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ABSTRACT

This thesis provides broad knowledge and deep understanding of various topics of
nanotechnology including (1) atomistic model of a nanostructure, (I1) synthesis of the large scale
homogenous ZnO nanostructures, (I11) fabrication of nanostructure gas sensors, and (I1V) invention
of a portable electronic nose (E-nose). For modeling work, the formation mechanism of silicon
carbide nanotubes (SICNTSs) has been investigated by using the DFTB method. The results show
the important role of defects on the side wall of tubes. The SiICNTs prefer to form sp® bonds
between a Si atom and a C atom. In case of ZnO nanostructures growth, a shape diagram of ZnO
nanostructures grown by thermal evaporation has been presented. The roles of substrate
temperature and powder source temperature in the evolution of the ZnO morphology and the
mechanisms leading to the different morphologies have been highlighted. For gas sensor works,
fabrication of nanostructured gas sensors, including WOz, SnO,, CNT-WO3;, CNT-SnO, prepared
using electron beam evaporation by means of the powder mixing, have been reported. Doping of
CNTs can enhance sensitivity and selectivity of metal oxides gas sensors and can also reduce
operating temperature. In the last work, a portable E-nose based on hybrid gas sensors with new
feature extraction methods has been described. The results show the E-noses can be widely used
for many applications such as quality control of foods and beverages, air protection and human
identification. It is hoped that this thesis will have many uses ranging from basic research to

industrial applications.
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CHAPTER |
INTRODUCTION

1.1 Impact of Nanotechnology in Real Life

The first introduction to nanotechnology took place in 1959 by Prof.
Richard Feynman who was awarded the 1965 Nobel Prize in Physics on quantum
electrodynamics. He gave a lecture at the annual meeting of the American Physical
Society in Caltech, California, on December 2, 1959 with the topic entitled “There’s
Plenty of Room at the Bottom”. His talk generates the idea of a process for
manipulating individual atoms and molecules that do not deny the principle of physics
[1]. Up to now, more than 40 years later, nanotechnology becomes a multi-billion
dollar research field that crosses many areas of research and development.

Nanotechnology can create many new materials and devices with a vast

range of applications, such as in medicine, energy production, and electronics.

1.1.1 Nanotechnology in Medicine

Nanomedicine has been defined as ‘‘the monitoring, repair, construction,
and control of human biological systems at the molecular level, using engineered
nanodevices and nanostructures’’[2,3]. Therefore, nanotechnology in medicine is the
application of nanoscale technologies to the practice of medicine. It has been used for
the diagnosis, prevention, and treatment of disease and to gain an increased
understanding of complex underlying disease mechanisms. For example, C. Loo and
his co-workers [4] demonstrated the potential of nanoshells in cancer imaging and
therapy. They synthesized gold/silica nanoshells (see Fig. 1) via chemical reduction in
solution and described several examples of nanoshell-based diagnostic and
therapeutic approaches including the development of nanoshell bioconjugates for
molecular imaging, the use of scattering nanoshells as contrast agents for optical
coherence tomography (OCT), and the use of absorbing nanoshells in NIR thermal

therapy of tumors.
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= 20 nm
Figure 1.1: Transmission electron microscope images of gold/silica nanoshells during
shell growth. (Fig. from Tech. Canc. Res. Treat. 3 (2004) pp. 35)

1.1.2 Nanotechnology in Energy Production

The most advanced nanotechnology related to energy production is:
storage, conversion, manufacturing improvements by reducing materials and process
rates, energy saving and enhanced renewable energy sources. For example, J. Rafiee,
a doctoral student in the Department of Mechanical, Aerospace, and Nuclear
Engineering at Rensselaer Polytechnic Institute, has developed a new method of ultra-
efficient hydrogen storage based on graphene. He employed a combination of
mechanical grinding, plasma treatment, and annealing to engineer the atomic structure
of graphene to maximize its hydrogen storage capacity. His new material is able to
store hydrogen with 14 percent efficiency, which is much better than any other
material made so far. This will be useful in the development of practical hydrogen

fueled cars.

1.1.3 Nanotechnology in Electronics

The field of electronics including optoelectronics and photonics has been
benefiting from the ability to synthesize semiconducting nanowires and quantum dots.
Advances in light-emitting diodes, photodetectors, nanolasers, solar cells, and field
emission devices have been focused from many research groups. The future of these
devices depends on their ability to control the size, orientation and properties of one-
and zero-dimensional materials [5] that enable to improve display screens on
electronics devices, reduce power consumption while decreasing the weight and
thickness of the screens, increase the density of memory chips and so on. For an
example, Prof. Peidong Yang and co-workers [6] reported the growth of high-quality,

uniform ZnO nanowire arrays by combining a typical vapor-phase nanowire growth
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process with another common thin-film growth technique: epitaxy. The resulting
nanowires have a perfect hexagonal cylindrical shape with atomically smooth side
and end facets as shown in Fig. 2. They used the 4th harmonic output of a Nd:YAG
laser (266 nm) as the excitation source and have clearly demonstrated that these
highly oriented ZnO nanowire arrays indeed serve as an excellent nanoscopic laser
cavity with a lasing wavelength of 380 nm.
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Figure 1.2: ZnO nanowire nanolasers.

(Fig. from http://www.nsf.gov/news/news_images.jsp?cntn_id=108987&0rg=NSF)

From points of view above, nanotechnology plays an important role for
advanced technology in the 21st Century. Understanding of nanomaterial at the
atomic and molecular level, finding of new nanomaterial, and providing of effective
methods for nanodevice fabrication are necessary in order to use nanotechnology for
improving the world in which we live. In this thesis, the use of nanotechnology in
field of electronics has been demonstrated. The thesis covers the topics of
nanotechnology ranging from molecular modeling, synthesis of nanomaterial,

fabrication of nanodevice such as gas sensors to the real world application.

1.2 Research Objectives
- To design nanomaterial such as silicon carbide nanotubes (SiC

nanotube) and study the their formations using molecular modeling based on Density
Functional based Tight Binding (DFTB) method.
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- To synthesize nanomaterial such as ZnO structures and study their
mechanisms.

- To fabricate nanostructure gas sensor such as WOs;, SnO,, ZnO, Au-
doped ZnO, CNT-doped WO3, CNT doped SnO, gas sensors.

- To construct portable electronics nose (E-nose) based on nanostructure
gas Sensors.

- To demonstrate the real world application of the portable E-nose.

1.3 Advantages of this Research

It provides large knowledge and deep understanding of various topics of
nanotechnology. For examples, (1) this thesis has demonstrated how to model the
interested nanostructure correlated with experimental work. It will be useful for
modeling new nanomaterial that does not have a crystal structure before. (11) This
thesis has prepared a method to optimize a thermal chemical vapor deposition system
that allows a simple fabrication of these various nanoproducts, especially ZnO
nanostructure. The way to synthesize the large scale homogenous ZnO nanostructures
and the first shape diagram which relates the different ZnO nanostructures to source
powder temperature and substrate temperature has been presented. Not only on ZnO
nanostructure but also it will be very useful for producing various nanomaterials in
large scale area. (I11) This thesis has reported how to fabricate nanostructure gas
sensor, especially CNTs—metal oxides gas sensors, by using electron beam (E-beam)
evaporation process that is one of very useful methods because the E-beam offers
extensive possibilities for controlling film structure and morphology with desired
properties such as dense coating, high thermal efficiency, low contamination, high
reliability and high productivity. However, there have been very few reports on
CNTs—metal oxides gas sensors prepared by this technique because co-evaporation of
CNTs/ metal oxides is a relatively new concept and, at glance, it seems to be
fundamentally impossible. (IV) This thesis has presented how to construct portable
electronics nose (E-nose) based on nanostructure gas sensors which is inexpensive,
fast, portable, reliable and suitable for use for the detection and classification of both
solid and liquid samples. The new feature extraction techniques including integral and

primary derivative has been proposed for improving classification performance.
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Moreover, this thesis has shown how to apply E-nose based on nanostructure gas
sensors in a real-world application, i.e., for detecting methanol (MeOH) contaminant
in whiskeys that will be a useful tool for quality assurance of whiskey produced by
village industries, or for detecting and discriminating of human body odor that will

open the door to the field of human body odor biometrics.

1.4 Outline of Thesis

Overview of this thesis is described in chapter 1. The theory of quantum
mechanics including DFTB method, Self-consistent charge DFTB method and DFTB
molecular dynamics simulation is given in chapter 2. An example for using DFTB to
study SiC formation is shown in chapter 3. For chapter 4, reader can review the main
methods including Top-down and Bottom-up methods for synthesis nanomaterials.
The detail and procedures of growth of uniform ZnO nanostructures are explained in
chepter 5. Fundamental principles and fabrications of metal oxide gas sensors using
thermal oxidation and E-beam evaporation techniques are systematically introduced
in chapter 6. Development of effective H, gas sensors for monitoring of H, leaks is
presented in chapter 7. Construction of portable E-nose and its real world application
are explicitly elucidated in chapter 8 and chapter 9, respectively. Finally, summary of

new finding for this thesis will be concluded in chapter 10.
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CHAPTER Il
MOLECULAR MODELING

2.1 Overview

Molecular modeling encompasses all theoretical methods and
computational techniques used to model or mimic the behavior of molecules [7]. It
can be used in two important ways [8]. One particularly way is to model a molecular
system prior to synthesizing that molecule in the laboratory. This is very useful
information because synthesis of single compound could require months of labor and
it may generate toxic waste. Another use of the molecular modeling is to understand a
problem more completely. There are some properties of a molecule that can be
obtained computationally more easily than by experimental such as molecular
bonding, band structure, charge transfer, etc. Therefore, molecular modeling is very
important work for research in nano scale. However, there are many techniques that
are each appropriate at a given scale and have a corresponding capability in terms of

number of atoms handled or simulation time as shown in Fig. 2.1.

Accuracy
topological = - A
qualitative = Coarse
. ' grained
qualitative =
0.1eV =
0.0001 eV 7
0 cl l l l l l
| ! 1 I I
Atoms 1 10 100 1000 1,000,000 10°
Time 0 0 ps ns W ms

Figure 2.1: Schematic of multiscale modeling approaches.
(Fig. from https://camtools.cam.ac.uk/access/wiki/site/5b59f819-0806-4a4d-0046-
bcad6b9ac70f/research.html)
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From Fig. 2.1, the highest accuracy is achieved by the so-called " first
principle methods” such as post-Hartree-Fock (Configuration Interaction (CI)), and
quantum monte carlo (QMC) including properly both electronic exchange and
correlation within a many-body treatment [9]. However, these calculations can only
address the systems with up to 20 to 30 atoms or slightly more. In larger system
including 100 to 200 independent atoms, density-functional theory (DFT) gives
accurate solutions. However, DFT still becomes computationally very demanding for
larger structures. Nowadays, quantum mechanics (QM) based on tight binding (TB)
methods are becoming more and more popular, especially for nanoscale-sized
materials including several hundreds or thousands of atoms. In this thesis, the QM
based on TB methods such as density functional based tight binding (DFTB) method
has been employed in model and in calculation of a nanomaterial. The basic principles
of DFT and DFTB have been exhibited in this chapter. The apparent equations and

theories have been reviewed from published paper, lecture notes and books [8-18].

2.2 Basics of Density Functional Theory (DFT)

A density functional theory (DFT) determines the energy of a molecule
from the electron density instead of a wave function. The advantage of using electron
density is that the integrals for Coulomb repulsion need be done only over the electron
density, which is a three-dimensional function, thus scaling as N°. Therefore, the
results from DFT calculation will take the faster calculations than Hartree-Fock (HF)
calculations (which scale as N*). Moreover, DFT can be included electron correlation
in calculation that makes it a bit more accuracy. In addition, the better DFT
functionals can give results with an accuracy similar to that of an MP, calculation [8].

A unique functional of a charge density (,o(r)) can be represented using

the Kohn-Sham eigenstates (¥, ):

p(N) =¥ (f 2.1)

Where M is non-interacting electrons.
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The total energy of a system of M electrons in the field of N nuclei at

positions (R ) may be written as:

E-Sn(w,|- j"’”')“l’ +Exc[p(r)]+2Nﬁi%‘ 2.2)
« B

E=E, +E,+E,+E,+E, (2.3)

ext

Where Er is the kinetic energy, Ecx is the external interaction (including
electron—ion interactions), Ey is Hartree energy, Exc is the exchange-correlation
energy, hiding all the difficult many-body effects, and Ej; ion—ion interaction energy.
In addition, the quality of DFT methods is completely dependent on the quality of the
functionals for the Exc [10].

Exe = [ p(Néyc[p(n)]dr (2.4)

2.2.1 Local Density Approximation
The energy density (&) is always treated as a sum of individual exchange
and correlation contributions. The simplest functionals (Exc ) depend on the density

only, Exc (p ). They can be described using the simple Slater function as called local

density approximation (LDA). The LDA can perform quite well for geometries and

vibrational frequencies. The exchange energy (Ex) for LDA can be written as;

E, [p(N]= —%"Gj [ p*(ryr 2.5)

Within Slater’s derivation, the value for the constant o is 1. For the

: .2 . : :
uniform electron gas, o is 3 For empirical analysis, o should be %that provides

) 2
more accurate results than eithera =1 or o = E .

From Eq. (2.5), the energy density is:

£y [p(r)]——%“(%j (1) (2.6)

However, the LDA can be extended to the spin-polarized regime using
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1+ 5)4/3 +(1- 5)4/3 )
2(21/3 —1)

ex[p(N), &= &x [p(N]+{ex [p(N] - & [p(r)]}{ } 2.7)

Where E(r) = pN=p" (N (2.8)
p(r)

Where &is the normalized spin polarization. « and fare spin density.
&y is given by Eq. (2.6) with the appropriate value of o (the empirical constant). & is

the analogous expression derived from consideration of a uniform electron gas. For

unpolarized system, &=0, the Eq. (2.7) will become to Eq. (2.6). For systems

including spin polarization (e.g., open-shell systems), it must be used the spin-
polarized formalism as shown in Eq. (2.7) called as local spin density approximation

(LSDA).

2.2.2 Generalized Gradient Approximation

Even though LDA can perform quite well for geometries and vibrational
frequencies, it is not very good for energies because the correlation functional depend
not only on the local value of the density but also on the extent to which the density is
locally changing. One obvious way to improve the correlation functional is to
calculate both the density and the gradient of the density defined as generalized
gradient approximation (GGA). The energy density for GGA can be written as:

|Vp<r)|}

2.9
P (1) 29

These are functionals of density and density gradient and give quite

&5 [p(N]= & [p(N]+ Asy {

reasonable energies.

2.2.3 Hybrid Functionals
Attempts, to substitute & by HF exchange are not successful, but a

partial mixing led to very powerful functionals, e.g. in famous B3LYP functional,
which has a 20% HF content. The success is due an error cancellation, e.g. DFT
underestimates reaction barriers, HF overestimates them. Therefore, the combination
is about right. This can be defined as hybrid functionals. The Exc for the hybrid

functionals can be written a:
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E,. =(1-a)Eh +aE]" (2.10)
In case of famous B3LYP functional, a=0.2. the full Exc B3LYP model is
defined by:
Exdt" =(1-a)E™ +aEy" +bAES + (1-C)ES™ +cEL™  (2.11)

Where a, b, and ¢ were optimized to 0.20, 0.72, and 0.81, respectively.

