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Summary

Nanostructured materials are anticipated to revolutionize the various technological
fields with their unique novel properties. The research on metal oxides gas sensors has
benefited from the materials at nano-scale with their better sensing performance than
the conventional bulk materials. Currently, the novel synthesis of quasi one-
dimensional (1-D) nanostructures, the various strategies to improve the selectivity and
the design for manufacturability of the nanostructures are the three directions pursued

by the researchers in this field.

In this thesis, a custom-designed inductively coupled plasma-chemical vapor
deposition (ICP-CVD) was used to prepare different types of SnO, nanostructures for
gas sensing applications. For the nanocrystalline SnO; thin films prepared using
bubbler delivery of chemical precursors, the effects of substrate-nozzle distance, RF
power, and gas flow ratio of Ar/O; on the structural properties were systematically
studied. The gas sensing response of the SnO, thin films deposited at various

substrate-nozzle distances was characterized.

Hybrid structure of 1-D SnO, nanorods formed on two dimensional (2-D) SnO, thin
films were successfully prepared by subjecting the as-deposited SnO; thin films to
post plasma treatment using the same ICP-CVD system. The effects of RF power, gas
flow ratio of Ar/O,, and type of plasma on the formation of nanorods were studied. A
sputtering-redeposition mechanism was proposed to explain the growth of SnO,
nanorods on 2-D thin film. The sensitivity to CO, H; and ethanol of the hybrid SnO,
nanorods thin film was found to enhance by twofold and above, together with a

significant decrease in optimal operating temperature up to 130 °C compared to the as-

iv
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deposited SnO, thin films. Surface addition with Pd noble metal further improved both
the sensitivity and selectivity of the SnO; nanorods thin film towards H; gas with 6

times better sensitivity compared to the un-doped SnO, nanorods thin film.

Direct one-step SnO, nanorods array was successfully prepared using a reduced flow
rate of carrier gas and oxygen. The effects of substrate-nozzle distance and RF power
on the nanorods array formation were studied and a growth mechanism based on
vapor-solid growth was proposed. The gas sensing properties of the as-deposited and
Pd-doped SnO, nanorods arrays were studied, with the latter showing 6 times better
sensitivity to H at a reduced optimal temperature of 400 °C. Both the post thermal
annealed and post oxygen plasma treated SnO, nanorods arrays showed improved
sensitivity to CO and H; compared to the as-deposited nanorods array, in particular the
40-minutes post oxygen plasma treated sensor exhibited 13 times higher sensitivity to
H,. The role of oxygen vacancies and chemisorbed oxygen species for the improved

gas sensing properties were substantiated by the XPS characterization results.

SnO, nanocolumns array was successfully prepared with the use of direct liquid
injection ICP-CVD. The effect of substrate-nozzle distance on the formation of
nanocolumns array was studied. The gas sensing properties of nanocolumn arrays
showed similarity with that of the nanorods array. The role of chemisorbed oxygen in

optimizing the gas sensor response was elucidated by the XPS analysis.
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CHAPTER ONE

INTRODUCTION

1.1 Motivation

The famous visionary lecture, “There’s Plenty of Room at the Bottom”, by the late
physicist and Nobel laureate Richard Feynman in 1959 has planted the seed of
nanotechnology research with his view on the possibility to manipulate matter on the
atomic scale. The explosion in both academic and industrial interests in this
burgeoning scientific discipline over the past two decades has seen a vast amount of
literature devoted to the development and study of nanotechnology. The topics range
from fundamental study at atomic scale behavior [1,2] to the introduction of novel
nano-fabrication routes [3,4] and demonstration of nanostructured materials
applications in a wide variety of technological areas [5-8]. The core of nanotechnology,
nanostructured materials, distinguished by its length scale between 1 to 100 nm in at
least one of the three dimensions [9,10] have shown novel electrical, mechanical,
chemical and optical properties not previously attainable with conventional bulk
materials, which are largely believed to be the result of surface and quantum

confinement effects [11,12].
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In the field of semiconductor metal oxide gas sensors, nanostructured materials present
new opportunities in enhancing the properties and performance of gas sensors owing
to their much higher surface-to-bulk ratio in nanomaterials compared to coarse
micrograined materials. Current yearly production of semiconductor type gas sensors
in the world is estimated to be around 20 million pieces [13]. These remarkable figures
signify that the gas sensor technology is important in our society to address the
increasing concerns with pollution on our health and safety. The mechanism for gas
detection in these materials is based, to a large extend, on the reactions that occur at
the sensor surface, resulting in a change in the concentration of adsorbed oxygen. This
gives rise to conductivity change of the materials as the sensing response. As an
inverse relationship exists between surface area and particle size, nanostructured
materials thus become favorable to improve the sensing properties. In 1991, Yamazoe
and co-workers [14,15] showed that reduction of crystallite size greatly enhanced the
sensor performance. For porous sintered SnO; elements fabricated with pure SnO; and
foreign-oxide-stabilized SnO, in the crystallite size range of 5 — 32 nm, they found that
the sensitivity towards target gas species of Hj, CO and i-C4Ho increased steeply as

the crystallite size decreased to 6 nm or lower.

The recent decades have seen the progressive development from the early form of bulk
SnO; ceramic to thin film type gas sensors owing to the trend of miniaturization in
electronic components. The utilization of silicon manufacturing technology in the
fabrication of gas sensor, by physical and chemical vapor deposition, is promising to
achieve small size, low cost, low power consumption, high reproducibility and multi-
sensor gas detection systems. However, technological improvement went along with a

reduction of sensing performances due to a lower porosity of the prepared devices.
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Besides that, the stability of the nanostructures has been a challenging issue to address
since the relatively high operating temperature of metal oxide sensors for surface
reactions to take place induces grain growth by coalescence, resulting in the drift of
the sensor output [16]. More recently, the successful preparation of stable single
crystal one-dimensional (1-D) and quasi 1-D semiconducting oxides nanostructures
(so-called nanobelts, nanowires, nanorods, or nanoribbons) [17-20] has spurred new
ideas to improve the stability of nanostructures for gas sensing. The 1-D
nanostructures are very promising for gas sensors due to the fact that the surface-to-
volume ratio is very high, the oxide is single crystalline, the faces exposed to the
gaseous environment are always the same and the size is likely to produce a complete
depletion of carriers [21]. The possibility to functionalize the surface of 1-D
nanostructures with a target-specific receptor species [22], modulation of their
operating temperature to select proper gas semiconductor reactions [23], and the
potential of field-effect transistors (FET) configuration that allows the use of gate
potential controlling the sensitivity and selectivity [24] have also drawn remarkable

interests in these materials.

Various synthesis methods have been reported to prepare 1-D SnO, nanorods and
nanowires, such as evaporation-condensation method [25], chemical vapor deposition
[26,27], pulsed laser deposition [28], hydrothermal synthesis [29], thermal evaporation
[30], and spray pyrolysis [31]. However, the integration of individual or arrays of 1-D
nanostructures with planar technology still poses a major challenge for the realization
of functional devices that can be mass produced at reasonably low cost. In this work, a
custom-designed inductively coupled plasma-chemical vapor deposition (ICP-CVD)

system, which is readily compatible with silicon manufacturing, has been adopted to
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study the preparation of various SnO, nanostructures for gas sensing application. The
effects of processing parameters, the growth mechanism of nanostructures, together
with their sensing properties and strategies to enhance the performance of the

fabricated sensing devices are investigated and discussed.

1.2 Objectives

In this thesis, the main objectives are:

1.  To deposit SnO; nanostructured thin films using the custom-designed ICP-CVD
system. The processing window of the deposition is then characterized by
systematically investigating the effects of process parameters on structural
properties of the thin films. The structural properties are characterized using X-
ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM),
and transmission electron microscopy (TEM).

2. To modify the microstructures of the as-deposited nanostructured thin films by
subjecting the thin films to post plasma treatment using the same setup. The aim
is to increase the surface area for gas adsorption in gas sensing application. The
effects of processing parameters on plasma-treated thin films are investigated to
formulate the growth mechanism of the plasma-modified nanostructures.

3. To fabricate the SnO; nanostructures into sensor devices with interdigital Au
electrodes using electron beam evaporation. The gas sensing properties to
reducing gases like CO and H, can then be characterized using an in-house gas
sensing characterization system based on direct current (dc) electrical
measurement. This also leads to the study on possible enhancement of gas

sensing properties by surface addition of Pd noble metal and microstructures



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

modification using post plasma treatment for the ICP-CVD derived SnO,

nanostructures.
1.3 Major contributions to the thesis

The major contributions achieved in this research work are summarized as follows:

1. Nanocrystalline SnO; thin films have been successfully deposited by ICP-CVD
system using both bubbler delivery and direct liquid injection of the chemical
precursors. Structural characterization by XRD indicated the tetragonal rutile
Cassiterite SnO; phase with grain size in the range of 5 — 45 nm depending on
the processing parameters.

2. Hybrid structure of 1-D SnO; nanorods grown on two-dimensional (2-D) SnO;
thin films have been successfully prepared by subjecting the as-deposited
nanostructured SnO; thin films to post plasma treatment using the same ICP-
CVD setup. The two-step processing has increased the surface area of the
nanostructures via plasma surface modification. A sputtering-redeposition
mechanism has been proposed to explain the formation of nanorods on the thin
film structure. The sputtered film species generated from the bombardment of Ar
ions during plasma treatment rearranged themselves on the films and grew up
along their preferential orientation to form nanorods.

