current-Voltage measurement of the sample at cryostat temperature.

R

Resistance

The electrical resistance of an electrical conductor is a measure of the difficulty to pass an
electric current through a conductor. The resistance is defined as
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R=VI/I
S
Selectivity

Selectivity is the ability of the sensor to respond to a particular gas in the presence of other gases.
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