2.2.4 Basis Sets

A basis set is a set of functions used to create the molecular orbitals. The
most common minimal basis set is Slater-type orbitals (STO-3G), in which three
primitive Gaussian-type-orbitals (GTO) functions are combined into one contracted

Gaussian function (CGF). The basis function (1) of a typical STO is expressed as:
Nero(5,n,1,m;1,0,4) = Nr''e 'Y, (6,9) (2.12)
Where N is a normalization constant. ¢ is the Slater exponent. The r, 8,
and ¢ are spherical coordinates and Y, is the angular momentum part. The n, 1, and m

are quantum numbers: principal, angular momentum and magnetic, respectively. The
GTO of the general form can be written as:

Nero = NX'ymz"e " (2.13)

Where « represents the orbital exponent which determines how compact

(large o) or diffuse (small a) the resulting function is. One CGF is in a form:

All

Neer = Z d.7e10 (2.14)

The relationship of charge density and basis set can be written as:
M s M L L
n(r) = [N =23 caCr, (m(r) (2.15)
i (7R

The summation of expansion coefficients (¢,C, ) can be defined as density

matrix (P).

2.3 Density Functional Based Tight Binding (DFTB) Method
Even though DFT methods have been successfully applied for systems of

increasing complexity, methods that can include approximations to reduce even more
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the computational demand without compromising the reliability of results are still
required [13]. Recently, the density functional based tight binding (DFTB) have
become one of the best choice in quantum chemical calculations for a broad range of

problems and fields in chemistry, physics, materials science, and biochemistry [14].

2.3.1 Standard DFTB Model

DFTB is an approximate method based on the density functional
framework. The DFTB can be useful in many ways. For examples, it can be used in
calculations of large systems while DFT always limits system sizes or systems are
limited for optimization in DFT but they can be used for extensive studies on

dynamical properties in DFTB [15]. For a DFTB method, the charge density (o ) can

be written as:
p(r) = py(r)+p(r) (2.16)
Where p, and Jp are a reference density and a small fluctuation,

respectively. Substitution of Eq. 2.16 into Eq. 2.2 and expansion of Ey. in a Taylor

series up to the second-order term result in:

E= Zn i +Vext+j‘r'0° ‘dr +V _[p,1I'¥ Hr_—r‘drdr

pp' 5°E e

\F—F\ oo drdr'  (2.17)

+EA]- [Vl T+ B+ ]

Po

Note that expansion of Ey. defines a term of ( %E J =V..[p,]
p Po

The Eq. 2.17 can be rewritten as:

E= Zn<

A 0

>+ Erepl 201+ Ezng[0p, 9] (2.18)

A0 2

Where H :-Vz ext(r)+J‘Adr +V.[0,] (2.19)
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Erol 0] ——Hr—‘drdr +Eyelpo]= [Vilpolpdr + By (220)

opop' 5 Eyc

‘r r‘ oo drdr’ (2.21)

E,alp0 001 = J‘J

Po

From Eq. 2.19, 2.20, and 2.21, H° is a reference Hamiltonian depending
only upon charge density. E., is the repulsive contribution and E,q relates to the
fluctuations in the charge density. In the standard DFTB scheme, the second-order
correction term (Ey,q of equation 2.18) is neglected. Therefore, the calculation of the
total energy does not depend on the charge density fluctuations and it does not have to

be solved iteratively [13]. In summary, the DFTB method is derived from:

Valence
orbitals atoms

AN Z ne +— Z = (2.22)

A+B
The first term of Eq. 2.22 can be obtained by diagonalization of the
Hamiltonian matrix. In DFTB, the Kohn-Sham orbitals are expanded within the linear
combination of atomic orbitals (LCAO) approximation using minimal localized

pseudoatomic Slater orbitals, which include the confinement harmonic potential (r/10)’

for the orbital localization. The 1 is called as wave function confinement radius [16].

2.3.2 Self-Consistent Charge DFTB (SCC-DFTB)

In SCC-DFTB, the charge density is corrected through inclusion of the
second-order contributions E;yq in Eq. 2.18, which are neglected in standard DFTB.
The total energies, forces, and transferability in the presence of considerable long-
range Coulomb interactions have been improved in SCC-DFTB. In SCC-DFTB, the
effects of charge transfer are included but changes in the shape of the charge density

are neglected. Therefore E,q in 2.21becomes:

1 52E . .
Eg ZAq A = ,‘ S0y FooFioYood rd T (2.23)

Po

Where Aqis the Mulliken charge. F denotes the normalized radial

dependence of the density fluctuation in atom and Y, is spherical angular function.
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The Eq. 2.23 can be analytically solved by using the very large interatomic separation

(‘F —?“ — ) or the interatomic distance tends to zero (‘F —F" — 0). The details can

be seen from Ref. [13,17]. Summary, the total energy within SCC-DFTB can be

written as:

A0

scc DFTB Zn <

>+ Erep[00]

FEFAY2drdr'  (2.24)

e ZAq Aqﬂ” ! 5Eye

‘r " 5p5p

Po

2.3.3 DFTB Molecular Dynamics Simulation

In classical model, molecular dynamics (MD) simulation is based on
molecular mechanics. The MD simulation solves the differential equation in the
Newton's equations of motion. The Newton’s equations of motion for a system of N

interacting atoms can be written as

m3h_F o1 N (2.25)
o o ,2,...,N . )
The forces can be rewritten in form of a potential function V(ry, 15..., n),
F=-V.V(,n,..n). (2.26)

The equations are solved in small time steps using a finite difference
method. The finite difference method is used to generate molecular dynamics
trajectory that collects the coordinates as a function of time. For algorithms of the
finite difference methods, the Verlet algorithm is widely used for integrating the
equations of motion in a MD simulation. For DFTB-MD Simulation, a simple

analytic expression for the atomic forces can be written as:
oH’ H! 16S N Oy oE
=— C L g - | =& | -Ag, Y —=EAg - —2 (2.27
iZ z : V{ ( I S/IV J aRa :| qa; aRa q§ aRa ( )

The Eq. 2.26 is taken from the derivative of the final TB energy with

respect to the nuclear coordinates. The detail of calculation can be seen from Ref.

[18].
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CHAPTER Il
FORMATION OF SILICON CARBIDE NANOTUBES FROM
CARBON NANOTUBES

3.1 Introduction of Silicon Carbide Nanotubes

Carbon nanotubes (CNTs) having nanoscale dimension (1-D) have been
well-known over the past 19 years. The molecules were first discovered by lijima in
1991 [19] when he was studying the synthesis of fullerenes by using electric arc
discharge technique. The high resolution transmission electron microscopy (HRTEM)
was employed for observation of that phenomenon. Carbon nanotubes that lijima
observed were so called multi-walled carbon nanotubes (MWNTS) as shown in Fig.
3.1a, nested as Russian dolls, containing at least two graphitic layers, and generally

have inner diameters of around 4 nm.

(@) (b)
Figure 3.1: (a) HRTEM images of two MWNTSs (b) and SWNTSs rope: each black
circle is the image of one SWNT of the rope (Fig. from Physique 4 (2003) P. 968).
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Two years later, lijima and Ichihashi of NEC [20] and Bethune and
colleagues of the IBM Almaden Research Center in California [21] synthesized
single-walled carbon nanotubes (SWNTSs) as shown in Fig. 3.1b. The SWNTs were
synthesized by the same route of producing MWNTSs but adding some metal particles
to the carbon electrodes. The appearance of SWNT is quite different to that of
MWNT. The individual tubes have very small diameters (typically ~ 1nm), and are
curled and looped rather than straight. In the early 1990s, two research groups
predicted electronic properties of individual SWNTSs [22-24]. From their calculations,
they found that SWNTSs can be either metallic or semiconducting depending on their
chirality and diameter. By the end of that decade, these particular predictions were
confirmed by experiments [25-26]. In the meantime, a lot of reviews which provide a
comprehensive overview with respect to the synthesis, characterization, applications,
and the basic mechanical and electronic properties of CNTs have appeared [27-30].

Recently, silicon carbide nanotubes (SICNTs) have attracted much
attention because they offer some advantages over CNTs. For example, SiICNTs
exhibit high melting temperature [31] and excellent oxidation resistance at high
temperature [32]. Moreover, SICNTs have a better capacity of hydrogen storage in
comparison with CNTs [33]. The first synthesis of SICNTs was reported by Pham-
Huu and his co-workers in 2001 [34]. The method used as called shape memory
synthesis is based on the gas—solid reaction between a vapor of SiO and carbon
nanofibers for the small diameters, and CNTs for the big diameters. Figure 3.2 shows
HRTEM images of open-end SiCNTs from carbon nanofibers.

Up to now, synthesis of SICNTs can be generally summarized into three
classifies: shape memory synthesis [34-38] hydrothermal method [39], and core—shell
structural method [40,41]. The shape memory synthesis and hydrothermal method
depend on a high temperature (1200-1250 °C) or a high pressure (8 MPa) that are
more difficult and contingent for control. For the core—shell structural method, it is an
easy and controllable approach for the synthesis of tubular nanostructures. However,
the removable core materials reported before were only ZnS and ZnO, both of which
should be etched away using the HCI solution during the formation of the SICNTSs.
Those samples usually have low purity with trace of residual core materials [42].

Therefore, deep understanding of formation mechanism is necessary for growing a
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perfect SICNTs. In this chapter, the formation mechanism of SICNTs from CNTs
under addition of Si has been investigated using quantum chemical molecular

dynamics simulation based on DFTB.

Figure 3.2: HRTEM images of SICNTSs. The inset shows the EDAX result of the
SICNTs. (Fig. from J. Catal. 200 (2001) P. 409)

3.2 Methodology

In real experiment, the formation of SICNTs from CNTSs refers to shape
memory method [34-38]. Schematic diagram of apparatus for the SICNTs growth is
shown in Fig. 3.3. The SiO powder was placed in the center of a tube furnace
(position A). The CNTs grown on silicon substrate were placed at positions B. First,
the tube was evacuated to a base pressure of 10 Torr. Than, the carrier gas of argon
mixed with 5% H, was introduced at one end of the tube flowing at 50 sccm. The
pressure was kept at 500 Torr. The temperature of the furnace was increased to 1250
°C and kept at this temperature for 40 min. The temperature at the substrate position
Bis~ 935 °C.
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Figure 3.3: Schematic diagram of the synthesis apparatus.
(Fig. from J. Am. Chem. Soc. 124 (2002) P. 14465)

The model of growth mechanism of the SICNTs using CNTSs as a template can be
considered as similar with SiC nanowires (see Fig. 3.4).

CNT
7
i
'-('-
i
i)
i
Step 3 \/
ML oxigearen Step 2 CNT fognation \ M
Impregnation catalyst Fe-Ni catalyst ! W/
Formation of and oxidation 3102 Reduction Ar/Hy/CoH, :| f?,;f\_

=
gL

5 /5
B ,C/ Step 4
x‘/“‘//Formation of SiC
.”' _’S i

'q Sigg) + 510y — 2510y,

i Step 5
A (areactive gas generation)
/. Purification of

,.ll
SiC nanowire /

* Si0¢y + 2CeNT, () — SiCi5) + COyyy
(SiC nanowires formation)
€Oy + Cenr, (o) — 2C0 + (CNT cutting)

Formation of
SiC nanowires

© 8i0g, + 3CO(,) — SiCi + 200,
(SiC nanoparticle formation)

SiC nanowires

Figure 3.4: Growth mechanism of the SICNWSs using CNTSs as a template.
(Fig. from J. Cryst. Growth 311 (2009) P. 1040)
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In calculations, the structure and stability of SICNTs were investigated
using ab initio density functional theory [43-45]. In details, it was found that the
SICNTs with alternating Si—C bonds are more stable than the forms which contain C—
C or Si-Si bonds. While CNTs have been found to be either metallic or
semiconducting depending on their chirality, these calculations showed that SICNTSs
are always semiconductors, with direct gaps for zigzag tubes and indirect gaps for
armchair and chiral tubes. CNTs and SiCNTs differ in the type of chemical bonding.
As a consequence, SICNTSs are polar materials due to electronegativity of the carbon
atom with respect to the silicon atom in the SICNTSs. In addition, SICNTs was found
that they will lose stability when the ratio of Si over C increases. But they remain
stable until the ratio reaches 50:50, and after that the Si-rich tubes collapse to
nanowires or clusters with solid interiors [46].

In simulations or theoretical calculations, the most of the researches on
SICNTs have only been focused on single-walled SICNTs (SWSICNTSs). However, up
to now, no report is available on synthesis of the SWSICNTSs. The current calculated
SWSICNTs may be far away from the real experiments. The modeling of SICNTs
according to the experimental results is still necessary. In this work, double-walled
CNTs (DWNTs) as the smallest possible units that can create a C-Si-C 3-layered
structure (sp®) with tetravalent Si will be employed as template of SICNT growth.
SiCNTs will be proved that their structures prefer to form sp® or sp® hybridization.
The selection of starting DWNT structure for template is based on the previous
studies by Lair et al. [47].

The starting DWNT is shown in Fig. 3.5. The selected DWNT was
armchair (3,3) in armchair (8,8). The unit cell of the system includes up to 220 carbon
atoms. To eliminate the length effect, periodic boundary condition was applied along
the DWNT axis. Self-consistent-charge (SCC) density functional tight-binding
(DFTB) was used to prepare fully optimized structures of the DWNT. It should be
noted that SCC-DFTB is a fast, approximate quantum mechanical technique that can
be treated as an approximated density functional theory as shown in Charter 2. SCC-
DFTB combines low numerical cost with relatively good accuracy [48-49]. It can
therefore be considered as a valuable tool in the analysis of this system.
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Figure 3.5: Geometry of the DWNT (armchair (3,3) in armchair (8,8)).

To model SICNTSs, adding of Si atoms to DWNT can be studied in three
difference ways:
Q) To add Si atoms between interwall space (IWS) of DWNT and
optimize them by DFTB+
(i)  To simulate SiICNTs growth via Si diffusion by DFTB+/MD
simulation
(iii)  To design SICNTs by using sp® and sp® crystal structure of SiC
system and optimize them by DFTB+.
For the first task, one Si atom was manually added between IWS of the
DWNT. Then, the system (DWNT+Si 1 atom) was fully optimized by using DFTB+
method. After optimization, another Si atom was added near the first Si atom (2.34
A). For the second task (to simulate SICNTs growth via Si diffusion), the optimized
DWNT was first equilibrated at 1500 K for 10 ps. The effect of temperatures
including 2000K and 3000K was studied also. Then, a gas-phase feedstock Si atom
was supplied around the DWNT surface every 0.5 ps. The velocity vectors of the
incident Si atoms were set with an incident energy. The system was studied both NVT
and NVE ensembles. For the last task, SICNTs were designed as SiC graphitic-like
structures (sp®) and bulk phases of SiC structures (sp®). These designed structures
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were fully optimized by using DFTB+ method. The final structures were compared

with the experimental results.

3.3 Results and Discussion

The optimized structure of the DWNT and its C-C bond length is shown
in Fig. 3.6.

1416
AR 420

1.416 1.416

i ' r 1450 10 420 1820
1.420 1420, 42 ' )

LAlG L4186
1416 1.416

Figure 3.6: Optimized structure of armchair (3,3) in armchair (8,8).

To analyze geometrical features, main bond length (MBL) and ring bond
dispersion (RBD) of optimized structure of the DWNT were plotted as shown in Fig.
3.7a and Fig. 3.7b, respectively. The MBL is defined as the mean value for all bonds
composing a particular ring:

1 6
MBL==)"x, (3.1)
63
The RBD is defined as a measure of the ring anisotropy:
6

RBD =, [> (X, —X)? (3.2)

i=1
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Figure 3.7: (a) MBL and (b) RBD of optimized structure of the DWNT
(analyzed by the TubeAnalyzer software).
From MBL plot in Fig. 3.7, one can be seen that the MBL of inner tube (~
1.440 A) is a bit larger than that of outer tube (~ 1.433 A) corresponding to average
values of C-C bond length as shown in Table 3.1. The C1-C2 and C2-C3 (see Fig.
3.8) are defined to lie on the circumference and parallel with the tube axis,

respectively.