3. The gas sensing properties of as-deposited thin films and plasma-treated SnO;
nanorods grown on thin films have been characterized. Enhanced gas sensing
properties have been obtained for the latter owing to the higher surface-to-
volume ratio of the hybrid nanorods thin film structure. An improvement of 6.5
times better sensitivity to CO gas, together with a 95 °C reduction in optimal
operating temperature has been obtained. The surface modification by plasma

treatment has proven to be an effective solution to improve the gas sensitivity of
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the SnO, gas sensor. Further enhancement by surface addition of Pd noble metal
has increased the selectivity of SnO, nanorods thin film to H, with 6 times better
sensitivity compared to the un-doped SnO; nanorods thin films.

4.  Direct one-step SnO; nanorods array has been successfully prepared using the
ICP-CVD system. The needle-shape SnO; nanorods were directly grown from
the SiO,/Si substrate in random outward direction. A typical SnO, nanorods
cluster have a diameter of 5 — 16 nm and a length of 160 — 250 nm from TEM
observation. The growth mechanism of the nanorods array is attributed to the
vapor-solid growth where the initially deposited molecules form a seed layer that
serve as the nucleation sites for the subsequent directional growth to minimize
the surface energy.

5.  The gas sensing properties of SnO, nanorods array has been characterized and
enhanced gas sensing properties were obtained using noble metal doping of Pd.
An improvement of 6 times in sensitivity to H, with a reduced optimal operating
temperature has been achieved with Pd-doped SnO, nanorods array. Post thermal
annealing and post oxygen plasma treatment have also shown to increase the gas
sensitivity to both CO and H, other than Pd doping method. XPS analysis
confirmed the change in oxygen vacancies is the contributing factor of post
annealed sensor while the increase in chemisorbed oxygen species is responsible
for the enhancement of post oxygen plasma treated sensor. It should be
highlighted that a 13 times improvement in sensitivity to H, has been achieved
with the 40-minutes post oxygen plasma treated SnO; nanorods array.

6. Direct one step SnO, nanocolumns array has been successfully prepared using
the direct liquid injection ICP-CVD process. The column-shape nanostructures

were found to grow outwardly in random direction at certain substrate-nozzle
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distance. Similar gas sensing properties of nanocolumns array to the nanorods
array has been attained and the use of post oxygen plasma treatment has proven
effective in enhancing the gas sensitivity to both CO and H, by 7 times. XPS
analysis has again shown the role of chemisorbed oxygen in enhancing the gas
sensing properties of nanocolumns arrays.

7. A total of 10 papers have been published and referred in the international
journals, 11 papers have been presented in the international conferences, a
chapter titled “Low-dimensional nanostructured materials for chemical sensing
applications” of a book “Handbook of Nanoceramics and Their Based
Nanodevices™ has been published, and a chapter titled “Growth and properties of
nanorod arrays” of a book “Encyclopedia of Nanoscience and Nanotechnology”

has been accepted and in press.

1.4 Organization of the thesis

The thesis is organized into six chapters in the following manner:

In chapter one, the motivation, objectives, main contributions, and organization of the

thesis are presented.

Chapter two presents the background theory on semiconducting metal oxide gas
sensors, including their working principles, methods in improving sensitivity and
selectivity, as well as the current status and problems of SnO, gas sensors. A brief
background on plasma-enhanced chemical vapor deposition with emphasis on the

deposition mechanisms and inductively coupled plasma sources is also presented.
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In chapter three, the experimental procedures used in this research work are presented,
starting with the description on the various functional modules of the custom-designed
ICP-CVD system. Next, the structural and gas sensing characterization techniques for

the prepared SnO; nanostructures are presented.

Chapter four presents the nanocrystalline SnO; thin films prepared by the ICP-CVD
system using bubbler delivery of chemical precursors. The effects of process
parameters on the structural properties are discussed. The gas sensing properties of the

nanocrystallline SnO, thin films are presented.

Chapter five presents the formation of nanorod SnO; thin films by post plasma
treatment, together with the effects of plasma processing parameters and growth
mechanism. The gas sensing characterization results of the SnO, nanostructures, both

as-deposited and post plasma treated are compared and described in detail.

In chapter six, the preparation of direct one-step SnO; nanorods/nanocolumns array is
presented. The effects of process parameters on the microstructures and the associated
growth mechanism are discussed. The gas sensing properties of the SnO, nanorods
array, with emphasis on the improvement strategies besides noble metal doping, i.e.

thermal annealing and post oxygen plasma treatment are discussed based on the XPS

analysis results.

Finally, the conclusions and recommendations for the future work are listed in chapter

seven.
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CHAPTER TWO

BACKGROUND

2.1 Chemical sensors

A chemical sensor is a device that transforms chemical information, ranging from the
concentration of a specific sample component to total composition analysis, into an
analytically useful signal [32]. It is made up of two basic functional units, namely the
receptor part and the transducer part. In the receptor part of a sensor, the chemical
information is transformed into a form of energy which can be measured by the
transducer. The transducer part is responsible in transforming the energy carrying the

chemical information about the sample into a useful analytical signal.

Based on the detection principles of chemical sensors, they can be classified into
electrical, thermal, mechanical, and optical sensors. For the sensors based on electrical
properties, the output signal is either generated by a reaction involving charge
transport or is modulated by the reaction. For example, electrochemical gas sensors
rely on the conductance changes caused by an electrical current passing through the
electrodes during interaction with the gaseous compositions. Chemical sensors based
on thermal properties measurements are mostly used to detect flammable gases

because of the exothermic character of their reaction with oxygen. The devices are
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often referred to as pellistors, which typically consist of a catalytic material enclosing
a temperature sensor and a heater. The increase in temperature of the catalytic material
due to combustion of flammable gas is detected by the temperature sensor. For
mechanical type of gas sensors, surface acoustic wave (SAW) sensors detect the
changes to the mass of the sensors surface upon exposure to the gas atmosphere under
investigation. Optical gas sensors detect the changes in light properties such as
absorbance, reflectance, fluorescence, light scattering or refractive index as their
sensing response. A fibre-optic chemical sensing device for example consists of a light
source, a fibre coupler to lead the light into the fibre, the light guide, a decoupler, and

a light detection and amplification system.

An ideal chemical gas sensor should possess high sensitivity towards chemical
compounds, high selectivity, high stability, high reproducibility and reliability, short
reaction and recovery time, and low power consumption [33]. Among the large variety
of sensors available, the conductometric gas sensors based on semiconducting metal
oxides remain a widely used choice for flammable and toxic type of gases because
they can be made very small and cheap and are compatible with silicon technology,
which opens up the possibility to integrate the sensors in the processing electronic
circuit. They can be classified as n-type or p-type according to the direction of the
conductance change upon exposure to reducing gases. N-type materials (e.g. SnO,,
Zn0O, and In,0;3) show an increase in conductance while p-type materials (e.g. Cr;0;
and CuO) show a decrease in conductance during their interaction with the reducing
gases. This classification is based on the dominant charge carriers (electron or hole) at

the surface of the oxides that determines the surface conductivity type of the oxides

[34].

10
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The idea of utilizing semiconductors as gas detection devices dates back to 1953 when
Brattain and Bardeen [35] first reported the change in electrical conductance of Ge
with the adsorption of gases onto its surface. It was not until Seiyama and co-workers
[36] that applied this knowledge for gas detection using ZnO in 1962. The first
commercial gas sensors based on SnO; was developed by Taguchi [37] not long after
the work of Seiyama. SnO; has since emerged as the most widely used metal oxide
material in gas sensors ranging from domestic gas detectors to breath alcohol analyzers,
automatic cooking control in microwave ovens, air quality in parking garages, and fire
alarms [38]. Much technological effort has been made in this field, aiming at

improvement in gas response, selectivity, stability, and feasibility for practical use.

2.1.1 Working principle of metal oxide gas sensors

According to Yamazoe [15], for conductometric gas sensors based on semiconducting
metal oxides, the receptor function is associated with the ideally specific interaction of
the surface with the target analyte that leads to the recognition of a particular gas
species, whereas the transducer function refers to an effective transduction of this
molecular information into a macroscopically accessible output signal, i.e. the change

of the electrical conductance.

The most widely accepted explanation for the sensing mechanism of a typical metal
oxide gas sensor, such as SnO; in a commercial Figaro TGS sensor, is that negatively
charged oxygen adsorbates play an important role in detecting inflammable gases such
as H; and CO [39]. In oxygen containing atmosphere without any humidity, oxygen is
ionosorbed on the metal oxide surface, forming adsorbates such as Oy, O, and O*

depending on the temperature. O” ions, the most reactive with inflammable gases, are

11
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the prevailing adsorbates between 150-400 °C where most metal oxide gas sensors
operate [40]. The ionosorbed species act as electron acceptors due to their relative
energetic position with respect to the Fermi level, Er. The presence of negative surface
charge (ionosorbed oxygen species) bends the band upward and generates a surface
potential barrier, eVs. The Fermi level is pushed into the band gap of the metal oxide,
effectively reducing the charge carrier concentration and thus leading to an electron
depletion surface region or so called space-charge layer. This is illustrated in figure 2-
1 for negatively charged chemisorbed adsorbate on n-type semiconductor (e.g. SnO,
material). Both the barrier height of eV and the depth of depletion layer depend on the
surface charge [41], which is determined by the amount and type of ionosorbed
oxygen species. The depth of the depletion layer can be characterized by the Debye

length Lp, which is defined as:

e,k T
L= #”2—3 (2-1)
e’n,

where kg is Boltzmann’s constant, ¢ the dielectric constant, & the permittivity of free
space, I' the operating temperature, e the electron charge, and n4 the carrier
concentration assuming full ionization. For SnO,, with £ = 13.5, & = 8.85 x 10" Fm,

ng=3.6 x 10* m”, and 7= 523 K, the value of Lpis about 3 nm [42].

12
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Figure 2-1 Schematic representation of band bending in the near surface region of an
n-type semiconductor induced by a (partially) filled donor state of an
adsorbed molecule [43].

In polycrystalline sensing materials, electronic conduction occurs via grain-to-grain

contacts and therefore the combination of eV of each grain with the adjacent grains

leads to the formation of Schottky barrier. Figure 2-2 shows schematically the

situation that can be found along a grain boundary. The conductance G of the sensing

material in such case can be written as:

—-eV
Gw~ : 2-2
exp( kBT] 22)

The conduction electrons have to overcome the barrier to carry the current across the

grain boundaries. Reducing gases like CO will react with the ionosorbed oxygen
species and remove them through the oxidation process. As a consequence, the height
of the Schottky barrier is reduced as the captured electrons are restored to the
conduction band, thus resulting in an increase of conductance. The change in
conductance is used as the sensing signal in metal oxide gas sensors. The reactions of
a typical n-type SnO; gas sensor are as follow:

Oxygen adsorption process: (SnO; + €’) + %20, <> Sn02(0)uqg (2-3)

13
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Oxidation by reducing gas: Sn0,(0"),s + CO — (SnO; +¢’) + CO; (2-4)

Depletion
region

Charged

. Surface
Adsorbates
(e.g. Oxygen)

Conduction
clectrons

Valence band Barrier for charge transport
across grain boundaries

Figure 2-2 Schematic diagram of charge carrier concentration in SnO, grains.
Negatively charged chemisorbed oxygen species cause an upward band
bending and consequently a depletion layer in the near-surface region.
This causes a Schottky-like barrier across grain boundaries [43].

Similarly for p-type semiconducting metal oxides, the adsorbed oxygen acts as a

surface acceptor state, capturing electrons from the valence band and therefore giving

rise to an increase in the charge carrier (hole) concentration at the interface. The grain
junctions will have a lower resistivity than the bulk. The presence of reducing gases
will result in the opposite effect as in n-type sensing materials, in which the decrease
in the surface coverage of oxygen ions will lead to a decrease in the charge carrier

concentration and hence, a decrease in the conductance.
2.1.2 Methods in improving sensitivity and selectivity
2.1.2.1 Reduction of grain size to nano-scale

Since the working principle of metal oxide gas sensors is based on the surface reaction
between the metal oxide and the gas molecules in the ambient, nanoparticulate metal

oxides are anticipated to enhance the sensitivity, as well as the response and recovery
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time of the sensor as their higher surface-to-bulk ratio offers more surface reaction
sites between the oxygen adsorbates and gas molecules in the ambient compared to
conventional microcrystalline materials. Minimizing the radius of the particle down to
the range of space-charge layer will lead to the convergence of Schottky barrier at the
grain boundaries. With further decrease in radius smaller than the space-charge layer,
the depleted zones start to overlap and consequently the electrical properties are
predominantly determined by surface states. If the remaining differences of the
adjacent Schottky barriers fall below the thermal energy, that is, eV < kgT, the so-
called “flat-band condition” is realized and the energetic difference between surface
and bulk vanishes, whereby the conductance is proportional to the difference of the

Fermi level Er and the bottom of the conduction band Ec as depicted in figure 2-3:

G~ exp(ﬁ;;ﬁJ (2-4)
B

structural
model
\L2~2
O
Q
(b4
Q
(1,
Q
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E
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Figure 2-3  Structural and band model for particles with radius less than space charge
layer leading to the so-called “flat-band” condition: a) the initial state,

and b) the effect of CO on the position of the conduction band Ec [44].
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Much work has been done to investigate the effect of grain size on gas sensing. In
1991, Yamazoe and co-workers found a strong correlation between grain diameter D
and gas sensitivity for the porous sintered SnO, elements in the size range of 5-32 nm
[14,15]. The sensitivity to Hy, CO, and i-C4H;( increase steeply as D decreased,
especially for the small D region in the range of two times the depth of the surface
space-charge layer (= 6 nm). When the grain size of the SnO; crystalline is close to 6
nm, its resistance increases drastically, resulting from the formation of a space-charge
region in the whole crystallite. The amount of oxygen adsorbates per volume of SnO,

grain increases with decreasing grain size, causing a further increase in resistance [39].

2.1.2.2 Surface addition of noble metals

The promoting effects of noble metals such as Pt, Pd, and Ag have been widely
recognized in semiconducting metal oxide gas sensors. It is essentially the addition of
catalytically active sites to the surface of the base materials in the form of dispersed
clusters, resulting in improved sensing performance in increasing the sensitivity,
favoring the selective interaction with the target analyte and thus increasing the
selectivity, and decreasing the response and recovery time, respectively, which is then
accompanied by a reduction of the working temperature. Furthermore, the surface
noble metal addition may enhance the thermal and long-term stability of the sensors.
The control parameters involved include composition, size, habit, and redox state of

the surface modifiers, as well as their dispersion on and/or into the metal oxide surface.

Two different mechanisms, namely chemical and electronic sensitization as shown in
table 2-1, have been applied to explain the promoting effects of surface metal additives.

Chemical sensitization comes from the ability of an additive to activate the

16
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inflammable gases by enhancing their spillover. Spillover is a mechanism where the
oxidation of the reducing agents can be accelerated on the semiconductor surface in
the presence of dispersed metallic catalysts. In semiconductor gas sensor, catalyst such
as Pd can increase its resistance in air drastically. Oxygen molecule from the gas phase
can be easily dissociated and oxygen atoms migrate to the surface of the metal oxide
gas sensor, presumably providing oxygen by spillover. In the presence of reducing gas
such as Hp, Pd showed remarkable spillover effect to H,, thus resulting in
tremendously decrease of the resistance. This effect enhances the sensitivity of a
sensor significantly and also reduces the response time. The spillover phenomenon is

also typical for oxides sensor with surface additive of Pt and Au [44] .

Chemical sensitization Electronic sensitization

Model
Role ol additive Activation of gas followed Acceptor of electrons
Origin of resistance change by spilling over Change in redox state of

Change in surface additive
oxygen concentration

Table 2-1 Mechanism of sensitization by metal additive [41].
Electronic sensitization arises mainly from the change in the oxidation state of the
loaded metal. Pd and Ag are known to form stable oxides (PdO and Ag,0) in air [15],
which causes the resistance of n-type metal oxides to increase in air. The reason is the
electron work function of loaded metal additive is higher than the electron affinity of
SnO, [39]. This implies that the conducting band energy of loaded metal is lower than
the conducting band energy of SnO,. Hence, electrons on the oxide surface layer are

transferred to the metal loaded onto SnO; surface, in order to align the Fermi level of

17
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metal and SnO,. This corresponds to an increase in Lp. When the metal surface is
covered with oxygen adsorbates at elevated temperatures in air, i.e. the metal is
oxidized, the oxygen adsorbates extract electrons from this metal, which in turn extract
electrons from the SnO,, leading to a further increase in Lp. It means that the additive,
not oxygen adsorbed on the surface, controls the depletion layer in the semiconductor.
In the presence of reducing gas, consumption of oxygen adsorbates on the loaded
metal, in addition to those on the SnO, surface, gives rise to the enhanced sensitivity

by reaction with the reducing gas.

2.2 Current status and problems of SnO, gas sensor

Of all the gas sensing solid state materials, metal oxides were one of the first
considered and are still the most widely used. For instance SnO, is popular for the
detection of reducing and flammable gases. The great interest in SnO; is due to its
suitable physical and chemical properties, i.e. good adhesion and strong hardness, high
stability and resistance to chemical etching under standard conditions, low operating
temperatures, relatively low resistivity and high sensitivity that can improved through
the introduction of different dopings [33]. The SnO2 gas sensors have evolved from
the first generation devices prepared by thick film technology starting from powders to
the second generation devices fabricated using thin film technology that offers sensor
miniaturization, automated production method and higher batch-to-batch
reproducibility. Higher gas sensitivity achieved by the fabrication of sensing material
at nano-scale level has identified the role of nanotechnology in the subsequent
development of conductometric type SnO, gas sensor. Nanotechnology, nowadays, is
producing sensing materials in the form of quasi 1-D nanostructures like nanobelts,

nanowires, nanotubes, and nanowires. These unique materials with high crystallinity

18



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

exhibit improved stability and the nanosized lateral dimension comparable to Lp

delivers good sensing properties. The conductivity of the 1-D nanostructures could

vary from a fully nonconductive state to a highly conductive state entirely on the basis

of the chemistry transpiring at its surface. Their peculiar characteristics and size

effects make them a potential candidate as the third generation gas sensor device.