Table 3.1: Average C-C bond length of optimized structure of the DWNT
obtained by DFTB method.

C1-C2(R)  C2-C3(A)  Diameter (A)

Inner Tube 1.441 1.438 4.12

Outer Tube 1.431 1.424 10.88
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Figure 3.8: Definition of C1-C2 and C2-C3 bonds.

The RBD plot (see Fig. 3.7b) shows the uniform DWNT after
optimization by DFTB+. Especially, dispersion of bonds of inner tube is less than
0.003 A.

3.3.1 Adding of Si atoms between IWS

One Si atom was added between IWS. Initial and optimized structures

were shown in Fig. 3.9.

Initial

Figure 3.9: Adding of one Si atom.
(Yellow color = Si atom, Green color = C atoms)
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After optimization, Si atom prefers to bond sp® with C atom of inner tube
(See Fig. 3.9). More Si atoms were added with different initial structure as displayed
in Fig. 3.10.
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Figure 3.10: Adding of three Si atoms.

(Yellow color = Si atom, Green color = C atoms)

Even though the initial structure has the different Si position, the final
structures and interaction energies are quite the similar after optimization
(SCCTolerance = 1E-6). The interaction energy (AE ) is evaluated via the equation:

AE = E(tot) — E(DWNT) — nE(Si) (3.3)

where E(tot) denotes the total energy of the DWNT presented with Si

atoms. E(DWNT) represents the total energy of the DWNT. n is the number of Si
atoms and E(Si) is the total energy of one Si atom.

The MBL and RBD plots of the optimized 3Si-DWNT are shown in Fig.
3.11. The optimized structure tends to preserve the symmetry in X-axis. The MBL
plot of inner tube is a bit smaller than that of the original one. The defect at Si
positions makes the shrinkage of C-C bond network. It seems to less effect on outer
tube since RBD plot of the outer tube shows the uniform bond dispersions (less than
0.003 A). However, when more Si atoms were added between IWS, the optimized
structure strongly depends on the initial structure as shown in Fig. 3.12. FromAE,
one can be proved that Si atoms prefer to form sp? morm than sp® since AE of sp?

structure is lower that that of sp® structure (~ 170 kcal/mol).
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Figure 3.11: MBL and RBD plots of optimized structure of the 3Si-DWNT.

(analyzed by the TubeAnalyzer software)

AE = -713.14 kcal/mol
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Figure 3.12: Adding of five Si atoms.
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3.3.2 Shooting of Si atoms on DWNT surface

In NVT ensemble, Nosé-Hoover chain thermostat [50] was employed.
The main advantage of the Nosé-Hoover chain thermostat is that the dynamics of all
degrees of freedom are deterministic and time-reversible. No random numbers are
used. The Si atoms was randomly supplied around the DWNT surface every 0.5 ps.
The results are displayed in Fig. 3.13. Total simulation time was 10 ps.

Temp 1500 K Temp 2000 K Temp 3000 K

Figure 3.13: Snapshots of shooting of Si atoms around the DWNT surface at
1500 K, 2000K and 3000K. (Yellow color = Si atom, Green color = C atoms)

From Fig. 3.13, it is clearly shown that Si atoms can not come into IWS
through the perfect sidewall of DWNT. They try to bond with C atoms of outer tube
only. All temperatures show the similar behavior. The mechanism of Si shooting
around DWNT surface is displayed in Fig. 3.14. At 0 ps, Si atom is initially at a
position. The first C-Si bond occurs at 0.1 ps. At 0.15 ps, the Si atom forms 2 bonds
with C atoms and occupies onto the side wall. However, the C-Si bonds are not so
strongly. When other Si atoms close to the attached Si atoms (at 2.13 ps), they always
make Si clusters (at 4.94 ps) that are easy to leave from sidewall. Therefore, a few Si
atoms can occupy at DWNT sidewall. In addition, the Kinetic energy of Si atoms is
not enough to overcome the binding energy of C-C network. Therefore, they can not
go to inside DWNT. To solve this problem, NVE ensemble with increasing incident
energy of Si atom was used. The incident energy of Si was set by assignment of an
specific Si velocity. The Table 3.2 shows velocities in x-,y-, and z-axis compared with

normal Si velocity generated by T = 1500 K.
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Figure 3.14: Snapshots of shooting of Si atoms around the DWNT surface as a

function of time at 1500 K. (Blue color = Si atom, Black color = C atoms)

Table 3.2: Initial velocities assigned to Si atoms.

V(x) V() V(z)
2V 0.000378 -0.00032 -6.5E-05
5v 0.000946 -0.0008 -0.00016
10v  0.001891 -0.00161  -0.00033
20v  0.003782 -0.00322  -0.00065
23v 0.00435 -0.0037  -0.00075
25v  0.004728 -0.00402  -0.00082

27v 0.005106 -0.00434 -0.00088
28v 0.005295 -0.0045 -0.00091
29v 0.005484 -0.00466 -0.00095
30v 0.005674 -0.00482 -0.00098
35v 0.006619 -0.00563 -0.00114
40v 0.007565 -0.00643 -0.00131
45v 0.00851 -0.00724 -0.00147
50v 0.009456 -0.00804 -0.00163
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The relationship between temperature and Kkinetic energy can be
calculated from Boltzmann distribution. In summary, the equation can be written

down as:

2
ETAVERE 2 S L
2 2 0

From the simulations, it was found that Si atom needs at least 29 times of

(3.3)

normal velocity to enter into IWS through the perfect DWNT sidewall as shown in
Fig. 3.15. However, if kinetic energy of Si atom is so high, it is easy to destroy the
pristine DWNT.

29V

Initial

e

(0 5)

s0v

Figure 3.15: Snapshots of shooting of one Si atom at different velocity as a function

of time. (Yellow color = Si atom, Green color = C atoms)

The Si with 29 times of normal velocity was selected to continue the
shooting. One Si atom was shot around the DWNT surface at this velocity every 0.5
ps. The total simulation was 3 ps (Total Si atoms = 6 atoms). The results are shown in
Fig. 3.16. At high energy of Si atoms, the Si atoms can enter into IWS but they hit C
atoms of DWNT backbone resulting to decompose inner tube and unzip outer tube.
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Figure 3.16: Snapshots of shooting of Si atoms at high velocity as a function of time.

(Yellow color = Si atom, Green color = C atoms)

Figure 3.17: Snapshots of shooting of Si atoms at different high velocities.

(Yellow color = Si atom, Green color = C atoms)
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The lower energies of Si atoms were tested. The results are shown in Fig.
3.17. Even though, kinetic energy of Si atoms was reduced morn than 50%, the
decomposition of DWNT still occurs. The lower energies of Si atom only extend the
time to decompose the pristine DWNT. From the results, it can be believed that Si
atom can not go inside DWNT through the perfect sidewall to form a SiC nanotube.
Introduction of defects on sidewall may play the important role for real SiC
formation. This hypothesis was proved by the one vacancy defect on DWNT sidewall.

The optimized structure of DWNT with one vacancy defect is displayed in Fig. 3.18.

Figure 3.18: Optimized structure of DWNT with one vacancy defect using DFTB+.
(Yellow color shows the defect region)

Equilibrate at 1500 K, Equilibrate at 2000 K, Equilibrate at 3000 K,
Si 1500 K Si 2000 K Si 3000 K

Figure 3.19: Snapshots of shooting of Si atoms onto defect DWNT.

(YYellow color = Si atom, Green color = C atoms)
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After shooting 6 Si atoms (Total simulation time = 3ps), the results are
displayed in Fig. 3.19. A Si atom can form sp? with C-C network on sidewall. It does
not generate any distortions of DWNT structure. Based on this study, it can be

concluded that formation of SiC nanotube uses defects during synthesis.

3.3.3 Model final structure of SICNT

The SiCNT can be designed to two models including SiC graphitic-like
structures (sp?) and bulk phases of SiC structures (sp°). In case bulk phases of SiC,
hexagonal and cubic structures were employed to design zigzag and armchair
SICNTs, respectively. The initial structures of such SiCNTs are displayed in Fig.
3.20.
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Figure 3.20: Initial structures of SICNTs designed from bulk phases of SiC

structures. (Yellow color = Si atom, Black color = C atoms)
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After optimization by DFTB+, the final structures are shown in Fig. 3.21.
One can be seen that zigzag SiCNT has a good cylinder structure with sp®

hybridization.
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Figure 3.21: Optimized structures of SICNTs (sp®) based on DFTB+.

(Yellow color = Si atom, Black color = C atoms)
In case of SiC graphitic-like structures (sp?), C atoms were substituted by

Si atoms reached to Si:C = 1:1. The optimized structure of SiC graphitic-like
structures is displayed in Fig. 3.22.
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Figure 3.22: Optimized structures of SICNTs (sp?) based on DFTB+.

(Yellow color = Si atom, Black color = C atoms)
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To compare the models with experimental results (see Fig. 3.23), typical
multiwalled SiCNTs have the interlayer spacing in range of 3.5-4.5 A [36]

corresponding the sp? model.

il

e
’:f.{"

Figure 3.23: Comparison between experimental result and model SICNTSs.
(Upper picture from X. H. Sun, J. Am. Chem. Soc. 124 (2002) pp. 14467)

3.4 Conclusion

- Si atoms can not go into the IWS through a perfect sidewall. The Si
atoms trends to be adsorbed on the sidewall of outer tube and they are easy to leave
out from tube sidewall due to formation of Si cluster.

- At high energy of Si atoms, Si atoms will decompose inner tube and
unzip outer tube.

- Defects on side wall of CNTs are necessary to form SiC nanotube.

- SICNTs prefers to form sp? bonds between a Si atom and a C atom.
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CHAPTER IV
SYNTHESIS OF NANOMATERIALS

4.1 Top-down and Bottom-up Methods

In general, there are two approaches for the manufacture of nanoscale
materials, namely; (I) top-down and (II) bottom-up methods. The top-down method
refers to the uses of the traditional workshop or microfabrication method to cut, mill,
and shape materials into the desired shape and order. The best known example of top-
down method is lithography process (see Fig. 4.1). For example, a silicon wafer is
coated with a layer of photoresist by spin coating technique. The photo resist-coated
wafer is then prebaked to drive off excess on a hotplate. After prebaking, the
photoresist is exposed to a pattern of intense light. The lithography is used to shine
light on only certain parts of the wafer. Some lithography (i.e. E-beam) can provide
patterns down to 10 nm. For most photoresists, the light breaks down that portion of
the coating and frees it up for etching and doping. This is top-down method because it

starts from a bulk material.
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Figure 4.1: Photolithography process.
(Fig. from>> http://www.hitequest.com/Kiss/VLSI.htm)
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The bottom-up method refers to methods that can create from smaller
components (usually molecular) built up into more complex assemblies. There are
two fundamentally different ways of fabricating things from the bottom up [51].

- Self-assembly: is common throughout nature and involves components
from the molecular (e.g. protein folding) to the planetary scale (e.g. weather systems)
and even beyond (e.g. galaxies).

- Molecular assembly: is proposed that device is able to guide chemical
reactions by positioning reactive molecules with atomic precision. Example of
bottom-up method is ZnO nanostructure which appeared as a bear shape as shown in
Fig. 4.2.

Figure 4.2: ZnO nanobear.

4.2 Vapor-Liquid-Solid & Vapor-Solid Mechanisms

The vapor-liquid-solid (VLS) [52] and vapor-solid (VS) methods are the
mechanisms for the growth of one-dimensional structures from chemical vapor
deposition such as nanowires. In principal, the VLS growth process is characterized
by the presence of a metal particle at the NW tip and offers the possibility for
diameter and arrangement control via the patterned arrays of catalyst [53]. The VLS
mechanism is typically described in three stages. At first, a liquid alloy droplet is
prepared upon the substrate. It should be noted that a nanowire is grown at the liquid

alloy droplet position. Next, the vapor source material adsorbs on to the liquid
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surface, and diffuses in to the droplet. In last stage, supersaturation and nucleation at
the liquid/solid interface occur. It leads to axial crystal growth.

In case of the VS mechanism, nanowire growth is still based on using
metal dots as starting points. However, surface defects or dislocations on the substrate
can also provide energetically favored nucleation sites to grow nanowire. In VS
process, the growth parameters are controlled in a way that the dots remain mainly
solid [54]. Schematic demonstration of the two different nanowire growth modes
namely VLS and VS mechanism is shown in Fig. 4.3. In addition, VS nanowires
were observed that they grow slower (10-100 times) than VLS nanowires because of
the lower diffusivity, the contributions of desorption, and the weaker surface

reactivity in the solid phases [53].

Vapor Liquid Solid ’ 4 \

Precipitation

ZnO Zn0

“/

Vapor Solid Growth

Figure 4.3: VLS & VS mechanisms.
(Fig. From Advances in Solid State Physics 48 (2009) pp. 5)
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CHAPTER V
GROWTH OF UNIFORM LARGE-SCALE ARRAYS OF ZINC
OXIDE NANOSTRUCTURES

5.1 Introduction of ZnO Nanostructures

Semiconducting nanowires (NWs) in general and ZnO NWs in particular
have been widely studied in the last decade due to their unique properties facilitated
by their nano size. Initially, much work focused on demonstration of “application or
device concepts” based on single nanowires [55]. It is, however, currently most
desirable to develop the level of understanding and control of nanowire growth
required to obtain reliable, narrowly distributed and reproducible structure and
properties necessary for real industrial applications [56]. The unique combination of
properties of ZnO nanowires provides additional options for its utilization for
electronic, optical and mechanical applications particular if the p-doping issue is
solved [57].

Zn0O nanomaterials can be grown in an amazingly rich variety of shapes
and nanostructures such as nanowires [58], nanobelts [59], nanocombs [60],
nanohelixes [61], nanowalls [62], and others. The vapor phase transport process
allows a simple fabrication of these various nanoproducts by modifying the growth
parameters such as the growth precursors, the carrier gas composition, its pressure and
flow, the nature of the substrate on which the nanostructures grow, and the source and
substrate temperatures. The difficulty of defining the large number of intertwined
parameters involved in the variety of systems applied is a big obstacle for obtaining a
meaningful correlation between the growth conditions and the resulting morphology
applicable to the variety of different systems used.

This chapter presents a systematic study of the growth of ZnO
nanostructures in a thermal CVD system focusing on the source powder temperature

(Tp) and on the substrate temperature (Ts) by keeping all other parameters constant.
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This provides a shape diagram which relates the different ZnO
nanostructures to Ts and T,. This diagram is applicable to a variety of systems (as
demonstrated by a selective comparative study with a laser ablation system) and

provides insight into the mechanisms leading to the evolution of these nanowires.

5.2 Experimental Details

Zn0O nanowires were grown by a vapor phase transport process in a two-
zone heating furnace (allowing independent control of the temperature profile of these
two zones) with a horizontal quartz tube (5 cm inner diameter and 106 cm long) as

shown in Fig. 5.1a.
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Figure 5.1: (a) Schematic diagram of the thermal CVD growth system. (b)
Temperature profile of the two-zone heating furnace. The inset in (b) shows
temperature gradient versus temperature of heating 1 with a fixed heating 2
temperature of 950 °C. Heating 1 temperature is measured 12 cm away from the right

edge of heating 1 zone (the edge neighboring heating zone 2).
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GaN/sapphire substrates deposited by 5 nm Au were used. The substrates
were placed at downstream positions (with respect to the source) marked as I and II in
Fig. 5.1a. A 1:1 weight mixture of ZnO (99.999% purity) and graphite (99.99%
purity) powders was placed in a quartz boat in the center of heating zone 2. The tube
was pumped to a base pressure of 4x10~ mbar. The flow shutter approach [63] was
applied to suppress undesirable ZnO deposition during the heating ramp in the
following way: The tube was kept at a pressure of 1 bar, a flow of 30 sccm Ar
(99.9999%) and 1.5 sccm Ar/O, mixture (90/10at% Ar/O,, purity 99.999%) during
the heating up period. Ts and T, were chosen in the ranges of 650-950 °C and 850-
1050 °C, respectively. When both T and T, reached the desired set point
temperatures, the pressure inside the tube was reduced from 1 bar to 30 mbar for 10
minutes enabling deposition. The flow shutter was operated again after these 10
minutes of deposition. The furnace was then slowly cooled down to room
temperature. The morphology of the samples was examined by scanning electron
microscopy (SEM, FEI Nova™ NanoSEM). A selective number of samples under
similar T, pressure and flow conditions were grown using a laser ablation system
described elsewhere [64]. The structure of selected samples was studied using high-

resolution transmission electron microscopy (HRTEM).