Table 2-2 summarizes the recent work presented in the literature on the 1-D

nanostructures of SnO; as conductometric gas sensor classified according to the type

of 1-D nanostructures.

Type of 1-D Preparation Dimension Gases Working References
nanostructures  method detected  temperature
(°C)

Mesh of Thermal CVD  L: 5-20 um NO, 100-300 [45]
nanowires D: 20-60 nm
Mesh of Thermal L:tensof um NO; 200 [30]
nanowires evaporation D: 50-100 nm
Mesh of Thermal L:severalmm CO 200 - 400 [46]
nanowires evaporation D tefis —

hundreds of

nm
Mesh of Sol-gel L: few um C,HsOH, 200 [47]
nanotubes template D: 200 nm NH;
Mesh of Solid state L:severalum C,HsOH 300 [48]
nanorods reaction and

. D: 20 nm
annealing

Mesh of Evaporation- 100 nm wide  Ozone 400 [25]
nanobelts condensation 20. =40

thick
Mesh of Thermal L:tensof um  Ethanol 300 [49]
nanowhiskers  evaporation D: 50-200

nm
Mesh of Thermal L:tensof um H RT-300 [50]
nanowires evaporation D: 30-200 nm
SnO;-Pd
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Mesh of Thermal L: tens- C,HsOH, 400 [51]
garg“;rei) evaporation;  hundreds of CH,COC
W0plety  Epes o Hy, CoH,
" D: 50-100nm  CO, Hy
deposition for
L3203
Mesh of Thermal L:tensof um Ethanol 300 [52]
nanowires evaporation AT
Sn0,-Sb D: 40-100
nm
Single nanobelt Thermal L:tensof um NO; Uv [23]
evaporation 80 — 120 nm activated
wide; 10 - 30
nm thick
Single Catalytic L: 5-15 pm 0.5 ppm 50 -300 by [53]
nanowire supported D: 70-90 nm NO, self heated
CVD ' nanowire
Single Evaporation/C L: 7.7 um CO 200 - 340 [54]
nanowire VD 1570158
Single Spray L: several 100 CO,CH4s 200 [55]
nanowire pyrolysis pum
D: 30— 400
nm
Single D: 60 nm CO, 0, 200 - 300 [56]
nanowire
Single CVD D:20-200 Water 295 [57]
nanowire nm vapor
Single Thermal D: 100 nm NH;, CO 60 -300 [58]
nanowire evaporation
Single Thermal D: 60 nm H,, CO 350 [22]
nanowire evaporation
SnO,-Pd/Ni

*L: Length; D: Diameter

Table 2-2 Recent published work on 1-D SnO, nanostructure gas sensors.

With the widely reported literature that shows the feasibility of using both multiple
and single 1-D nanostructures like nanobelts, nanotubes, and nanowires as a new form

of gas sensors with high sensitivity and stability, the current focus in this research area
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is to improve other performance parameters, especially their selectivity towards the
target gas of interest. There are four directions currently being studied with the aim to
improve the selectivity of the 1-D nanostructures [59]:

(I) Functionalizing the surface of nanostructure with a target-specific receptor species.
The functionalized species can chemically gate the conducting channel of the
nanostructure when the receptor-target recognition process occurs. This is the favoured
strategy being pursued for bio-sensing. For gas sensing, an array of different sensing
materials, also known as “electronic nose”, functions as the target-specific receptor
species. The electronic nose enables the detection of various chemicals via pattern
recognition method, which is similar to the human olfactory system in odor detection.
(IT) Ramping or modulating the operating temperature of the sensing element. Usually
a target analyte has a characteristic optimal or threshold temperature above which the
redox reaction occurs on the sensor’s surface.

(ITI) Functionalizing the surface of nanostructure with specific catalyst particles which
either promote certain catalytic reactions and/or inhibit competing reactions. A few
reported works summarized in Table 2-2 which introduced Pd, Ni, La;O3, Sb as
catalyst on the SnO; 1-D nanostructure have shown improvement in terms of
selectivity towards the target analyte.

(IV) Configuring the 1-D nanostructures as ultra-miniature field effect transistors
(FET). The FET configuration offers the possibility of controlling the sensitivity and
selectivity, and potentially even allowing the operating temperature of the 1-D
nanostructure sensor to be reduced by varying the gate electrode potential thereby

changing the electrostatic field strength in the active channel.
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1-D nanostructures are promising materials for gas sensors, but most synthesis
techniques reported produce either dispersed or randomly oriented assemblies of these
1-D SnO, nanostructures [60]. These disordered 1-D nanostructures are too small to
handle during the preparation of sensor devices and the reliability of these sensor
devices could also be doubted. These 1-D nanostructures are incompatible with the
contemporary devices fabrication process based on thick and thin films. If quasi-1-D
nanosystems are to be exploited in massively parallel sensor applications, one needs to
consider engineering strategies for producing ordered structures consisting of a large
number of individual cells that can be regionally functionalized and individually read

[61].

Some strategies have been proposed as possible solutions for creating arrays of 1-D
nanostructures, with most of the reported work utilizes template-assisted method.
Semiconductor SnO, nanowire arrays were fabricated by Zheng et al. [62] using
electrochemical deposition and thermal oxidizing methods based on highly ordered
nanoporous alumina membrane (AAM). The diameter of SnO; nanowires is about 70
nm, which is basically equal to that of pores of the AAM used. Kolmakov et al. [56]
reported a new paradigm for producing SnO, nanowire sensor arrays with possibly
thousands of addressable sensing elements that can each be individualized, either
through the manipulation of their material composition or the manner in which they
are functionalized. Metallic Sn nanowires are first grown in highly ordered porous
anodic alumina (PAO) template by alternating current (ac) electrodeposition in an
electrolyte containing 0.05 M SnCl,.H,O and later removed from the PAO template.

The Sn nanowires are then oxidized by gradual annealing up to 825 K for a few hours

in air.
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Liu et al. prepared nanoporous SnO; plates through anodization of tin plates at 5-14 V
with oxalic acid serving as the electrolyte [63]. Wu et al. [64] fabricated arrays of
nanoporous tin oxide nanorods by electrodeposition of tin into anodic aluminum oxide
(AAO) membranes followed by anodization of tin nanorods to create nanochannels.
The nanoporous SnO; nanorods were 300-700 nm long and 250 nm in diameter,
restricted by the pore dimension of the original AAO membrane, with nanochannels of
15-35 nm in diameter. SnO; nanohole arrays have been prepared by Hamaguchi et al.
[65] using a liquid phase deposition method. Anodic alumina disks were used as the
starting material. The outside diameter and inside diameter of the tubes were about 250
and 200 nm, respectively. The SnO, tubes consisted of many grains with almost 20 nm
diameters. SnO; nanohole array sensors equipped with noble metal (Pt, Pd, and Au)
electrodes exhibited reversible response to H; gas in air. Among the electrode
materials used, the largest response was achieved with Pd and the maximum value of

sensitivity was 187 at 623 K.

The integration of individual or arrays of 1-D nanostructures with planar technology
still poses a major challenge for the realization of gas sensing devices that can be mass
produced at reasonably low cost. To become successful third generation gas sensors,
the nano-sized SnO; materials, in particular the 1-D nanostructures, will have to be
prepared in a manner that posseses the characteristics of simplicity, versatility and

good compatibility with existing microelectronics-based technology.

2.3 Plasma-enhanced chemical vapor deposition

In the microelectronics industry where conformal film is a requirement, various

chemical vapor deposition techniques have been used routinely for the deposition of
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conductor, dielectric, and semiconductor films. The plasma-enhanced chemical vapor
deposition (PECVD) is a combination of physical and chemical process with the aim
to meet the demand for chemical reaction at a lower substrate temperature. It is an
established commercial technique introduced in the early 1970s for low-temperature
deposition of a number of important materials, especially insulating films such as

silicon nitride and silicon oxide [66].

In PECVD, the electrical power is coupled into the reactant gases via the kinetic
energy of free electrons. These electrons gain energy rapidly from the electric field and
subsequently the inelastic collisions between high-energy electrons and reactant gas
molecules will lead to the formation of highly reactive species, such as excited neutrals
and free radicals, as well as ions and additional electrons. By this mechanism, the
electrons generate the reactive species without substantially increasing the gas
temperature. Such species will have lower energy barriers to physical and chemical
reactions than their parent species, thus enabling the reaction to occur at lower
temperature. This has made the film deposition possible at temperatures lower than

that in conventional CVD, which is thermally activated.

2.3.1 Deposition mechanisms

In general, the deposition mechanisms for PECVD can be qualitatively divided into
four distinct stages, as shown in figure 2-4. Stage one includes the primary initial
electron-impact reactions between the free electrons and reactant gases to form ions
and radical reactive species. The typical initial electron-impact reactions are

summarized in table 2-3. Stage two is the transportation of excited molecules, atoms,
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radicals, molecular or atomic ions from the plasma to the substrate surface through
diffusion, concurrently with the occurrence of many elastic and inelastic collisions in
both the plasma and sheath regions. Stage three is the adsorption of reactive species on
to the substrate surface sites, often after some migration on the surface, which is then
followed by surface chemical reaction between the reactive species. Dissociation of
molecules during adsorption may also occur. Finally in stage four, the reactive species
and reaction products incorporate into the deposited films or re-emit from surface back
to the gas phase. In PECVD, ion bombardment and various heterogeneous reactions
between ions and radicals with the substrate surface play a significant role in
determining the film properties, such as conformality, density, stress and “impurity”

incorporation.