5.3 Temperature Profile of the Two-zone Furnace

The temperature profiles of the two-zone furnace tube for different Ts and
Tp are displayed in Fig. 5.1b. The temperature gradient depends linearly on the
temperature of heating zone 1 as shown in the inset of Fig. 5.1b. All growth
experiments were performed on substrates that were partially deposited by Au and
partially not deposited (using a shadow mask). As shown in Fig. 5.2, ZnO
nanostructures growth was observed only on the Au deposited parts indicating
catalyst assisted nucleation for all samples studied in the present work in the specific

parameter window.
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Figure 5.2: SEM images of ZnO nanowires grown at position II with T,= 950°C and
T=800°C. No Au tips are noticed indicating catalyst free VS growth.

5.4 Shape Diagram of ZnO Nanostructures as a Function of T, and
Tp

Fig. 5.3 presents a diagram of the evolving morphologies of ZnO
nanostructures at different T, (650-950°C) and T, (850-1050°C) fixing all other
growth parameters as previously described [65]. No nucleation occurs at low T, (<
900 ‘C) and T, (< 800 ‘C). ZnO nanostructures start nucleating on the GaN substrates
at T,= 900 ‘C and T, > 800 'C (samples A). ZnO nuclei develop below the Au
droplets at 820°C and at slightly larger Ts of 875°C (faster kinetics) one already
observes short ZnO nanowires with Au dots at the tip indicating catalyst assisted
growth. Similar structures were observed for 820 °C for laser ablation as
demonstrated in Fig. 5.4. Well-aligned, uniform (hundreds of nm long) ZnO
nanowires free of Au dots at their tips were observed at T, of 950 'C and T, in the
range of 700 - 800 'C as shown in Fig. 5.3b (samples B). The lack of Au at the tips
indicates a catalyst free (e.g. VS) growth process at this parameter region. The T,
effect on the nanowire diameter and length in this growth regime at fixed T, of 950°C

(samples B) was studied by either doing separate experiments with different T at
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position II or by putting two samples at two different locations in the same experiment
(I and IT in Fig. 5.1) using the advantage of the weak thermal gradient in between. In
both cases the diameter of the NWs decreased with increasing T while their length

increased with T.

> N

)
% 500 nm

Powder temperature ('C)

850

600 650 700 750 800 850 900 950 1000 [=

Substrate temperature (°C)

Figure 5.3: Shape diagram of ZnO nanostructures formed at different Ty and T,
which includes: (a) nanowires nuclei (sample A), (b) aligned nanowires (sample B),
(c) mostly triangular nanosheets (sample C), (d) nanohammers (sample D),
nanospears (sample E), and nanopins (sample F). Note that pure catalyst free (VS)
growth is observed only at B and all others are catalyst assisted (VLS) as deduced
from the Au dots at the nanostructures tips. No growth was observed on the bare

surface of the samples, i.e. the nucleation was always catalyst assisted.
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However, if the T is too low (< 650 OC), a ZnO film was formed prior to
the evolution of nanowires leading to randomly oriented nanowires on GaN
substrates. When Ty increases to 850-900°C, keeping a fixed T, of 950°C, the ZnO
nanostructures contain Au dots in their tips indicating that a catalyst assisted growth
process (e.g. VLS) becomes active, in contrast with the growth at lower Ts. This is
associated with a morphology change from purely aligned nanowires to a mixture of
morphologies including (typically triangular) nanosheets (samples C) as shown in Fig.
5.3c. Further increase of T, to 1000 C and to 1050 'C leads to the growth of different
morphologies, all having Au dots at their tips. ZnO hammer-like (sample D) and
spear-like (sample E) structures were obtained at T, = 800 'C (Fig. 5.3d) and T, = 900
‘C (Fig. 5.3¢), respectively. ZnO pin-like structures (sample F) with tip sizes in the
range of 10-20 nm are observed for T, = 1000 °C and T&= 950 C as shown in Fig. 5.3f.
In the red colored zone of the shape diagram the synthesized products are made of
inhomogeneous structures indicating unstable growth conditions at this part of the

diagram.

Figure 5.4: SEM image of ZnO nanostructures grown using laser ablation at
T=820°C (Ar 300 mbar, 30 sccm Ar) having a similar morphology to that of samples
A in the shape diagram. The inset TEM image reveals an Au dot at the tip.
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5.5 Mechanisms of the ZnO nanostructures

Many parameters affect the growth of nanostructures in general and that
of ZnO nanostructures in particular. These include (1) the source (nature and
generation rate of growth species), (2) the transport of the growth species to the
substrates on which the nanostructures grow (type of carrier gas, its pressure and
flow), (3) the system geometry affecting the amount and nature of growth species
reaching the substrate, (4) the substrate (type, use of a catalyst), (5) the substrate
temperature (affecting the kinetics and the thermodynamics of the condensation and

the growth).

Table 5.1: Reduction of ZnO with C at different T, temperatures, forming Zn vapor
calculated following Rao [66]

Zn vapor partial

Tp (°C) pressure (bar)
827 0.158
877 0.361
927 0.770
977 1.545
1027 2.939
1077 5.330
1127 9.265
1177 15.50
1227 25.06

In the present work we have chosen to fix all parameters except two: the
substrate temperature (Ts), and the source temperature (T,). While the effect of T; is
relatively simple to evaluate, that of T, in our case is more complex. Most of the
present work was performed using an evaporation source of a 1:1 weight mixture of
ZnO and carbon which react upon heating to yield Zn, CO and CO,. We additionally
feed the system by O, so that ZnO vapor is also available in the vicinity of the target,
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as well as the other species mentioned. We assume as a first order approximation that
the flux of the growth species is the only parameter changed by increasing T, and that
their composition is not changing with T,. Reduction of the ZnO with carbon results
in an increase of the partial pressure of Zn vapor with increasing T, in the temperature
range (850-1050°C) by more than a factor of 10 as calculated by Rao [66] (see Table
1).

In order to overcome the complex nature of the source we verified some
of the findings of the present work by adding data coming from a laser ablation
system in which the only growth species are ablated ZnO molecules with no carbon
containing molecules involved [64].

The growth of ZnO nanostructures involves two separate stages:
nucleation and growth. In previous work (performed using a laser ablation system
[64]) it was shown that three different growth modes are possible: (i) catalyst free
nucleation and catalyst free growth (use of bare, catalyst free substrates), (ii) catalyst
assisted nucleation and catalyst free growth [67] (catalyst deposited substrates, grown
nanostructures do not have catalyst tips), (iii) catalyst assisted nucleation and growth
(catalyst tips observed). A catalyst free stage is associated with a vapor-solid (VS)
nucleation/growth while a catalyst assisted stage is associated with a vapor-liquid-
solid (VLS) nucleation/growth. In our previous work [64], we proposed that the
catalyst assisted growth is not the classical VLS mechanism associated with diffusion
through the catalyst and precipitation in the catalyst-substrate interface but a surface
diffusion process to the lower hemisphere of the catalyst droplet, minimizing the
surface energy by precipitating at the interface as was discussed before for
micrometer sized whiskers [68].

By establishing the shape diagram shown in Fig. 5.3, we are now able to
provide some insight into the role of T, and Ts in the development of ZnO
nanostructures. First, we note that all nanostructures evolving in the present study
nucleated via a catalyst assisted process and no nucleation was observed on bare
substrates (compare Fig. 5.2). This nucleation requires a minimal concentration of
growth species (no nucleation below T,=900°C) and a minimal substrate temperature
(Ts) to facilitate the appropriate surface adsorption as well as surface diffusion rate of

the growth species to allow both nucleation and growth (see samples A). By
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increasing T, from 900 to 950°C we increase the evaporation rate of the Zn vapor by
nearly a factor of two, hence enhancing the adsorption probability. At relatively low
T, (700-800°C) the condensation rate of the growth species is sufficiently large to
promote VS growth (the driving force of which is the asymmetry of the ZnO crystal
with the [0001] as the fast growth direction). At this stage the concentration of the
growth species and their surface diffusion rate around the Au droplet are still too low
to facilitate catalyst assisted growth so that we observe ZnO nanowires uniquely
grown by VS (samples B). Moreover, the ZnO base on which the nanowire nucleates
should be larger for lower Ts (larger condensation rate) so that one expects larger
diameter but shorter wires (slower growth kinetics as dictated by diffusion) to form

with decreasing T as we indeed observed (Fig. 5.5).

Figure 5.5: ZnO nanowires with decreasing Tj,

Once T; increases above 800°C the diffusion rate increases and catalyst
assisted growth becomes feasible. The dominating morphology (samples C) becomes
that of triangular nanosheets with Au observed at their tips. Similar nanosheets were
also observed in ZnO nanostructures grown by laser ablation at T,=900°C (Fig. 5.6).
TEM images of these nanosheets indicate that the growth direction of the triangle
sides is always [0001] while that of the Au tip may have different directions (Fig. 5.6
b, ¢). This leads us to the conclusion that in this regime both the catalyst free (VS) and
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the catalyst assisted (VLS) modes are occurring simultaneously, leading to triangular

nanosheets.
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Figure 5.6: ZnO nanostructures grown using laser ablation at T&=900°C (70 torr, 50
sccm Ar) having a similar morphology to that of samples C in the shape diagram. (a)
SEM image, (b) TEM image revealing an Au dot at the tip, (c) Cross-sectional
HRTEM image of the tip indicating that the growth direction dictated by the tip is
different than the growth direction ([0001]) of the free side of the triangular sheet.
The sheet thus grows by a combination of the VS (catalyst free) and VLS (catalyst

assisted) mechanisms.

We now understand that sufficient T, and T, would lead to catalyst
assisted growth as observed for samples D, E and F (Fig. 5.3). If the Zn incorporation
rate by a catalyst assisted VLS growth is not large enough to consume a large
concentration of Zn (as expected for large T,,) we might get not only catalyst assisted

growth, but also side growth which becomes thicker with time. This is the origin of
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the spear-like morphology observed for sample E (Fig. 5.3 e). The present study
applied the flow shutter approach to eliminate growth under uncontrolled conditions
especially those prevailing at the end of the process (cooling of the system). Such
varying conditions may nevertheless explain the hammer-like morphologies obtained
in (D) since the hammer is always at the tip of the wires no matter what their length
is. This might indicate that the flow shutter approach does not guarantee stable

conditions in all parameter cases during the cooling down period.

5.6 Conclusion

In summary, the role of T, and T in determination of ZnO nanostructured
morphologies was studied utilizing a carbothermal CVD approach with a two zone
furnace. A shape diagram of the dependence of the morphology on T and T, was
constructed. Zones of catalyst free (VS) and catalyst assisted growth were identified
and explained in terms of the effects of Ty and T, in these different growth
mechanisms. Selective comparative studies of ZnO growth via a laser ablation system
yielded morphologies in accord with the carbothermal CVD work showing the
validity of our hereby suggested phase diagram.
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CHAPTER VI
NANOSTRUCTURE GAS SENSORS

6.1 Fundamental Principles of Metal Oxide Gas Sensors

Metal oxide semiconductor (MOS) sensors such as SnO, sensor are
widely used in the sensing element due to low cost and response on various volatile
organic compounds. Basic principle of principle can be expressed as follows from Ref
[69]. In details, MOS such as SnO; can be operated at high temperature in air. When
it is heated, oxygen will be adsorbed on the crystal surface with a negative charge.
Then, donor electrons in the crystal surface are transferred to the adsorbed oxygen,
resulting in leaving positive charges in a space charge layer. Thus, surface potential is

formed to serve as a potential barrier against electron flow as shown in Fig 6.1a.
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Figure 6.1: Model of inter-grain potential barrier in (a) absence and (b) presence of

gases. (Fig. from>> http://www.figarosensor.com/products/general.pdf)
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Inside the sensor, electric current flows through the conjunction parts
(grain boundary) of SnO, micro crystals. At grain boundaries, adsorbed oxygen forms
a potential barrier which prevents carriers from moving freely. The electrical
resistance of the sensor is attributed to this potential barrier. In the presence of a
deoxidizing gas, the surface density of the negatively charged oxygen decreases, so
the barrier height in the grain boundary is reduced (See Fig. 6.1b). The reduced
barrier height decreases sensor resistance. The relationship between sensor resistance
and the concentration of deoxidizing gas over a certain range of gas concentration can

be expressed by the following equation:
R, =ACT” (6.1)
Where R, is electrical resistance of the sensor. A is a constant. C

represents gas concentration and « 1is the slope of R curve.

6.2 Fabrication of Nanostructure Gas Sensors

6.2.1 Thermal Oxidation Technique

Thermal oxidation is a technique to produce a thin layer of oxide on the
surface of a substrate. The technique forces an oxidizing agent to diffuse into the
substrate at high temperature (usually between 700-1300 °C) and react with it. The
rate of oxide growth is often predicted by the Deal-Grove model [70].

2
t=—2+ Xy (6.2)
B B/A

From Eq. 6.2, the time (t) requires to grow an oxide of thickness (Xo) at a
constant temperature on a silicon surface. The constants A and B encapsulate the
properties of the reaction and the oxide layer, respectively.

Thermal oxidation is usually performed in furnaces. A furnace typically
consists of I. a cabinet, II. a heating system, IIl. a temperature measurement and
control system, IV fused quartz process tubes where the wafers undergo oxidation, V
a system for moving process gases into and out of the process tubes, and VI. a loading
station used for loading (or unloading) wafers into (or from) the process tubes. The

schematic diagram of thermal oxidation furnace is displayed in Fig. 6.2.
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Figure 6.2: Typical thermal oxidation furnace.
(Fig. from>> http://www.tf.uni-
kiel.de/matwis/amat/elmat_en/kap 6/backbone/r6 2 1.html)

6.2.2 Electron Beam Evaporation Technique

Electron beam (E-beam) evaporation process is a physical vapor
deposition that yields a high deposition rate from 0.1 pm/min to 100 pm/min at
relatively low substrate temperatures. The E-beam process offers extensive
possibilities for controlling film structure and morphology with desired properties
such as dense coating, high thermal efficiency, low contamination, high reliability and
high productivity. The schematic diagram of E-beam evaporation system is displayed
in Fig. 6.3. In E-beam evaporation system [71], the deposition chamber is evacuated
to a pressure of 10 Torr or less. The material to be evaporated is in the form of
ingots or compressed materials. The E-beams can be generated from electron guns by
thermionic emission, field electron emission or the anodic arc method. The generated
electron beam is accelerated to a high kinetic energy and focused towards the starting
material. When the accelerating voltage is between 20 kV — 25 kV and the beam
current is a few amperes, 85% of the kinetic energy of the electrons is converted into
thermal energy as the beam bombards the surface of the starting material. The surface
temperature of the starting material increases resulting in the formation of a liquid
melt. The liquid material evaporates under vacuum and deposited on substrates. The
deposition rate depends on starting material and E-beam power. The deposited film

thickness can be measured in situ by quartz crystal monitor.
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Figure 6.3: Typical electron beam vapor deposition.