1) Initial electron impact

Re-emitting

Sheath
Surface

Substrate :\\\ \

Figure 2-4 The four steps in PECVD deposition mechanisms.

3.4) surface-ion-radical interaction

Excitation A+ e— A+e
Ionization Ate— AT+ 2¢
Dissociation Ay+te— 2A+¢e
Electron attachment A+e—> A
Dissociative attachment Ay +te— A+ A
Charge transfer A"+B— A+B’

Table 2-3  Initial electron-impact reactions. A, A; and B refer to reactants, e is an
electron, A* is reactant A in an excited state, and A, A" and B are ions

of A and B.
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When the flow rate of reaction gas per unit electric power used to sustain the plasma is
relatively small, the deposition rate of the film will be limited by the effective flow
rate of the reaction gas. For the case of high reaction gas flow rate, the deposition rate
is limited by the externally supplied electric power. Deposition rate also varies with

substrate temperature, but the activation energy of the deposition rate is often very

small.

2.3.2 Inductively coupled plasma (ICP) sources

Inductively coupled plasma (ICP) sources are known for more than one hundred years
[67]. In the past, they had been used at high gas pressures to make plasma torches that
heat up gases for spectral analysis besides the application in lighting area [68]. More
recently, low pressure ICPs with non-equilibrium plasmas are attracting researchers’
interest in microelectronics integrated circuits processing [69]. The ICP source has
indeed become one of the dominant high-density plasma sources for the etching
processes of semiconductor films [70]. High-density typically means the electron
density is above 10'' em™, with an ion-to-neutral ratio in the range of a few percent
and the plasma potential can be made very low, around 10 V. The high-density plasma
can offer high process rates due to higher electron density that enables the efficient
generation of chemically reactive species. The high ion-to-neutral ratio allows the
control of film microstructure and mechanical properties via ion bombardment on the
substrate surface. It will also help to enhance the anisotropy of the processing because

the plasma ions can be directed to the substrate surface that is potentially biased.

The ICP is the simplest type of high-density source because it does not require an

applied magnetic field as in electron cyclotron resonance (ECR) and helicon sources.
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Figure 2-5 shows the most common ICP geometries. The coil configuration can be
cylindrical, planar or reentrant. The cylindrical coil is the oldest and simplest type of
configuration. The planar coil is a recent development for semiconductor etching with
close coupling between the wafer and the coil [69]. The reentrant coil is less common
but is useful in plasma immersion ion implantation devices [69]. An external circuit is
normally used to generate a resonance condition at the driving frequency and cause
large current to flow through the radio frequency (RF) coils. These currents generate
RF magnetic flux that penetrates through the discharge volume. The time-varying
magnetic flux induces a solenoidal RF electric field that accelerates free electrons in
the discharge and sustains the plasma. In an ICP source, capacitive coupling is present
between the RF coil and the plasma. However, this capacitive coupling is small
compared to that of a diode source, because the coils are separated from the plasma by
the thick dielectric wall, normally with thickness of more than 1 cm. The presence of
capacitive coupling may be needed to initiate breakdown in the plasma [71]. Plasma
and process uniformity in ICP sources are controlled by the location of the RF coils,

the gas feed and the overall source geometry.

Dieleclric

~

Substrate
T T" “F
| !
(@) (b) (<)

Figure 2-5 ICP sources in (a) cylindrical, (b) planar, and (¢) reentrant configurations

[69].
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CHAPTER THREE

EXPERIMENTAL PROCEDURES

3.1 ICP-CVD system overview

The custom designed ICP-CVD system is comprised of four major modules in terms
of functionality. They include the reactive source delivery, deposition chamber and
pressure control, plasma generation, and software integration modules. A front view of
the ICP-CVD system is shown in figure 3-1. To better illustrate these functional

modules, a block diagram of the system is shown in figure 3-2.

Figure 3-1 Front view of ICP-CVD system.
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3.1.1 Reactive source delivery

The reactive source delivery is comprised of a bubbler module and a direct liquid
injection module, together with their respective gas handling manifold that acts to

regulate and direct the flow of reactants into the deposition chamber.

3.1.1.1 Bubbler delivery module

The bubbler is custom fabricated from stainless steel 304 material with a capacity of
0.5 liter. The sealing of the bubbler is achieved using Teflon encapsulated Viton o-ring
that sits onto the machined groove at the top portion of the bubbler. A carrier gas is
passed through the bottom of the liquid reactant via the dip tube or inlet line that
bubbles out of the liquid and carries the reactant vapor through the outlet line. The

internal surface of the bubbler is electro-polished for passivation purpose.

The precursor vapor pressure is an important factor that determines its mass flow rate.
The strong dependence of vapor pressure on temperature has made temperature control
indispensable to ensure accurate vapor delivery. For the ICP-CVD system, the liquid
precursor temperature can be precisely controlled in the range of 50-110 °C using a
Schumacher Temperature Control System. The Schumacher system is made up of the
temperature control unit (TCU) and the source temperature controller (STC). The
bubbler is placed inside the STC, which is equipped with a heater and a temperature
sensing probe. The temperature setting operation is performed using the TCU unit
which furnishes corresponding voltage pulses at different rates to the heater, thereby

maintains the temperature of the liquid within +0.3 °C of the set temperature.
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The gas handling manifold comprises of pneumatic ve;lves, solenoid valves, metering
valve, ball valve, mass flow controllers, and %” stainless steel tubing that serve to
regulate and direct the flows of gases and reactants. Precise control of flow rate into
the deposition chamber is achieved using the MKS mass flow controllers (MFCs).
These MFCs are electronically controlled via a MKS 647B 8-channel flow
programmer. A normally-closed (N-C) pneumatic valve is installed at each gas line
tubing to provide a firm shutoff that serves to isolate the gas supply from entering the

chamber for the gas that is not in use.

3.1.1.2 Direct liquid injection (DLI) module

The ICP-CVD system is equipped with a Lintec low pressure liquid vaporization and
supply system for its DLI module. The Lintec system is composed of two liquid mass
flow meters and a vaporizer unit that also serves as a flow rate controller. The DLI
module differs from the bubbler delivery method where the liquid precursor is
dissolved in a suitable solvent and directly metered into a vaporizer, which the

resulting vapor is then transported into chamber with or without a carrier gas.

The Lintec DLI features two separate delivery lines, denoted as the precursor and
solvent lines that lead to the vaporizer section. The solvent line allows on-line cleaning
of the vaporizer without the need to dismantle and change the liquid in the vessel.
Pressurized argon gas is used as the push gas that delivers the liquid to the vaporizer
passing through the mass flow meter. The liquid introduced to the vaporizer is flow
rate controlled by a control valve equipped with a shutoff function. The liquid is mixed
instantaneously with the argon carrier gas after passing through the control valve,

which is subsequently fed through a nozzle and vaporized in a vaporization chamber
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built with embedded heaters. The vaporizer can be heated up to 300 °C due to its all
metal structure and finally the vaporized liquid is transported to the deposition
chamber. The liquid handling manifold is made up of pneumatic valves and “4”
stainless steel tubing. A 10 liter drain tank is provided to collect the precursor residues
that dissolve into the solvent during cleaning process. The whole Lintec DLI module is

housed inside a two tier stainless steel cabinet.

3.1.2 Deposition chamber and pressure control

The ICP-CVD chamber is comprised of three main sections as shown in the schematic
diagram in figure 3-3. The first section includes the stainless steel covering end-plate
with multi-insertion ports and the 150 mm diameter quartz cylinder wound with
copper band for the high-density plasma generation. The second section is the stainless
steel adaptor with the alternative precursor entry port. The third section consists of the
200 mm diameter quartz cylinder and the stainless steel housing that contains the
substrate holder mounted on a horizontal manipulator, a process door for sample

loading and unloading, together with a mounting port for pressure transducer.

Section 3 Section 2 Section 1

Figure 3-3 The three sections of ICP-CVD deposition chamber.
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The substrate holder is equipped with heating function to provide annealing effect to
the substrate during deposition. The heating coil with type-K thermocouple is in direct
contact with the backing plate and the temperature range can be controlled between 50
to 600 °C using a Eurotherm 2416 PID controller. There are two MKS Baraton
pressure transducers mounted in the stainless steel housing, one in the 1000 Torr range
and another in the 1 mTorr range. The chamber pressure control process in the ICP-
CVD system forms a closed-loop control where a MKS 152 pressure controller reads
the signal from the MKS pressure transducer through a MKS PR4000P pressure read-
out unit, compares it to a predefined set point, and places a MKS 253 throttle valve in

a position to maintain, or achieve the set point pressure in the chamber.

The vacuum generation module in the ICP-CVD system comprises of a rotary vane
pump and a root blower from Alcatel, with pumping speed of 35 m’/h and 150 m*/h
respectively. The chamber can be evacuated to 10” Torr within minutes, and the
lowest achievable pressure is 16 mTorr. A Pfeiffer vacuum dust separator with particle
size limit of 1 pm is installed at the intake line of the vacuum pump to prevent large
quantities of particles from getting into the pump. A gate valve is fitted between the
dust separator and the vacuum pump inlet to isolate the chamber from the pump during
venting. The outlet of the pump is connected to the main exhaust duct for safety and

environmental purposes.