(Fig. From>>http://en.wikipedia.org/wiki/Electron _beam physical vapor deposition)

6.3 Au-doped ZnO Nanostructure Gas Sensors

6.3.1 Background

MOS such as ZnO, SnO; and TiO,, are among the most popular sensing
materials for gas sensors. These sensors utilize the changes of electrical conductivity
upon exposing to target gases. Doping these materials with some metal catalysts can
enhance sensing properties. For examples, Gong et al. [72] reported an improvement
in the sensitivity and selectivity of Cu-doped ZnO to CO. Shishiyan et al. [73]
demonstrated that doping ZnO with Sn can increase the sensitivity of this gas sensor
to NO,. At present, most developments of selective MOS sensors are based on the
ZnO thin films doped with different impurities such as Fe, Al, MnO,, Bi, etc. [74-78]
From the authors’ point of view, Au is very interesting for doping in gas sensor since
it is well known to be a good catalyst when they have particle size smaller than 10 nm
[79]. The Au catalysts have been shown potentials for both selective and non-

selective oxidation of hydrocarbons [80-82]. In addition, it was reported that Au-
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doped ZnO sensor exhibited and improvement of sensitivity toward ethanol [83,84].
In this section, fabrication and gas sensing properties of undoped and Au-doped ZnO

nanostructure sensors have been reported.

6.3.2 Preparation of ZnO and Au-doped ZnO Nanostructure Sensors

Pure and Au-doped ZnO nanostructure sensors were prepared using
thermal oxidation technique. The oxidation was performed by heating zinc powder
(purity 99.9%) and a mixture of zinc powder and 10 wt% Au powder. Such mixtures
were screened as a thick film onto an alumina substrate. The thick films were sintered
at 700 °C for 24 h under oxygen atmosphere with flow rate of 500 ml/min. The ZnO
nanostructures were characterized using field emission scanning electron microscopy
(FESEM). The FESEM images of ZnO and 10 wt% of Au-doped ZnO nanostructure

sensors on the alumina substrate are displayed in Fig. 6.4.
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Figure 6.4: FESEM images of (a) ZnO and (b) 10 wt% Au-doped ZnO nanostructure.

The wire-like or belt-like nanostructures outward from microparticle are
observed. The diameter and length of ZnO nanostructures are within the range of

250-750 nm and 1.7-7.0 um respectively. The sensors were simply fabricated by

putting gold contact and heating coil underneath alumina substrate. The successfully

produced ZnO and Au-doped ZnO nanostructure sensors are displayed in Fig. 6.5.
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Figure 6.5: Produced (a) ZnO and (b) 10 wt% Au-doped ZnO nanostructure sensors.

6.3.3 Sensor Responses on Volatile Organic Compounds

To compare sensitivity of two sensors on different volatile organic
compounds (VOCs), it is better to calculate the percentage change of resistance
(%AR,) via
ﬁsam . ﬁo

%AR, = x100 (6.3)

0

Where Rsn and Roare the mean sensor resistance in the presence and the
absence of the testing gas, respectively.

Fig. 6.6 shows the sensor responses of pure and Au-doped ZnO to
acetone, ethanol, toluene, propan-2-ol, acetonitile. From Fig. 6.6, it indicates that the
sensor responses of both sensors work linearly with gas concentration. At the same
concentration, the sensor response of Au-doped ZnO sensor on all VOCs is higher
than that of ZnO sensor. The Au in ZnO enhances the adsorption reaction between the
VOCs and the adsorbed oxygen ion on the crystal surface with a negative charge. The
species of oxygen ion previously determined to be O*[85]. At the grain boundaries,
the surface density of the negatively charged oxygen decreases immediately and
abundantly. Therefore, the changing of resistance of Au-doped ZnO sensor is much
more than that of ZnO sensor. Moreover, such ZnO nanosensor shows the strong
response on ethanol. Therefore, it is suitable to employ in detecting alcoholic solution

and beverages.
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Figure 6.6: The sensor response of (a) ZnO and (b) 10 wt% of Au-doped ZnO sensors

to concentrations of VOCs.
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6.4 Carbon Nanotube-doped SnO, Gas Sensors

6.4.1 Background

From session above, doping has long been used as a traditional mean to
obtain new MOS gas sensors that exhibit gas-sensing properties differentiated from
the original ones. Recently, carbon nanotube (CNT) have become as potential dopant,
due to its special electronic properties and high specific surface area that can boost
catalytic reactions occurring at the metal oxide surface. The hybrid CNT-SnO, gas
sensors prepared by different techniques have been reported to have excellent
responses to NO; [86,87], CO [87], NH3[88], H, [89], CHOH [90] and indoor air
pollutants [91]. Among such techniques, co-evaporation of SnO,/CNT is a relatively
new concept to form hybrid CNT-SnO, gas sensors [92,93]. It offers extensive
possibilities for controlling the film structure and morphology with high deposition
rates, low contamination, high reliability and high productivity. However, there have
been very few reports on CNT-SnO; gas sensors prepared by this technique. In this
section, fabrication based on prepared by electron beam (E-beam) evaporation and

sensing mechanism of hybridized CNT-SnO, gas sensors have been reported.

6.4.2 Fabrication of Gas Sensors
The gas sensors were fabricated by E-beam evaporation. Top and cross-

sectional views of sensor structure are shown in Fig. 6.7a and b, respectively.
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materials
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Figure 6.7: Structure of the gas sensor; (a) top view of interdigitated electrode, (b)

cross-sectional view.
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First, Cr/Au interdigitated electrodes on alumina substrates were prepared.
Prior to deposition of the electrodes, the substrates were cleaned by oxygen-ion
bombardment under a vacuum pressure of ~10™* Torr in order to improve the
adhesion of the film to the substrates. Cr and Au layers were then successively E-
beam evaporated over the alumina substrates through electroplated-Ni shadow masks.
These shadow masks were fabricated by means of standard photolithography and
electroplating of Ni. The masks were employed by attaching them to the substrates

using strong magnets. The resulted thickness of Cr and Au layers were ~50nm and
~200 nm, respectively. The width, spacing, and length of the interdigitated electrodes
are approximately 100 ¢ m, 100 ¢z m, and 1 mm, respectively.

Multi-walled CNT powder was synthesized by thermal chemical vapor
deposition (CVD) in a lab-made horizontal tube furnace. Iron catalyst powder was
loaded in the tube furnace and heated up until the growth temperature of 700 °C was
reached. The system was then maintained under the hydrogen gas flow of 1.5 1/min at
the atmospheric pressure. Next, acetylene gas was introduced into the system for 2 h
for CNT synthesis. The flow ratio between acetylene and hydrogen was
approximately 1:4. The remaining catalysts were removed from CNTs by chemical
oxidation in 4M nitric acid at room temperature for 4 h. Then, CNTs were rinsed with
DI water and dehydrated at 150 °C for 2 h [94]. Transmission electron microscope
(TEM) images of the CNT before and after chemical oxidation treatments are shown
in Fig. 6.8a and b, respectively. It is evident that the iron catalysts were effectively
removed and the number of CNT walls was reduced. CNT—SnO; mixed powders were
prepared with 0.5 wt% and 1 wt% concentrations by mixing 15 g of SnO, powder
with 0.075 g and 0.15 g of CNT powders, respectively. The mixed powders were
thoroughly mixed by grinding in a mortar for 30 min. The pure SnO, and mixed
powders were compressed into cylindrical pellets in a hard steel mold by a hydraulic
compressor at a pressure of 15 tons. Next, the compressed SnO, and mixed CNT—
SnO;, materials (0.5 wt% and 1wt% CNTs) were loaded in E-beam chamber and
evaporated over the interdigitated electrodes through an electroplated shadow mask
with square window pattern that aligned to the interdigitated area at an operating

vacuum of ~10° Torr. The evaporation condition was based on the previous studies
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by Wisitsoraat et al. [92,93]. The film thickness of sensing materials is ~300nm as

measured in situ by quartz crystal monitor. The evaporated film was then annealed at
500 °C for 3 h. Finally, a NiCr (Ni 80% and Cr 20%) layer was also E-beam

evaporated over the backside of substrate to perform as a heating unit. The NiCr

heater can perform heating up to 350 °C. A photograph of fabricated sensor is shown

in Fig. 6.9.

(b)
Figure 6.8: Typical TEM images of multi-walled CNT (a) before and (b) after

purification.
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Figure 6.9: Photograph of the fabricated sensor.
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6.4.3 Characterization of Gas-sensing Films
Fig. 6.10a—c illustrates morphology of the sensing films by scanning

electron microscopy (SEM), showing the presence of metal oxide grains.

Figure 6.10: SEM images of sensing films; (a) undoped SnO, film, (b) 0.5 wt%
CNT-SnO; film and (¢) 1wt% CNT-SnO, film. The yellow circles in (b) and (c)
indicate CNT fragments, (d) typical cross-sectional SEM image of CNT-SnO, film
and (e) typical HRTEM image of CNT—SnO; film.
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Spherical SnO, particles are clearly observed in the undoped tin oxide
film (see Fig. 6.10a). In the CNT-doped SnO; films, such spherical particles are
smoothed out and smaller SnO, grain sizes are observed. In addition, the CNTs are
well embedded and randomly arranged inside the SnO; film as circled in Fig. 6.10b
and c. It can be seen that although the distributions of CNTs in the films are quite
random, the densities of the observed CNTs are proportional to the concentration of
CNTs in the initial mixed powders. Therefore, the amount of CNTs in the film can be
well controlled by varying the percentage of CNTs in the initial mixed powder.

Typical cross-sectional SEM image of CNT-doped SnO, film is shown in
Fig. 6.10d. It indicates that the film thickness is about 270 nm, slightly lower than the
expected value of 300 nm. The small discrepancy should be due to some calibration
inaccuracies of quartz crystal monitor. The detailed structure of CNT—SnO,
composite was characterized by high-resolution TEM (HRTEM). The samples were
prepared by E-beam evaporation of SnO,/CNT onto carbon coated copper TEM grid,
which was done at the same time as coating on interdigitated electrodes. A typical
HRTEM image of CNT-SnO, composite is shown in Fig. 6.10e. From the HRTEM
image, it can be identified that a single multi-walled CNT fragment is indeed
embedded in the nanocrystalline SnO, layer. The diameter of CNTs and the crystal
size of SnO, were estimated to be in the range of ~20-40nm and 3-10 nm,
respectively. Comparing to the TEM image of pure CNT (Fig. 6.8b), the nanotube
walls cannot be resolved due to the presence of SnO, nanocrystalline thin film
surrounding the surface of CNT.

A plausible mechanism for CNT-SnO, co-evaporation can be drawn as
follows. When SnO, was evaporated at temperature of ~1500 °C in a vacuum of ~10~
Torr, CNTs fragments that are small and very light, were carried into the vapor by
surrounding SnO; molecules. It should be noted that CNTs themselves were not
decomposed during evaporation because this temperature is well below CNTSs’
sublimation point (>3000 °C) in a high vacuum condition. Thus, these results prove
our new concept that CNTs can be co-evaporated with SnO2 material with no

significant decomposition at the evaporation temperature of ~1500 °C. In addition,

CNTs can endure treatment of high-energy electron beams (~7.67 kV) in a
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highvacuumof 10> Torr. When CNT molecular fragments arrived at the substrate that
was held at 130 °C, SnO, vapor was condensed and coated around them. As the
substrate was cooled down, CNTs remained in the lattice of SnO, due to
physicochemical binding between SnO, and CNTs. This result is evident as seen in
the TEM and SEM images. The fact that there should be physical binding between
SnO, and CNTs can also be inferred from other reports that demonstrate SnO, coating

around CNTs [86-91].

6.4.4 Sensor Responses
The produced sensors were placed in a desiccator that served as a gas
sensitivity test chamber. The total volume of the chamber is 22.35 1. Gas response (S)
is calculated as follows:
R

5= (6.4)

air

where R,i; and Ry, are the resistances of the sensor in air and in the
presence of desired gas, respectively.

The undoped SnO, sensor, 0.5 wt% CNT-SnO, sensor and 1 wt% CNT-
SnO; sensor show response to ethanol (EtOH) and methanol (MeOH) as shown in
Fig. 6.11a and b, respectively. It should be noted that the selected film thickness of
300 nm is an optimized value for electrical conductivity and sensitivity. It was found
from our study that sensors with thickness of less than 200 nm and more than 400 nm
will have too low and too high electrical conductivity, respectively. In addition, the
gas-sensing response is increased as thickness increases from 50 nm to 200 nm and
the response becomes quite independent of thickness as the thickness increases from
200 nm to 400 nm and begins to slowly decrease as the thickness increases further. In
addition, a variation of less than 30% was found among ten tested sensors and the
sensors have a long term drift of less than 20% over 6 months of operation. Thus, the
fabricated sensors have reasonably good reproducibility and stability.

From Fig. 6.11, it can be seen that these materials behave as n-type
semiconductors since their resistance decreases in the presence of a deoxidizing gas,
whereas MWCNT-SnO2 film prepared by spin coating technique behave as p-type

semiconductors [88].
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Figure 6.11: Sensor responses of undoped SnO, sensor, 0.5 wt% CNT-SnO, sensor

and 1 wt% CNT-SnO; sensor to different concentrations of (a) EtOH and (b) MeOH.
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Under the operating temperature range ~250-300 °C, CNT doping can
improve the response of gas sensor on EtOH and MeOH compared with the pure
SnO, sensor. The response of native SnO, sensor is lower than 2% while CNT-doped
SnO, sensors give the response higher than 65% at concentration 1000 ppm under
such temperature range. The amount of CNT doping exhibits different change in
response to EtOH and MeOH vapors. Hence, the 0.5 wt% and 1 wt% of CNTs show
highest response toward MeOH and EtOH, respectively. These results confirm that
varying of CNT concentration can be used to tune sensitivity and selectivity of SnO,
sensor to a desired gas. In this case, the modified gas sensors can be employed to
target MeOH vapor in the MeOH/EtOH mixture. Nevertheless, if CNT amount
exceed, the gas sensitivity will be reduced because the CNTs begin to connect

together and result in shorter resistance path [92].

6.4.5 Sensing Mechanism of CNT-SnO, Gas Sensors

From the gas-sensing data, small percentage of CNT doping significantly
enhances the sensing of MeOH and EtOH. The results are consistent with other
reports based on CNT-SnO, composites [86-92]. In these reports, various
explanations for gas-sensing enhancement by CNTs have been proposed, for
examples, amplification effect of the PN junction structure between n-SnO, and p-
SWCNT [86], the oriented growth of SnO; along the CNTs during heat treatment and
its consequent enhancement of the local electric field favorable for the gas-sensing
reaction [91] and increased surface area due to the formation of CNT protrusions [92].
The PN junction structure between SnO, and SWCNT is not applied in the present
case because MWCNTs are used. In this work, we propose that the observed
enhancement effect is attributed to the nanochannels formed by MWCNTSs embedded
in SnO,. The formation of the nanochannels in SnO, surface can increase the
diffusion of the gas molecules into the metal oxide surface as well as enhance local
electric field at CNT-SnQO; interface. This can considerably enhance dehydrogenation

reactions of MeOH and EtOH as described by [95]:

2CH;0H + O,— 2CH30 + H,O + e— (65)
2CH;CH,0OH + O,— 2CH3CHO + H,O + e— (6.6)
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Since the effect of CNTs on gas sensing is primarily on the surface, the
gas-sensing response is not significantly dependent on the thickness when the
thickness is sufficiently large. This is in accordance with our observations. Increasing
surface area due to CNTs intrusion and observed smaller grain size due to CNTs
doping can partly contribute to enhancing gas reaction. However, the contribution
from these effects is relatively small because CNT concentration is so low that the

specific surface area is only slightly affected by CNTs inclusion.