3.1.3 Plasma generation

The RF generator operates at 13.56 MHz, which is one of the standard frequencies
allocated by the United States Federal Communication Commission for industrial

usage. The generator is capable of delivering up to 2 kW of RF power. A matching
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network is placed between the RF generator and the glow discharge. This serves to
increase the power dissipation in the discharge and minimize the reflected power, thus
protects the generator. In order to avoid large RF currents flowing round a circuit,
most RF generators are generally designed to have a pure resistive output value of 50
ohms. Similarly the RF generator in the ICP-CVD system has an output impedance of
50 ohms. For ICP-type loads, the reactive part of the impedance is of an inductive
nature and therefore a capacitive reactive component is required in the matching
network that serves to transform the complex impedance of the plasma load to a pure
50-ohm impedance for maximum power transfer. The matching network of ICP-CVD
system can function either in automatic or manual mode whereby the loading and

tuning capacitors will be tuned to find a precise impedance match between the plasma

load and the RF generator.

3.1.4 Software integration

The various functional modules of the ICP-CVD system are interfaced to a PC with an
integrated custom-designed Graphical User Interface (GUI). The integrated software
system serves as a platform for the user to operate the ICP-CVD system remotely. The
five modules listed in table 3-1 are linked to the Moxa Smartio C168H 8-port serial
board in the PC. The hardware components under the control of each module are also
depicted in table 3-1. The Borland Delphi 5.0 is used as the software development
platform for the GUI application program. The interfacing between each module and

the PC is established using the standard RS-232 serial communication protocol.
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No Module Component
1 | Blackstar I/O controller - Solenoid valves
- RF generator

2 | MKS Multi-channel flow/pressure controller - MFCs
- Throttle valve
3 | Eurotherm PID controller - Substrate heater

4 | ADAM 5000 data acquisition and control | - Solenoid valves
system (DLI module) - Thermocouples output

5 | Lintec LV-2100 controller (DLI module) - Liquid MFCs

Table 3-1 The interfaced modules of the ICP-CVD system for computer control.

Besides operating the ICP-CVD system remotely via the user-friendly GUI window,
manual control is also made possible through the front panel of system where the
control modules are fitted. The MKS mass flow programmer and pressure controller,
Eurotherm PID controller, Lintec liquid MFCs, on-off control of the pneumatic valves,
and RF generator are all accessible through the front panel of the system. The manual

control mode allows the user to perform diagnostic work on the system.

3.2 Structural characterization and chemical analysis

Various characterization tools were utilized to investigate the properties of interest
including surface morphology, crystalline structure, grain size, surface elemental and
chemical state information of the deposited films. The films deposited using the ICP-
CVD system were characterized by field emission scanning electron microscope
(FESEM) for surface morphology, transmission electron microscope (TEM) for film

microstructure, x-ray diffraction (XRD) for crystallography information and grain size
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estimation, and x-ray photoelectron spectroscopy (XPS) for surface elemental,

chemical state and semi-quantitative composition determination.

FESEM is a widely adopted technique in thin film and coating characterization work
for the investigation of film microstructure and surface topography. The FESEM is
capable of producing a plan view that shows the grain size and shape, their uniformity
and coverage, presence of hillocks or whiskers, evidence of film voids, and
microcracking. In addition to that, FESEM is also used to obtain cross sectional views
of multilayer structure that show the interfacial information between the substrate and
the film. A Leo 1550 FESEM was used to characterize the microstructure and
morphology of the deposited films. It is a field emission type SEM capable of
producing brighter and finer electron beam, which enhances the resolution of the SEM
compared to the conventional type of SEM. A range of 10-15 keV electron energy

beam was used to characterize the films where micrographs up to 100k magnification

could be captured.

TEM is an important analysis tool in nanotechnology research as it is capable in
imaging and analyzing the microstructure of materials down to atomic scale resolution.
The high resolution imaging mode of the TEM images the crystal lattice of a material
as interference pattern between the transmitted and diffracted high energy electron
beams. This allows one to observe planar and line defects, grain boundaries, interfaces
etc at atomic scale. The bright and dark field imaging modes of TEM, combined with
electron diffraction are also invaluable in giving information about the morphology,
crystal phases and defects in a material. A Jeol JEM-2010 high resolution TEM with

accelerating voltage up to 200 kV and a point resolution of ~2 A was used to study the
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microstructure of the films. Selected area diffraction (SAD) was also performed to

obtain the crystallographic information of the nanostructured films.

XRD technique is a convenient tool in characterizing crystalline materials. It is non-
destructive and simple in terms of sample preparation. XRD analysis was performed
using a Rigaku Dmax 2200 x-ray diffractometer. The copper K,, radiation x-ray with a
wavelength of 1.5406 A at 40 kV and 30 mA was used. The sample was tilted 0.5°
towards the x-ray beam and fixed throughout the 26 detector scan from 20 — 60°. The
tilt angle was kept small to minimize the penetration of x-ray beam into the substrate.
Scherrer’s equation is employed to estimate the average grain size, D, along the
surface normal direction [72]:

D =094/ Bcos 0 (3-1)
where B is the full width at half maximum (FWHM) of the broadened diffraction line

on the 2@ scale (radians) and @1is the diffraction angle.

XPS has been developed into the key surface characterization method over the past
few decades which combines surface sensitivity with the ability to quantitatively
obtain both elemental and chemical state information. XPS characterization was
carried out using a Kratos-Axis spectrometer with monochromatic Al Kot (1486.71 €V)
X-ray radiation (15 kV and 10 mA) and a hemispherical electron energy analyzer. The
base vacuum of the chamber was 2 x 10” Torr. Survey spectra in the range of 0-1100
eV were recorded in 1 eV steps for each sample, followed by high-resolution spectra
over different elemental peaks in 0.1 eV steps, whereby the detailed composition was
calculated. Curve fitting was performed after a Shirley background by nonlinear least

square fitting using a mixed Gauss/Lorentz function. To remove the surface
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contamination layer, Ar ion bombardment was carried out for 600 seconds using a
differentially pumped ion gun (Kratos MacroBeam) with an accelerating voltage of 4
keV and a gas pressure of 1 x 107 Torr. The bombardment was performed at an angle

of incidence of 45 ° with respect to the surface normal.

3.3 Gas sensing characterization

The direct current (dc) conductance measurement aims to investigate gas sensing
properties of the sensing materials whereby the presence of a reducing gas such as CO
or H, will cause an increase in the conductance of the sensing materials. The gas
sensing properties based on the dc electrical measurement were characterized using a
home-designed gas sensing experimental system, as shown in figure 3-4. The
measurement was performed in an enclosed gas chamber with a volume of 640 cm’. A
Keithley 236 source measure unit was used for the direct current-voltage measurement.
Sample heating was performed using a Linkam heater stage with a heating rate of 1-5
°C/min. The ambient conditions inside the gas chamber were set by flowing desired
test gas in background diluting gas of either air or nitrogen. The humidity level of the
ambient can be set by directing a portion of the diluting gas through the bubbler filled
with water. The flow rate and concentration of test gas were controlled using four

MKS MFCs. Figure 3-5 shows a pictorial view of the gas sensor characterization

system.

Au interdigital top electrodes with 1 mm spacing in between the fingers were
deposited on the sensing materials for electrical measurement by electron beam
evaporation using shadow mask. The device was attached to an alumina substrate with

two gold pads. A gas sensor device was made by connecting the interdigital gold
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electrode on the sensing material to the respective gold pads on the alumina using gold
wire bonding. Before testing, air sweep from room temperature to 450 °C with heating
rate of 1 °C/min was carried out to age the device. In this process, only dry air was
introduced to the chamber. After the resistance of the device was stabilized, the device
was cooled down to room temperature at 1 °C/min. Then, the device was heated to 450
°C step by step with the heating rate of 1 °C/min. At each step of 150 °C, 200 °C, 250
°C, 300 °C, 350 °C, 400 °C and 450 °C, test gas was introduced into the chamber with
dry air while maintaining the total combined flow rate of 500 sccm. The test gases
used include CO, Hy, C;HsOH, and NH;. The gas sensitivity S is given by the relative
resistance, S = R,ir/Rgas, Where Rair and Ry, are the resistance of the sensor in air and in

detecting gas respectively.

Control instruments

~ MKS 146C4- |
Channel Readout
Unit 4
— (Rs22
Linkam TMS 93 i
—_— Temperature
_ controller |
Test chamber
! ! Measuring instruments
—k— S Keithley 236 Source |
52__ MFC _;, £ Measure Unit /
- L _S0scem | 5 - . — (IEEEBusNiGPIB
—> . XJl:T(i:J . sshans = Keithley 2000 N
Test - e i TCScan Card
e 5[1 | 500 scem L 2. ]
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Hot slage P —
R TC1
}__, MFC
] 1000 scem
— System controller
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gas = 1000 scem 2SS
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Figure 3-4 Block diagram of the gas sensor characterization system.
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Figure 3-5 Pictorial view of the gas sensor characterization system.
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CHAPTER FOUR

NANOCRYSTALLINE SnO, THIN FILMS

4.1 Introduction

The gas sensing mechanism of SnO, gas sensors is largely based on the surface
reactions and hence, nanostructured SnO, thin films are of great interests due to the
large surface-to-volume ratio and the small grain size which is comparable to the depth
of the surface space charge layer. Nanostructured SnO, films have been successfully
prepared using many thin films technologies, such as thermal evaporation [73], spray
pyrolysis [74], atomic layer deposition (ALD)[75], magnetron sputtering [76], PECVD
[77,78], and metal-organic CVD [79]. The results reported in the literature have
clearly demonstrated that the microstructures and surface morphologies of the films
are strongly dependent on the deposition method and the processing conditions during
the film preparation, which in turn determine the properties, performance and
reliability of the SnO, sensing films. Therefore, a systematic investigation on how the
preparation parameters will affect the microstructure of SnOj thin films is necessary to
understand the microstructure-property relationships of sensing materials based on
SnO; thin films. In this chapter, we first study the effect of processing parameters on
the microstructures and crystal phase of the SnO, thin films prepared using the

custom-designed ICP-CVD system with bubbler delivery method. The microstructures
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and surface morphologies of the films are investigated by XRD, FE-SEM, and TEM.
Next, the gas sensing properties of the fabricated sensors device are characterized for

the detection of CO and H,.

4.2 Nanocrystalline SnO, thin films deposited by ICP-CVD with
bubbler delivery method
4.2.1 Experimental details

In this section, the SnO, thin films deposited by ICP-CVD system using bubbler
delivery method will be presented. Dibutyltin diacetate (Aldrich, 98% purity),
(C4Hy),Sn(OOCCH3),, was used as the tin precursor. The precursor was soaked at 90
°C. Ar was used as the carrier gas at a flow rate of 100 sccm together with 100 sccm
O; as the reaction gas. A 4" Si0,/Si wafer was used as the substrate and it was placed
inside the ICP zone for deposition. There was no additional substrate heating during
deposition or post annealing of the films. The effects of various process parameters,
namely the substrate position, RF power, gas flow ratio of Oy/Ar on the thin film

microstructures were investigated.

4.2.2 Effect of substrate-nozzle distance (Dy,)

It should be indicated that the substrate was exactly located in the middle of the
plasma at a substrate-nozzle distance Dy, 0f 12.5 cm and the substrate position shifted
to the downstream of the plasma for Dj, larger than 12.5 cm. Figure 4-1 shows the
XRD patterns of the SnO, thin films deposited at various Dj,. The as-deposited SnO,
thin films were well crystallized even without substrate heating. Liu et al. [77]
reported that crystallization of the SnO; thin films prepared using their home-made

apparatus of PECVD was achieved at a substrate temperature of 350 °C. While
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Hellegouarc’h et al. [80] reported that SnO; thin films prepared by PECVD with a
substrate temperature of below 80 © was amorphous and required post annealing at 600
°C to stabilize the films. In contrast, well crystallized SnO, thin films were obtained
using the ICP-CVD method without any additional substrate heating or post annealing.
All the diffraction peaks could be indexed as those for Cassiterite SnO, (PDF 41-1445).
A shift of the preferred orientation from (101) plane to (110) plane was noted with the
increase of Dy, from 12.5 cm to 24.5 cm. The (101) orientation is a stable low energy
face for SnO; and exists mainly in nature [81,82] while the (110) orientation is the
lowest energy surface for SnO, with surface-tin atoms in their bulk Sn** oxidation
state [43]. Figure 4-2 shows the effects of D;, on the film thickness and the mean grain
size as calculated by Scherrer’s equation. With the increase of Dy, from 12.5 ¢m to
24.5 cm, there were lesser reactants reaching the substrate due to insufficient energy of
the reactants and the loss via deposition on the chamber side wall. The slower growth
rate of the substrate placed at larger Dy, was evidenced by the decrease in grain size
from 17.5 nm (D, = 12.5 em) to 5.3 nm (Ds, = 24.5 cm), as well as a dramatic
decrease in the thickness of the films from 144 nm down to 20 nm correspondingly.

This result has been published in [83].
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Figure 4-1
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Figure 4-2  Effects of Dy, on the thickness and grain size of the SnO, thin films [83].

e



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 4-3 shows the SEM micrographs of the SnO; thin films deposited at D;, = (a)
12.5 cm, (b) 16.5 cm, and (c) 20.5 cm. The SnO, thin film deposited in the middle of
the plasma (D, = 12.5 cm) was rough with irregular shape grains interconnected
among each other (figure 4-3(a)). This rough microstructure was possibly formed as a
result of the strong plasma sputtering effect that co-existed with the film deposition
process at Dy, = 12.5 cm. The grains in the SnO, thin film deposited at 16.5 cm was
regular in uniform size of 40 nm, and some tetragonal grains could be observed (figure
4-3(b)), which indicated that the films were well crystallized and developed. Some
large particles were observed on the SnO, thin film deposited at 20.5 cm (figure 4-
3(c)). The SEM micrographs confirmed that the grain size of the films decreased with

the increase of Dy,.

A wW R

l;r :{

3
-_'

Figure 4-3 SEM micrographs of the SnO, thin films deposited at Dy, = (a) 12.5 cm,

(b) 16.5 cm, and (c) 20.5 cm [83].
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4.2.3 Effect of RF power

Figure 4-4 shows the XRD patterns of the SnO; thin films deposited at Dy, = 20.5 cm
with RF power of (a) 400 W, (b) 800 W, (c) 1200 W, and (d) 1500 W. Similar shift of
the preferred orientation from (101) plane to (110) plane as shown in figure 4-1 was
also observed with the increase of RF power from 400 W to 1500 W. Figure 4-5 shows
the effects of RF power on the thickness and grain size of the SnO; thin films. It
showed that the grain size as well as the films thickness decreased with the increasing
RF power. Higher RF power increases both electron density and energy, accelerating
reactions of precursor in the plasma phase, which are both prerequisites for the
formation of SnO, and SnO [84]. Thus, the concentration of the SnO; components
was higher in the plasma, and resulted in a higher nuclei rate of SnO; inthe plasma. A
higher nuclei rate consumed more of the precursor in a shorter time and resulted in a
smaller grain size. However, as the clusters in the plasma were more active at higher
RF power, they were likely to deposit on the chamber wall and caused precursor loss.

As a result, the films deposited were thinner.

Figure 4-6 shows the SEM micrographs of the SnO; thin films deposited at D, = 20.5
cm with RF power of (a) 400 W, (b) 800 W, (c) 1200 W, and (d) 1500 W. The SnO,
thin films deposited at 400 W were very smooth and dense. As the RF power increased,
small micro-particles were observed. The SnO, thin films deposited at higher RF
power showed rough surface morphologies except for film deposited at 1500 W.
Among the different RF power settings, the SnO, film deposited at 1500 W was
thinnest at ~40 nm (figure 4-5). The rough morphology was beginning to evolve at

such thickness with scattered SnO, clusters observed across the film. The grain size of
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the SnO; thin films seemed to decrease with the increase of RF power, which was in

accordance with the results obtained by Scherrer’s equation (figure 4-5).
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Figure 4-4 XRD patterns of the SnO; thin films deposited at Dy, = 20.5 cm with RF

power of (a) 400 W, (b) 800 W (c) 1200 W, and (d) 1500 W [83].
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Figure 4-5 Effects of RF power on the thickness and grain size of the SnO; thin

films [83].
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Figure 4-6 SEM micrographs of the SnO; thin films deposited at Dy, = 20.5 cm with

RF power of (a) 400 W, (b) 800 W, (c) 1200 W, and (d) 1500 W [83].

4.2.4 Effect of gas flow ratio of O,/Ar

Figure 4-7 shows the XRD patterns of the SnO; films deposited at 20.5 cm with the
O,/Ar ratio of (a) 2, (b) 1, (¢) 1:2 and (d) 1:3. All the films were Cassiterite SnO,, but
some SnO phase was found in the SnO, thin film deposited at low O, flow rate. Figure
4-8 shows the thickness and grain size as function of the ratio of O,/Ar. Both the SnO;
grain size and thickness of the thin films increased with the increase of oxygen ratio
initially. The deposition rate and the grain size reach its maximum at O,/Ar = 1, then
they decreased with further increase of the O, flow rate. It was noted that sufficient
oxidation atmosphere was needed for the formation of SnO, phase and the growth of

films and grains. Figure 4-9 shows the SEM micrographs of the SnO; thin films
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deposited at 20.5 cm with O,/Ar ratio of (a) 2, (b) 1, (c) 1:2 and (d) 1:3. It showed that

the Oy/Ar ratio had no notable effect on the morphologies of the SnO; thin films.
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Figure 4-7 XRD patterns of the SnO; films deposited at 20.5 cm with O,/Ar ratio of

(@)2,(b) 1,(c) 1:2and (d) 1:3.
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Figure 4-8  Film thickness and grain size as a function of the ratio of O»/Ar.
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Figure 4-9 SEM micrographs of the SnO; films deposited at 20.5cm with O,/Ar ratio

of (a) 2, (b) 1, (¢) 1:2 and (d) 1:3.