6.5 Conclusion

In this chapter, fabrications, sensing properties and sensing mechanism of
nanostructure gas sensors including ZnO, Au-doped ZnO, SnO, and CNT-doped SnO,
prepared by using both thermal oxidation and E-beam evaporation techniques have
been reported. In case of Au-doped ZnO gas sensors, the results show that doping 10
wt% Au could improve the sensitivity of gas sensors on VOCs. The responses of the
sensors are linear with gas concentrations varying from 100 to 1000 ppm. Therefore,
it can be used for predicting the gas concentrations of unknown VOCs. In case of
CNT-doped SnO,, the doping of CNTs could enhance the sensitivity of SnO, sensor
while their concentration plays an important role in selectivity to VOCs such as EtOH

and MeOH.
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CHAPTER VII
HYDROGEN GAS SENSOR

7.1 Introduction

Hydrogen (H,) is one of the most useful gases, being used in many
chemical processes and various industries including aerospace, medical,
petrochemical, transportation, and energy [96-98]. In recent years, H, has attracted a
great deal of attention as a potential clean energy source for the next generation of
automobiles and household appliances due to its perfectly clean combustion without
any release of pollutants or greenhouse gases [99]. However, this low molecular
weighted gas can easily leak out and may cause fires or explosions when its
concentration in air is between 4% and 75% by volume [100]. Moreover, H, is a
colorless, odorless and tasteless gas that cannot be detected by human senses.
Therefore, it is very essential to develop the effective H, gas sensors for monitoring of
H, leaks.

Tungsten Oxide (WO3) is one of the most widely studied gas-sensing
materials due to its fast, high sensitivity response toward NOy [101-104], H,S [105-
108], C,HsOH [108,109] CO [110], NH3 [110-114] and O; [115]. In case of H,
detection, it is well known that H, molecules are not activated on the smooth WO3
surface of single crystals [116]. Addition of some noble metals such as Pt, Pd, or Au
[117-121] to WOs usually improves the sensitivity and selectivity to H, gas. These
metal doped WOs; films can be prepared by several methods, including screen printing
[117], sputtering [118,119] and sol-gel process [120,121].

In the chapter, multi-walled carbon nanotube (MWCNT)-doped WO3 thin
films fabricated by an electron beam (E-beam) evaporation process and their
application for H, gas sensing are reported for the first time. The E-beam process
offers extensive possibilities for controlling film structure and morphology with

desired properties such as dense coating, high thermal efficiency, low contamination
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high reliability and high productivity. MWCNTs were selected for doping because of
their larger effective surface area, with many sites available to adsorb gas molecules,
and their hollow geometry that may be helpful to enhance the sensitivity and reduce
the operating temperature. Furthermore, MWCNTSs were reported to be sensitive to

H,, with good recovery times [122].

7.2 Experimental

7.2.1 Preparation of Materials

Commercial WO; powder was obtained from Merck and used without
further purification. MWCNTs were grown by the thermal chemical vapor deposition
(CVD) process. The catalyst layer of aluminium oxide (10 nm) and stainless steel (5
nm) was deposited on the silicon (100) substrates (Semiconductor Wafer Inc.) using
reactive sputtering apparatus. The synthesis of MWCNTs was performed under a flow
of acetylene/hydrogen at a ratio of 3.6:1 at 700 °C for 3 min. To obtain high purity
MWCNTs, the water-assisted selective etching technique [123] was applied after each
CNT’s growth stage. Water vapor (300 ppm) was introduced into the system by
bubbling argon gas through liquid water at room temperature for 3 min. The sequence
of acetylene/hydrogen and water vapor flows was repeated for five cycles. Based on

the scanning electron microscopic (SEM) image, as shown in Fig. 7.1, the diameter

and length of the MWCNTs are ~35 nm and ~26 pm, respectively.

Figure 7.1: SEM images of the produced MWCNTSs grown by the CVD process.
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The electrical conductivity of MWCNTs was ~75 S/cm, as measured by a
four-point probe method at room temperature. In addition, high-resolution
transmission electron microscopic (HR-TEM) imaging, as shown in Fig. 7.2, confirms
that CNTs are multi-walled, with the width and number of walls being ~4.6 nm and
14, respectively. Thus, the spacing between two graphitic layers is ~0.33 nm, which is

in good agreement with theoretical and experimental values.

Figure 7.2: High resolution TEM image of the produced MWCNT grown by the
CVD process.

7.2.2 Fabrication of MWCNTs-doped WO; Thin Film

MWCNT-doped WOs thin film was fabricated by the E-beam evaporation
technique onto Cr/Au interdigitated electrodes on an alumina substrate [124]. The
target was prepared by mixing 99 wt% of WO;3; powder with 1 wt% of MWCNT
powder using a grinder in a mortar for 30 min and then pelletizing with a hydraulic
compressor. Deposition was performed at a pressure of 5x10 ° Torr in the evaporation
chamber. The substrate was rotated and kept at 130 °C during the deposition in order
to obtain a homogeneous thin film. The deposition rate was 2 A/sec and the final film

thickness was 150 nm, as controlled by a quartz crystal monitor. After E-beam
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evaporation, the film was annealed at 500 °C for 3 h in air to stabilize the crystalline
structure. In addition, an undoped WOs; thin film was also fabricated using the same

conditions for comparison.

7.2.3 Measurement of Gas Sensing

To evaluate the gas sensing properties of the thus prepared thin films,
MWCNT-doped WO; and undoped WOs5 gas sensors were placed inside a stainless
steel chamber and the resistance measured using a 8846A Fluke multimeter with 6.5
digit resolution. The gas sensing measurements were made within a dynamic flow
system with control of sensor operating temperatures (200-400 °C) under variable gas
concentrations (100-50,000 ppm). Hydrogen (H;), ethanol (C,HsOH), methane
(CHa), acetylene (C,H»), and ethylene (C,H4) were used to test the sensing properties
and selectivity of the thin films. The sample gas flow time and the clean air reference
flow time were fixed at 5 min and 15 min, respectively. It should be noted that these
switching interval was selected so that the resistance change is at least 90% of the
saturated value. The sensor resistances were sampled and recorded every second using

LabVIEW with a USB DAQ device for subsequent analyses.

7.3 Characterization of Thin Films

Surface morphology, particle size and crystalline structure of the films
were characterized by SEM and TEM. Figure 7.3 shows the SEM surface morphology
of MWCNT-doped WOs thin film deposited on an alumina substrate. It was seen that
the film coated on the rough alumina substrate has approximate grain sizes ranging
from 40 to 80 nm. The nanometer grain size together with the roughness of the
alumina substrate can enhance the gas sensitivity of thin films [125,126] because
more gas adsorption sites are available due to the increased surface area and porosity.
With the SEM resolution, CNT structure cannot be observed on the thin film surface.
Therefore, TEM characterization was used to confirm CNT inclusion into the WOj3
film. It should be noted that copper TEM grid samples were loaded inside the
evaporation chamber for sample deposition at the same time as coating on the Cr/Au

interdigitated electrodes. TEM observation clearly shows CNT inclusion into the



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Physics) / 67

nanocrystalline WO3, while the electron diffraction pattern exhibits polycrystalline

phase in the film, as shown in Figure 7.4a and b, respectively.

Figure 7.3: SEM image of MWCNT-doped WO3 thin films on alumina substrate.

(b)

Figure 7.4: (a) High-resolution TEM image and (b) corresponding selected area
diffraction pattern of MWCNT-doped WOj; thin film.

The film morphology obtained in our study is in accordance with

observations on nanocrystalline WO; films grown by other methods [127,128].
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Doping of CNT does not change the phase or surface morphology of the film, but it
may help form nanochannels in WO; films, leading to the enhancement of the

sensitivity and reduction of the operating temperature.

7.4 Sensing Properties of Thin Films
The sensor response (S) of the thin films is defined as the percentage of

resistance change:

S(%)=(R°R_ij100 (7.1)

0
where RO and R are the resistance of the thin films in pure air and test gas,
respectively. Fig. 7.5 shows the response of the undoped WO; and MWCNT-doped
WO3 thin films to 1,000 ppm H; at varying operating temperatures.
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Figure 7.5: Sensing response to H, (1,000 ppm) at different operating temperatures.

It can be seen that the response of the films increases as the operating
temperature increases up to 350 °C, and then decreases. The gas-sensing response
increases with temperature in the 200-350 °C range because thermal energy helps the

reactions involved overcome their respective activation energy barriers [129,130].
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However, if the operating temperature becomes too high (i.e., >350 °C), the adsorbed
oxygen species at the sensing sites on the film surface will be diminished and less
available to react with H, molecules [131], thereby limiting the film’s response. At
any operating temperature, the sensor response of the MWCNT-doped WO; thin film
is higher than that of the undoped WO; thin film. Specifically, at the optimum
operating temperature (350 °C), MWCNT-doped WOs; thin film yields a 26.9 %
higher response than the undoped one. The doped sensor prepared in this work also
shows higher response than the WO; films prepared by the sol—gel process [120].

One major advantage of MWCNT-doped WOj3 thin film is that the sensor
can be operated at a lower operating temperature (250 °C), especially if this sensor is
used to measure the H, gas at higher concentrations (5,000-50,000 ppm). As shown in
Fig. 7.6, at such a concentration range, there are sufficient numbers of H, molecules
available to react with the surface oxygen adsorption sites. It is also well-known that
MWCNTs contribute to the reduction of sensor resistance of metal oxides [132] and
the activation energy between the WO; surface and H; gas. The details of the sensing

mechanisms of MWCNT-doped WOs thin films will be discussed in the next section.

Response (%)
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Figure 7.6: Sensing response of the undoped WO3; and MWCNT-doped WOj; thin

films to high H, concentrations (5,000-50,000 ppm) at the operating temperature of
250 °C.
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To demonstrate the selectivity of the MWCNT-doped WOs thin film, its
sensing response (at the operating temperature of 350 °C) to various gas vapors,
namely H,, C;HsOH, CH4, and C,H,, was measured and plotted (Fig. 7.7). It can be
seen that MWCNT-doped WOs thin film exhibits a strong response to H,, and much
weaker responses to C;HsOH, CHy, and C,H,. In particular, this thin film was found
to be insensitive to C,H, at the optimum operating temperature of 350 °C. It is

therefore concluded that the MWCNT-doped WOj; thin film exhibits high selectivity

to Hz.
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Figure 7.7: Sensing response of MWCNT-doped WO3 thin film at the operating

temperature of 350 °C to various concentrations of different gas vapors.

7.5 Sensing Mechanism of MWCNTs-doped WO;3; Thin Film

It is well known that WOs3 is an n-type semiconductor while CNT is a p-
type semiconductor. MWCNT-doped WOs; thin film can be either p-type or n-type
semiconductors depending on the quantity of MWCNTs and the operating
temperature [133]. In this work, the produced MWCNTs-doped WO; thin film
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behaves as an n-type semiconductor since the electrical conductivity of the film
increases when reducing gases, i.e. H,, are absorbed by its surface. Doping of
MWCNTs into the WO; matrix can introduce nanochannels and form p-n
heterojunctions in the thin film. These nanochannels play an important role for gas
diffusion. The gas molecules can easily transport into the gas-sensing layers leading
to increasing sensitivity [134,135]. In addition, MWCNT-doped WO; thin film p-n
heterojunctions could be formed at the interface between WO; and the MWCNTs
[133,136]. When H; gas is exposed to MWCNT-doped WOs thin film, the widths of
the depletion layers at the p-n heterojunctions can be modulated. The potential
barriers at the interfaces or inside the WO3; may be changed. This change of the
depletion layer in the p—n heterojunctions of MWCNT-doped WO; thin film may
explain the enhanced response of the film at low operating temperatures. Various
oxygen species chemisorbed at the thin film surface such as 0%, Oy, and O are
available for catalytic reactions with Hj, thus depending on the temperature at the
metal oxide surface [137]. At the operating temperature range of 200400 °C, O is
commonly chemisorbed. Consequently, the chemical reaction underlying the H, gas
sensing in this study is given by [138]:
H,+0,,—>H0+e" (7.2)
The adsorbed O™ on the thin film surface reacts with the H, gas yielding
H,O and releasing electrons which contribute to the current increase through the thin

film that causes the electrical conductivity to increase.

7.6 Conclusion

MWCNT-doped WOs thin film was successfully prepared by the E-beam
evaporation technique. The 1 wt% MWCNT-doped WO; thin film exhibits n-type
semiconductor behavior of the polycrystalline phase. Doping with MWCNTSs does not
significantly change any phase or surface morphology of the film, but it introduces
nanochannels and form p-n heterojunctions in the WO; matrix. The MWCNT-doped
WO; thin film exhibits high selectivity and sensitivity to H, over a relatively wide
range of concentrations (100-50,000 ppm). Moreover, it can operate at a relatively

low temperature. This should be useful for developing high performance H, gas
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sensors. To our best knowledge, this is the first report on MWCNT-doped WOs3
hydrogen sensors prepared by the E-beam method.
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CHAPTER VIII
ELECTRONIC NOSE

8.1 Introduction of Electronic Nose

An electronic nose (E-nose) refers to an instrument which comprises an
array of electronic chemical sensors with partial specificity and an appropriate pattern
recognition system, capable of recognizing simple or complex odours [139]. The E-
nose was developed in order to mimic human olfaction that functions as a non-
separative mechanism. Analogy between the biological nose and E-nose [140] is

demonstrated in Fig. 8.1.
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Figure 8.1: Comparison between Mammalian Nose and E-nose.

(Fig. from Pacific Northwest National Lab)

The human nose uses the lungs to bring the odor to the epithelium layer
while the E-nose uses a pump. The human nose has mucous, hairs, and membranes to
act as filters and concentrators. In case of the E-nose, it has an inlet sampling system
that provides sample filtration and conditioning to protect the sensors and enhance
selectivity. The human epithelium contains the olfactory epithelium that contains
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millions of sensing cells that selected from 100-200 different genotypes which
interact with the odorous molecules in unique ways. The E-nose has a variety of
sensors that interact differently with the sample. The human receptors convert the
chemical responses to electronic nerve impulses. The unique patterns of nerve
impulses are propagated by neurons through a complex network before reaching the
higher brain for interpretation. Similarly, the chemical sensors in the E-nose react
with the sample and produce electrical signals. A computer reads the unique pattern of
signals and interprets them with some form of intelligent pattern classification
algorithm such as principal component analysis (PCA) or artificial neural network
(ANN). The first E-nose experiments were conducted in the early 1980s [141]. In
general, an E-nose includes three major parts: a sample delivery system, a detection
system, a computing system. The construction of portable E-nose will be

systematically explained in next section.

8.2 Construction of Portable E-nose
The schematic diagram of portable E-nose system is shown in Fig. 8.2. It
consists of three main parts: (i) air flow system (ii) sensor chamber and (iii) data

acquisition (DAQ) and measurement circuit.

J, Air In
M
‘ Pump ‘ ‘ Reference ‘ Sensor
[ [ [ Array
Flow :J Flectrical — ] I_l—_,.
Control 1 Valves

Air Out

NI-DAQ Circuit boards for control
6008 devices

USB Port

Figure 8.2: Schematic diagram of the portable E-nose system.



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Physics) / 75

For the first part, the air flow system is comprised of air compressor, four
electrically solenoid valves, sample and reference glass containers, stainless steel
pipes, and mass flow controller. The clean air produced from air compressor carries
aroma molecules of sample into a sensor chamber at a specific flow rate. The flow is
controlled by a mass flow controller and four solenoid valves. The USB-DAQ card
sends analog signal for flow rate adjustment and receives a set of digital signal back
for reading the real-time flow rate value. When current flow rate reaches to a desired
flow rate, the USB-DAQ card sends digital signal for selecting the path of air flow by
controlling four solenoid valves. Switching between the reference and the sample
glass containers is used to obtain the baseline and signal, respectively. Noteworthy, it
can also be help to reduce the humidity effect that is a major problem in field
application of the E-nose [142]. In second part, sensor chamber can be designed to

deserve with the type of gas sensors. Based on our study, one of the best of sensor

chambers is radially symmetric sensor chamber as shown in Fig. 8.3.
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Figure 8.3: Radially symmetric sensor chamber.
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This chamber has a radially symmetric flow splitter which all gas sensors
can be simultaneously exposed to the same chemical samples under the same
experimental conditions [143]. The air carrying the aroma molecules is introduced
into the sensor chamber through 2.5 mm of caliber at the bottom of the chamber.
Then, it is perpendicularly exposed to eight gas sensors by using eight flow splitters.
Upper the eight flow splitters, there is a splitter plate to avoid a laminar air flow from
bottom to top. The air from all sensors is combined again via air combinator while the
temperature and humidity sensors are mounted underneath air combinator in order to
measure the sensor chamber envelopment. For the measurement circuit, data
acquisition is realized by a USB DAQ device (NI USB-6008) from National
Instruments. A simple linear circuit, called as voltage divider, combined with an
analog multiplexer is employed for measuring the resistance of each gas sensor. To
obtain noise reduction and higher precision, RMS measurements with a low side lobe
window are employed to apply to the signals [144, 145]. The main lobe is centred at
each frequency component of the time domain signal and the side lobes approach zero

at
Af == (8.1)

where Fs is the frequency at which the acquired time domain signal was
sampled. N is the number of points in the acquired time domain signal. The resulting

values of each sensor were recorded every 1 s for subsequent analyses.

8.3 Principal Component Analysis

Principal Component Analysis (PCA) was used for pattern recognition
and classification of samples measured by the portable E-nose. PCA is a statistical
technique that allows an easy visualization of all correlated information [146]. In
principles, PCA process contains five steps as follows:

i. Get data from matrix, X, . The row M represents different repetition

of the experiment and the column N represents the number of

independent sensors.
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Normalize the data matrix, Norm(X,, ), by the mean subtraction. The

mean of each N column is calculated and subtracted from the data set.
Hence, the new data set produces the mean equal to zero.

Calculate the covariance matrix, Cov(X,,.,), and calculate eigenvectors
and eigenvalues of the covariance matrix. The calculated eigenvectors
must be unit eigenvectors.

Rearrange the eigenvectors and eigenvalues. The eigenvectors are

ordered by eigenvalues from highest to lowest, (Cov(X,,.,,))

max—min *

Obtain the PCA result by matrix multiplication and transpose,
((Cov(XMxN))maHmin®Norm(XMxN))T. The obtained new dataset with

orthogonal linear transformation have been plotted in two or three

dimensions containing the most relevant of the data set.

8.4 Feature Extraction Techniques

Preprocessing or feature extraction from the acquired sensor signal prior

to the use of PCA is very necessary to get better separation. In general, only simple

features, i.e., the maximum and minimum resistances as obtained from switching

between the reference and sample, were extracted and used for analyses, as shown in

Fig. 8.4.

——=Sensor Signal
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Time

Figure 8.4: Typical raw data from a sensor and the max/min feature extraction on

each curve.
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The maximum and minimum resistances were the averaged values of their
10 neighboring data points. Since there is a gradual change in the reference and
sample resistances over time, it is necessary to correct such baseline shift as time

proceeds (See Fig. 8.5).
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Figure 8.5: Correction method of baseline shift as time proceeds.

From Fig. 8.5, index r denotes the reference, while index s denotes the

sample. Index rx is defined as a baseline-corrected reference value. The variable (n)

represents the running number of measurement loop (switching between the reference

and sample). A linear interpolation is used as a baseline connecting between two

reference points (R (n)andR (n+1)). The corrected reference point (R, (n)) is

calculated by projecting the sample point onto the baseline. As a result, the baseline-

corrected difference between the sample and reference resistances is calculated via the
following formula:

AR(n) =R (n) - R, (n) (8.2)

R,(n+1)—-R,(n)

2

However, the max/min feature extraction is not enough to classification

Where R, (n) =

+R.(n) (8.3)

by PCA for some cases. New feature extraction methods that to higher classification
performance as compared to the classical features have been proposed [124]. That is

integral and primary derivative.
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Two features; integral and primary derivative, having specific physical

meanings were proposed as the following formulation:

b
Integral; 1 = [V, dt (8.4)

. o dv,
Primary derivative; D, =d—:“‘ (8.5)

where Vo represents a sensor signal.
In real calculation, the integral and primary derivative of V,, are obtained

from the elements of y'and y?”, respectively using the following relations;

y! :%io(xj_l+4xj +X,,,)dt (8.6)
=
1
Y :_Zdt (X2 = Xi1) (8.7)

Wherei=0, 1, 2, ..., n—1and n is the number of samples.

In addition, signal integral refers to the accumulative total of the reaction
degree-changing while primary derivative of signal represents the reaction rate
[147,148].

8.5 Conclusion

In this chapter, we have reported how to invent a portable E-nose which is
inexpensive, fast, reliable and suitable for use for the detection and classification of
both solid and liquid samples. In addition, feature extraction techniques including
integral and primary derivative have been proposed for improving classification
performance by PCA.
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CHAPTER IX
REAL WORLD APPLICATION OF E-NOSE

9.1 Detection and Discrimination of Volatile Organic Compounds

From chapter 6, pure and Au-doped ZnO nanostructure sensors prepared
using thermal oxidation technique were found to be suitable to employ in detecting
alcoholic solution and beverages. The ethanol, methanol, propanol and various Thai
beer, Thai wine and Thai whiskey samples were measured using the E-nose based on
these two nanosensors. The data were introduced into PCA for recognition and
discrimination of samples. The PCA method can be used for dimensionality reduction
of a dataset while retaining those characteristics of the dataset that contribute most to
its variance as shown in chapter 8.4. The input data can be the percentage change of
every sensor or only some sensors for multiple measurements of different samples.
However, in this E-nose, there are only two sensors. It means that the dataset only has
two dimensions. Feature extraction techniques need to be applied to raw data for
selecting the appropriate data and for increasing the dimension. The last 10 samples of
each sensor before and after switching to another line were averaged. The difference
of both values was used. Another feature can be extracted from the range of decay
times. The difference of slope for the sample measurement was also used. Therefore,
one experiment can give four different sensor output features.

Figure 9.1 shows two-dimensional PCA results for discrimination of
alcohols. In Fig. 9.1a, it can be observed that the E-nose based on two nanosensors
can discriminate quite well between the ethanol, methanol and propanol with PC2 of
11.66% and PC3 of 0.74%. Thai alcoholic beverage sample points locate around the
ethanol sample points because alcoholic beverages have the contents of ethanol.
However, in the case of Thai wines having the same percentage of alcohol (12.5%
alcohol by volume), the E-nose can clearly discriminate the white and red wines as
shown in Fig. 9.1b with PC1 of 80.60% and PC2 of 16.29%. The discrimination of
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white and red wines even with the same alcohol amount indicates that the E-nose is

sensitive to other vapour ingredients apart from alcohols as well.
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Figure 9.1: Results of PCA for discriminate of (a) alcohols and (b) typical Thai

wines.
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9.2 Detection and Classification of Human Body Odor

9.2.1 Background

Nowadays, E-nose are well-known as efficient analytic devices that are
widely used for many applications such as quality control of foods [149-153] and
beverages [154-157], public safety [158,159], air protection [160,161] and medical
applications [162-166]. Recently, there have been increasing interests in the
application of E-nose for measurement of human body odors. If successful, many new
applications await in such area as healthcare monitoring, biometrics and cosmetics. In
principles, the human body dynamically generates unique patterns of volatile organic
compounds (VOCs) under diverse living conditions such as eating, drinking, sexual
activities, health or hormonal status [167]. These VOCs released from the human
body can give some information about diseases, behavior, emotional state and health
status of a person [168]. In addition, body odor is one of the physical characteristics
of a human that can be used to identify people [169]. The human odor is released
from various parts of body and exists in various forms such as exhalation, armpits,
urine, stools, farts or feet. Natale et al. [170] developed an E-nose that can diagnose
the urine odor of the patients with kidney disorders. Phillips and co-workers
demonstrated the detection of lung cancer [171] and breast cancer [172] from human
breath using E-nose. An E-nose was also tested to help monitor alcoholic
consumption of aged persons by measuring the odors from exhalation [173].
However, to our best knowledge, no report is yet available on E-nose monitoring of
human armpit odor. In fact, the armpit is a skin region where a vast number of glands
and bacteria cooperate to produce a strong smell [174,175]. It can be the best source
for sampling volatile chemicals released from the human body, which may give a
unique pattern allowing identification of different persons.

One important obstacle to the detection the human body odor from
armpits is sweat. Each day, humans produce different quantities of sweat, depending
on the environment and, more importantly, life activities. Since it is well-known that
most gas sensors are to some extent sensitive to humidity [176] this varying sweat
content can be a problem for measurement of armpit odor samples. Therefore, a
correction of the humidity effect is necessary to ensure a pure sensor response to only

the volatile organic compounds that match with the identity of individual persons.
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Another problem for E-nose measurement of armpit odor is the disturbance from
artificial chemicals such as deodorants because most adult people utilize deodorants
to reduce unpleasant body odor. An interesting question arises whether E-nose can
identify persons using deodorant or not? If both problems can be solved, biometrics
based on armpit odor recognition would become viable.

In this section, we propose a strategy to identify persons based on
measurement of human body odor from armpits. To demonstrate this concept, we
have designed and constructed an E-nose based on a set of metal oxide gas sensors as
shown in Table 9.1. With this E-nose and the proposed method, identification of two
persons either with or without using deodorant could be achieved.

Table 9.1: Specifications of each metal oxide sensor.

Typical Detection  Heater Power

Sqpson VIR Ranges Consumption
TGS 813 Combustible gases 500 - 10,000ppm 835 mw
TGS 822  Organic solvent vapors 50 - 5,000ppm 660 mW
TGS 825 Hydrogen sulfide 5 - 100ppm 660 mW
TGS 880 Cooking vapors 10 - 1,000ppm 835 mW
TGS 2602 Air contaminants 1 - 30ppm 280 mW

In this work, we have used gas sensors as commercially available from
Figaro Engineering Inc (TGS gas sensor). The gas sensors, as listed in Table 9.1, were

selected in order to cover the targeted gases that presented in human body odor [177].

9.2.2 Humidity Control

As discussed in the introduction, most chemical gas sensors are sensitive
to humidity. Therefore, if two identical samples with a different humidity are
measured, the results can be different. In our work, we propose two methods as
solutions to this problem. The first is a hardware-based method, where the sample was

handled so as to have almost the same humidity as the background. Under such
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condition, the humidity signals will be equivalent for the sample and the reference,
thereby only signals from the odors of interest result. To produce a constant humidity
background, the carrier gas was directed to flow through a liquid water container that
is immersed in a temperature-controlled heat bath (see Figure 9.2). The temperature of
the heat bath can be adjusted until the generated humidity reaches the desired value. It
IS intuitive to anticipate that the native humidity would be lower than the higher
generated humidity. We have done an experiment to investigate whether the generated
humidity could overcome the native humidity of the samples. A humidity sensor was
installed inside the sensor chamber. The temperature of the heat bath was adjusted
until the reference humidity reached a desired value of 25%, 50% and 75%,
respectively. Then, the humidity difference between the reference and the sample was

compared and discussed (Section 9.2.5).

» Reference Glass
Flow
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Pump

Sample Glass

Water

Constant Temp.
Figure 9.2: Schematic diagram of humidity control using hardware-based method.

The second solution to the humidity problem is a software-based
approach. A mathematical model describing the resistance of each gas sensor at
different humidity level can be calibrated to subtract the humidity signal from the
total signal. Although each aforementioned approach can be used independently, we
have employed both schemes concurrently to achieve maximum accuracy. In addition,
it should be noted that these humidity corrections could be applied in other E-nose
systems or in the field conditions. Samples other than the human body odor can also
be used with this algorithm. However, varying humidity (10-90%) should be tested

before a measurement of a desired sample.
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9.2.3 Human Body Odor Collection

Human body odors from armpits were collected from two male
volunteers. The experiment was performed for five days with a sample collection of
the armpit odors in the morning right after waking up (the volunteers typically wake
up around 7-8 am) and in the afternoon (8 hours later). Cotton pads were used to
transfer the odors from the armpits to the E-nose. A cotton pad must be in direct
contact with the armpit for 10 minutes and stored in a special sample glass bottles
with a screw-on closure. Once the morning samples were collected, the glass bottles
were transferred to laboratory for E-nose measurement. To minimize the odor change
due to bacteria, the samples, transferred via a heat protection container, were
measured within 30-50 minutes after sample collection. For the afternoon samples, E-
nose measurement can be done immediately after odor sampling.

During the experiment period, the volunteers were requested to go about
their ordinary life and activities: for example, they took a shower twice a day (before
going to bed and after waking up following the morning sample collection). To avoid
fluctuation in odor samples, they were not allowed to have sex and/or consume
alcohol. To study the effects from deodorant, the volunteers were requested to use
deodorant, after taking shower in the morning, but only on the right arm.

9.2.4 Evaluation of Sensor Response to Body Odor Strength

There are more refined and less subjective ways to measure odor strength
in direct way. For instance, the concept of dilution-to-threshold principle can be used
quite accurately to reduce uncertainties associated with subjective impressions [178—
180]. In the cosmetic industry, human olfaction has been commonly employed to
evaluate the odor strength of armpit for the development of deodorants. The armpit
odor comprises a complex set of chemicals. Previously, isovaleric acid and volatile
steroids (such as androstenone, androstadienone and androstenol) were thought to be
the major contributors to armpit odor. However, armpit odor having more distinct and
pungent oder involves the presence of other volatile compounds as well [181-183].
To simplify the odor strength of armpit, only a single component such as isovaleric
acid can be used for training the sensory panel [184] and representing the sweaty

primary odor [185,186] that contributes mainly to the armpit malodor. Hooper et al
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[184,187] assigned the concentrations of isovaleric acid levels on a scale 0 to 5
corresponding to subjective impression by using human nose, as shown in Table 9.2.
Their test was carried out by a team of three female assessors of ages ranging from 20
to 40 years. They were selected for olfactory evaluation on the basis that each person
is able to rank correctly the odor levels of the series of aqueous isovaleric acid
solution listed in Table 9.2. The scale 0 to 5 has been usually used to represent the
intensity of the armpit smell in the cosmetic industry. The judges are trained to
memorize this scale and classify the odor strength of the samples. In this work, we
evaluated the performance of E-nose in classification of body odor strength using
isovaleric acid solutions prepared according to the intensity scale. A cosmetic face-
cleaning pad with 0.15 mL of aqueous isovaleric solution was placed into a glass

container for measurement.

Table 9.2: The concentration of the isovaleric acid levels that correspond to

subjective impression by using human nose.

Concentration of aqueous

| A\ \ ) Subjective
Level isovaleric acid solution 4 \
impression
(mM)
0 0 No odor
1 0.12 Slight
2 0.48 Definite
3 1.99 Moderate
4 7.88 Strong
5 32.33 Very strong

9.2.5 Correction of Humidity Effects

To investigate the sensor response to humidity, the relative humidity
[%6RH] was varied from 30% to 80%. Resistances arisen from humidity of TGS 813,
TGS 825, and TGS 2602 sensors are displayed in Fig. 9.3a, 9.3b and 9.3c,
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respectively. The graphs for TGS 822 and TSG880 are not shown in this paper of

which behaviors are similar to TGS 813. Mathematical models for the sensors’

response to humidity can be fitted via the following formulations.

Exponential equation of TGS 813:

. )
Rs,,; = 86682.00exp [Mj +55063.48
29.05
Exponential equation of TGS 822:
. )
Rs,,, = 24931.58exp —6RH] +9054.41
37.48
Exponential equation of TGS 880:

—[0
RSge = 90496.88exp (M) +55135.22
36.33

Polynomial equation of TGS 2602:
RS,q0, = 6958.22 +129.172[%RH] - 0.9788[%RH T
Polynomial equation of TGS 825:
RS,,; = 5646.63+103.26[%RH]—1.34[%RH J?

90.0k 4 3 : "“""-;-TGS 813 '
ExpFit of TGS813 |

85.0k 4 \ :
80.0k -
75.0k -

70.0k 4

Resistance [Ohms]

65.0k

60.0k -

20 30 40 50 60 70 80 90
Humidity [%RH]

(a)

(9.1)

(9.2)

(9.3)

(9.4)

(9.5)
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Figure 9.3: Resistance of sensors (a) TGS 813, (b) TGS 825 and (c) TGS 2602 versus
relative humidity.

These mathematical models were included in the data acquisition and
analysis codes, thus allowing the response of sensors to humidity of the samples to be
corrected on the fly. However, to achieve the maximum accuracy, hardware

correction as shown in Fig. 9.2 is co-employed. It was expected that, if the generated
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background humidity dominates the humidity of the sample, the effect arising from
the humidity difference between the reference and the sample would be minimized.
We have tested this assumption by measuring the armpit odor sample of a volunteer.
Various humidity references, e.g., 25%, 50% and 70%, were generated and flowed
through the sample. Table 9.3 shows absolute average percentage changes of
resistances of each sensor and their standard deviations (or standard error) upon
varying humidity background. Each average percentage changes of resistance
presented in Table 9.3 was obtained by averaging data from 3 repeated
measurements, in which each measurement performs switching between the reference
and sample for 5 cycles (totally 15 dataset of each sensor were averaged). It was
found that the change of the resistance between the reference (pure cotton pad) and
the sample (cotton pad + sweat + armpit odor) and its error value become smaller
when the background humidity was increased from 25% to 75%. The variation in
each measurement, as implied by the standard error, was also reduced from +/- 51%
with low humidity background to +/- 7% with higher humidity background, indicating
that fluctuation in the dynamic measurement was also reduced. The decreasing error
indicates less fluctuation of the sensor response arising from the humidity in sweat. At
a lower relative humidity, the sweat in the cotton pad can evaporate much easier and
contributes in a large part for the difference of resistances between the reference and
the sample. At a higher relative humidity, the generated humidity weighs off the
native humidity of the sample, thereby reducing the humidity difference between the
reference and the sample. As shown on the right-most column of Table 9.3, the
humidity difference between the reference and the sample decreases from 2.8% to
only 0.29% when the generated humidity at 25% was replaced by higher relative
humidity at 75%. However, saturated humidity (100%) is not recommended because
it will suppress evaporation of odor molecules, which deteriorates the measurement.
The hardware-based method helps to reduce the effect arising from the
humidity reference between the reference and the sample. It can be said that the
sensor signals consists in a large part contribution from the odors of interest. Thus,
relative humidity at 75% was applied in all experiments for measuring the human

body odors in this work.
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Table 9.3: The absolute average percentage change of resistance of each sensor
upon varying humidity generated by hardware correction.

Background Humidity
o TGS813 TGS825 TGS2602 TGS880 TGS822
humidity sensor

— 3.948 2.211 3.727 4.765 5.529 2.823
(£55%) (+£38%) (+38%) (£37%) (+43%) (+51%)

50% 0.526 0.104 0.264 0.702 2.150 0.550
(£16%) (+£23%) (+x27%) (+£25%) (=+25%) (+20%)

. 0.158 0.057 0.581 0.160 0.185 0.293
(+4%) (+8%) (+4%) (+5%) (+7%) (+7%)

9.2.6 Evaluation of Sensor Response to Body Odor Strength

The response of each sensor to the isovaleric acid prepared according the
intensity levels 1 to 5 is displayed in Fig. 9.4. It can be seen that all sensors can
discriminate intensity level 3, 4 and 5, but fail to distinguish level 0, 1 and 2.
TGS2602 exhibits the highest response to the isovaleric acid. Since the intensity level
of isovaleric acid has an exponential relation with the concentration (as seen in Table
9.2), the sensor response may be mathematically adjusted in order to understand the
relationship between the sensor response with the intensity level, using the
logarithmic function:

Y =In(1-%R) (9.6)

As shown Fig. 9.4b, the logarithm of sensor response is linear with the
odor strength for the intensity levels 3-5. The intensity threshold to isovaleric acid for
all sensors is the intensity level 3. It implies that our E-nose may be limited to classify
odor strength of persons who have at least definite armpit smell. Therefore, we have
chosen two volunteers who have moderate armpit odors for E-nose measurement.

9.2.7 Detection and Classification of Human Body Odor
Armpit odors of two volunteer persons were measured by E-nose during 5

days using a combined hardware/software humidity correction. Fig. 9.5a and 9.5b



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Physics) / 91

exhibit the average of sensor response over 5 days as measured on the left (denoted by

L) and right (denoted by R) armpits.

Level
3 4 5

-40- NN TGS813

1 B TGS825 |
-501 I TGS2602
| [ TGs880 |
| TGS822 |

% Change of Resistence

(a)

4.0] HEN TGS813

{ Bl TGS825

1/ TGS2602
[ TGS880

log of (-%) resistance change

(b)

Figure 9.4: (a) Sensor response to isovaleric acid at different intensity level. (b)

Logarithmic plot of the sensor response.
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Figure 9.5: The sensor response with error bar of (a) person A and (b) person
B in the morning and the afternoon. L and R denote the left and right armpits,

respectively.
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From Fig. 9.5, it was found that TGS822 and TGS2602 have high
response to human body odor in agreement with previous tests with isovaleric acid.
Odor analysis of each person gives an interesting pattern. In the morning, both
volunteers have only weak armpit odor, while the odor strength increases markedly in
the afternoon. It can be seen from all sensors that the left and right arms of a person
yield almost equivalent signals in the morning, since no deodorant was allowed before
sample collection. In contrast, the afternoon results of the left and right arms deviate
distinctly. The deodorant-free left armpit expresses noticeably higher signal strength.
The difference of signal strength between morning and afternoon of each armpit was
tested using a paired t-test with a significance level of 95% confidence (P = 0.05).
Both person A and person B have a similar pattern in the difference of signal strength
between morning and afternoon. For the person A, the mean difference of left armpit
and right armpit between morning and afternoon are 1.500 % change of resistance
(P=0.036) and 0.700 % change of resistance (P=0.250), respectively. In case of person
B, the mean difference of left armpit and right armpit between morning and afternoon
are 1.365 % change of resistance (P=0.004) and 0.775 % change of resistance
(P=0.054), respectively. The paired t-test shows that the signal strength of deodorant-
free left armpit (P<0.05) have statistically significant difference between morning and
afternoon at the level of 95% confidence. In contrast, the changes of deodorant right
armpit between morning and afternoon (P>0.05) did not reach the level of statistical
significance. In general, deodorants suppress the armpit smell by reducing bacteria
activities. Hence, an interesting question arises, “can deodorant blind human
identification by E-nose ?”

To allow an identification of human odors from two persons, Only the
data from the afternoon measurement was introduced into PCA. The PCA result is
shown in Fig. 9.6. The first principal component (PC1) explains 74.0% of the total
variance and the second principal component (PC2) contributes 21.7% of the
variation. The PCA result obviously identifies person A from person B. It indicates
that each person has a specific odor pattern although these people conduct a similar
life style. After both persons arrived at the laboratory, they have spent most of the
time under the same humidity and temperature. The afternoon sample collection took

place almost at the same time and the samples were subjected to measurement
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immediately. Therefore, the afternoon measurement should be more reliable than the
morning one in which the odor change from bacteria could occur. The use of
deodorant may not change the odor fingerprint, though it undoubtedly reducing the
strength of a key chemical such as isovaleric acid that exerts strongly on perception of
body’s smell. In Fig. 9.6, each data point is plotted from day 1 to day 5. It can be seen
that the odor of both armpits change everyday but PCA can still group the data of
each person together. Therefore, E-nose can be a prospective candidate for

identification or authentication of a person like other biometrical technologies [188].
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]
w

PC1 (74.0%)

Figure 9.6: The 2D-PCA of armpit odors from two persons as measured in the
afternoon during 5 days.

9.3 Detection of Methanol Contamination in Whiskeys

The last example of real-world application of our E-nose is to detect
methanol contamination in whiskey. The carbon nanotube-doped SnO, gas sensors
prepared by E-beam evaporation (see chapter 6.4) were employed in sensing part of
the portable E-nose. Since the fabricated sensors show different response to EtOH and
MeOH, the E-nose based on such sensors can be applied to monitor MeOH
contaminant in whiskey. Typical e-nose response to a whiskey is displayed in Fig.
9.7a while the integral and primary derivative of the response are shown in Fig. 9.7b.
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Figure 9.7: (a) Raw responses (b) primary derivative and integral signals of gas

sensors measured using portable E-nose.
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From each sensor response curve, four different features were extracted

for each sample. The first feature extraction is the conductance change, defined asAR

= Rgas-Ro. The second feature extraction is the relative response (A R/Ro). The third

feature extraction is the integral (see section 8.4). This feature was extracted by

calculation of difference accumulative total reaction in the presence of sample gas, i.e.

l12-111 (see Fig. 9.7b). The last one is the primary derivative (see section 8.4). The

maximum amplitude in the same interval was employed, i.e. Dy and D; (see Fig.

9.7b). Each data set extracted from each proposed feature in the form of X, is

introduced into the PCA process. PCA results of the datasets extracted by the

proposed methods; AR, AR/Ry, integral and primary derivative are shown in Fig.

9.8a-9.8d, respectively.
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Figure 9.8: PCA results using feature extraction from (a) AR, (b) AR/Rq and (c)

integral and (d) primary derivative.
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The PCA results show that the feature extraction based on AR cannot
classify the contamination of MeOH in whiskey due to the drift effect of sensor signal
depending on temperature variation in the long time measurement. The classical
relative response (AR/Rg) seems to give a better result thanA R but many samples
disperse in the same region and pure whiskey results locate rather close to whiskey
having 1 vol% of MeOH contamination while MeOH content exceeding 2% (v/v)
would harm the consumer [189]. In such case, the resolution power is not enough to
guarantee the contamination of MeOH in whiskey. For feature extraction using both
the integral and primary derivative data treatments, PCA results show a perfect
classification between pure whiskey and whiskey having MeOH contamination.
Moreover, the primary derivative can cluster all level of MeOH contaminations (1
vol%, 5 vol%, 10 vol% and 20 vol%) in the whiskey as shown in Fig. 9.8d. These
results indicate that the proposed feature extractions, integral and primary derivative,
provide good capabilities in the recognition and discrimination of MeOH
contamination. These may be alternative ways to replace the common methods (AR
and A R/Ro) which are widely used in PCA analysis.

From our PCA results together with feature extraction technique, it can be
seen that although the sensors are structurally similar, they can have sufficiently
distinct response such that it can be used to discriminate different kind of similar
odors. However, it should be noted that features extracted from response behaviors
can be dependent on some measuring details such as chamber size, gas flow rate, and
sensor position in the sensor chamber. Consequently, the feature extraction result can
be considerably different for different E-nose systems. Nevertheless, it should not be a
problem for E-nose applications because this can be well controlled for each E-nose

system and any E-nose system must always be trained under a fixed condition.

9.4 Conclusion
In this section, real world applications of our E-noses combined with various types of
our gas sensors and data processing techniques have been reported. It can be

summarized into three main applications:
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- The portable E-nose can detect the difference between alcohol beverages
and alcohol solutions and can distinguish the difference of white and red wines having
the same percentage of alcohol.

- The E-nose in conjunction with PCA method was shown to differentiate
the body odors of two persons with similar life style and activities. In addition, we
have found that deodorant does not effect the relative identification of these two
persons. This work will open the door to the field of human body odor biometrics.

- Moreover, the portable E-nose shows clearly the classification of MeOH
contamination mixed in the whiskey at higher concentrations than 1% by volume. Our
E-nose will be a useful tool for the whiskey industry and for quick screening of
village-made whiskeys that are usually found of the MeOH contaminant.
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CHAPTER X
SUMMARY

Summary of finding for this thesis can be classified into four main works:

(a) Molecular modeling

- DFTB is an approximate method based on the density functional
framework.

- The DFTB can be useful in calculations of large systems with relatively
good accuracy.

- To study the formation of SiC nanotube, Si atoms can not go into the
IWS through a perfect sidewall.

- Defects on side wall of CNTs play an important role for formation of the
clean SiC nanotube.

- SICNTSs prefers to form sp® bonds between a Si atom and a C atom.

(b) Synthesis of Nanomaterials

- There are two approaches for the manufacture of nanoscale materials,
namely; (I) top-down and (I1) bottom-up methods.

- ZnO nanomaterials can be grown in an amazingly rich variety of shapes
by varying only two parameters including the powder source temperature and the
substrate temperature.

- The substrate temperature affects the kinetics and the thermodynamics
of the condensation and the growth while the powder source temperature affects the
nature and generation rate of growth species.

- The ZnO nanowire nucleation is larger for lower substrate temperature
(larger condensation rate).

- Both the catalyst free (VS) and the catalyst assisted (VLS) modes are

occurring simultaneously for triangular nanosheets formation.
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- Spear-like morphology can be formed in case of Zn incorporation rate
by a catalyst assisted VLS growth is not large enough to consume a large

concentration of Zn (as expected for large powder source temperature).

(c) Fabrication of Nanostructure Gas Sensors

- Electron beam evaporation process is one of the best methods for
fabricating nanostructure gas sensors because it offers extensive possibilities for
controlling film structure and morphology with desired properties such as dense
coating, high thermal efficiency, low contamination, high reliability and high
productivity.

- The 1 wt% CNTs-doped metal oxides, i.e. SnO, and WQOj3, exhibit
behavior of the n-type semiconductors.

- Doping of CNTs does not significantly change any surface morphology
of the sensing film. Instead, it has introduced nanochannels and formed p-n
heterojunctions in the metal oxide matrix.

- The CNTs-doped WO3 sensor exhibits high sensitivity to H, while
CNTs-doped SnO, sensor shows high response to EtOH and MeOH.

- Doping of CNTs can be help to reduce operating temperature of metal
oxide gas sensors.

- Doping 10 wt% Au could improve the sensitivity of ZnO gas sensors on
VOCs.

- The responses of the Au-doped ZnO gas sensors are linear with gas
concentrations varying from 100 to 1000 ppm.

(d) E-nose and its Application

- E-nose refers to an instrument which comprises an array of electronic
chemical sensors with partial specificity and an appropriate pattern recognition
system, capable of recognizing simple or complex odours.

- An E-nose consists of three main parts: (i) air flow system (ii) sensor

chamber and (iii) data acquisition (DAQ) and measurement circuit.
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- Radially symmetric sensor chamber is one of the best of sensor
chambers which all gas sensors can be simultaneously exposed to the same chemical
samples under the same experimental conditions.

- The reference glass containers in air flow system can be help to reduce
the humidity effect that is a major problem in field application of the E-nose.

- New feature extraction methods including integral and primary
derivative can be a higher classification performance as compared to the classical
features.

- Our E-noses can be widely used for many applications such as quality

control of foods and beverages, air protection and human identification.
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