4.3 Gas sensing properties of nanocrytalline SnO; thin films

The gas sensing properties of the nanocrystalline SnO, thin films deposited at different
D;, were characterized using the gas sensing characterization system described in
chapter 3. The test gases were CO and H, with a concentration of 1000 ppm in air.
Figure 4-10 shows the gas sensitivity (Rai/Rgas) Of the SnO; thin films deposited at
various Dy, to CO and H; versus the sensor operating temperature. SnO; thin films
deposited at D, = 16.5 cm and 20.5 cm showed the highest sensitivity to CO and H;
respectively. The highest sensitivity to CO was 16 at 250 °C whereas to H, was 44 at

400 °C. The SnO; thin films deposited at Dy, = 24.5 cm showed the lowest sensitivity
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to both CO and H,. The gas sensing characteristics of the SnO, thin films deposited at

various Dy, were seemingly influenced by the microstructures of the films.

From the grain size point of view, the SnO, thin film deposited at Dy, = 24.5 cm
should exhibit the best sensing performance with its smallest grain size of 5.3 nm,
which is close to twice the Debye length of SnO; (6 nm). Such a grain size leads to the
achievement of maximum sensor response through the formation of a space-charge
region in the whole crystallite as reported by Yamazoe and co workers [14,15].
However, it depicted the poorest sensitivity among the SnO, thin films deposited at
different D,. One possible explanation for such observation could be attributed to the
role of crystallographic structure of metal oxides on gas sensing besides the
dimensional factors like grain size and film thickness. According to Korotcenkov [85],
the external planes of nano-crystals participate in gas-solid interaction, and therefore
these very planes determine the gas-sensing properties of nanostructured materials.
Every crystallographic plane has its own combination of surface electron parameters,
which include surface state density, energetic position of the levels, activation energy
of native point defects and so on. This implies that the chemisorption characteristics
change noticeably from one crystal surface orientation to another. With an increase of
D;, from 12.5 cm to 24.5 cm, the preferred growth orientation of SnO; thin films was
found to shift from (101) to (110), and this has caused corresponding changes in

atomic and electronic properties along with surface energy parameters.
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Figure 4-10 Gas sensitivity of SnO, thin films deposited at different Dy, to (a) 1000

ppm CO and (b) 1000 ppm Ha.

It has been reported that the different crystallographic planes have different distances
between Sn atoms, according to the following series d(”g) ~ d(mo) < d(m;) < d(gg;) [86]
Tin atoms are centers of oxygen chemisorption, and therefore the change of indicated

distance must influence the rate of dissociative oxygen chemisorption, which in turn
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becomes a controlling factor of gas sensing phenomena [40]. The influence of the
various structural parameters of metal oxides, namely thickness, grain size, porosity,
grain faceting, agglomeration, film texture, sensor geometry, and others that have been
listed by Korotcenkov [85] must be taken into consideration in addressing the overall
gas sensor performance. For example, the SnO, thin films deposited at Dy, = 12.5 cm
has a rough surface morphology with large grain size compared to others (figure 4-3),
and the film was thickest with a preferred orientation of (101). While the SnO, thin
films deposited at D;, = 24.5 cm has the smallest grain size, lowest thickness, but with
a preferred orientation of (110). The combination of these various structural
parameters has given the sensing results shown in figure 4-10. Hence, it would be
difficult to compare and explain the reasons behind the difference in gas sensitivity
plot of SnO; thin films deposited at various Dy, as there was more than one structural
parameters change that could affect the overall gas sensing performance. However, the
possibility to produce different microstructures with specific growth orientation using
the custom ICP-CVD system has opened up many opportunities to tailor the gas

sensing performance of nanocrystalline SnO, thin films via microstructure

modification.
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CHAPTER FIVE

SnO, NANOROD THIN FILMS FORMATION

BY POST PLASMA TREATMENT

5.1 Introduction

Surface modification and microstructure optimization of the SnO,-based sensor
materials have been demonstrated to be an effective way to obtain high gas sensitivity
and selectivity. A traditional way to improve the performance of SnO,-based sensors is
the doping of tin oxide with small amounts of suitable dopants such as Pd, Pt, Cu, Fe,
Co, Mn, F, etc. [87-89]. Surface modification of a SnO,-based CO gas sensor with
sulfuric acid or thiourea solution was reported by Ozaki and co-workers to notably
enhance the sensitivity to CO, the selectivity against H,, and the long-term stability of
the sensor [90,91]. However, optimization of microstructure of sensor materials was
also demonstrated to be an effective way to obtain high gas sensitivity and selectivity.
Tan et al. [92] reported a promising method of using mechanical alloying in producing
nanocrystalline xSnO,-(1-x)aFe,03 powders as ethanol sensor with good selectivity
over CO and H; gases. The mechanical milling modified the powder microstructures
by decreasing the agglomerate size by more than 20-fold and created nano-sized

particles with enormous oxygen dangling bonds at their surfaces. Hyodo and co-
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workers reported that the modification of conventional SnO, powder with mesoporous
SnO; powder was effective in improving gas sensing properties of conventional SnO;

powder to both NO and NO, at a concentration level of 10 ppm [93].

Motivated by the capability of ICP-CVD system in producing distinct surface
morphology of the SnO, thin films at different D;,, the as-deposited granular SnO, thin
films were post-treated in the middle of ICP. The aim was to explore the
microstructure modification of the granular SnO; thin films via plasma sputtering
method. During the plasma treatment, SnO, nanorods in random orientation were in
situ grown on the SnO, thin films. The effects of post plasma treatment parameters,
namely the RF power, plasma treatment duration, gaseous composition, and plasma
type on the growth of the SnO; nanorods have been systematically studied and
discussed. The growth mechanism of the SnO, nanorod thin films was proposed and
presented. Next, the gas sensing properties of the SnO, nanorod thin films were
characterized, together with encouraging results of noble metal Pd addition to further

enhance the gas sensitivity and selectivity.

5.2 Experimental details

The as-deposited SnO; thin films described in section 4.2 were subjected to post
plasma treatment by placing them in the middle of ICP generated by 400 — 1200 W of
RF power with a gas flow rate of 0 — 50 sccm for Ar and O, respectively. No precursor

vapor was introduced in the chamber during the plasma treatment process.

55



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

5.3 Effect of post plasma treatment parameters

5.3.1 RF power

To study the effect of RF power on the microstructure of the SnO; thin films, the as-
deposited SnO, thin films were treated in ICP plasma with different RF power settings.
Figure 4-14 shows the XRD patterns of (a) as-deposited SnO, thin film and plasma-
treated SnO; thin films in (b) 400 W, (c) 800 W and (d) 1200 W ICP for 40 minutes.
The as-deposited SnO, thin film was well-crystallized even without substrate heating
and all peaks can be indexed by Cassiterite SnO, (figure 5-1(a)). After plasma
treatment, a second phase of Sn,O3; was found in the SnO; thin films treated in 800 W
and 1200 W ICP (figures 5-1(c) and 5-1(d)). SnO; could be regarded as an O deficient
phase of Sn0O,, and its presence was possibly caused by the strong ion bombardments
effect in the high power plasma. It was noted that the intensity of diffraction peaks

decreased with the increase of ICP power.

*
P Sn.O
) . ﬁz 3
—~ T o 5 e
S - 3 N
. N p—
8 ”“L-/\_l"\’_—*/\_, (d)
,.? *
% (c)
e (b)
L " 1 i L i [l (a)

20 30 40 50 60
20 (degree)

Figure 5-1 XRD patterns of (a) as-deposited SnO, thin films and plasma-treated
SnO; thin films in (b) 400 W, (c) 800 W, and (d) 1200 W ICP for 40

minutes.
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Figure 5-2 shows the SEM micrographs of the (a) as-deposited SnO, thin films and
plasma-treated SnO; thin films in (b) 400 W, (c) 800 W and (d) 1200 W ICP for 40
minutes. The as-deposited SnO; thin films were granular and the grain size was 20 nm.
Uniform SnO; nanorods with diameter of 10 nm and length of 90 nm were observed in
the SnO, thin films treated in 400 W and 800 W ICP. However, the SnO, thin film
treated in 1200 W plasma seemed to be damaged and only some large ball-like
particles with short SnO, nanorods were found. The surface microstructure of the
SnO, thin films was reconstructed during plasma treatment under different RF power

settings.

Figure 5-2  SEM micrographs of the (a) as-deposited SnO; thin film and plasma-
treated SnO; thin films in (b) 400 W, (c) 800 W and (d) 1200 W ICP

for 40 minutes.
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A thick SnO, thin film with columnar grains was selected to undergo post plasma
treatment in 400 W and 1200 W ICP for 120 minutes respectively. Figure 5-3 shows
the XRD patterns of the (a) as-deposited SnO, thin films treated in (b) 400 W and (c)
1200 W ICP for 120 minutes. It is shown that the film was well crystallized and
showed (101) preferred orientation after plasma treatment. Figure 5-4 shows the SEM
micrographs of the (a) as-deposited SnO; thin films treated in (b) 400 W and (c) 1200
W ICP for 120 minutes. The as-deposited SnO; thin film was very dense and some
flower-like particles were observed as shown in figure 5-4(a). The cross section view
of the thin films showed that the grains in the film were columnar-like. After a post
treatment at 400 W for 120 minutes, some nanorods grew from the film (figure 5-4(b)).
As the RF power increased to 1200 W, the nanorods grew longer (figure 5-4(c)). High
RF power processing showed different effects on the SnO, thin films with different
microstructures, and no evidence of film damage at high RF power as shown in figure
5-4(c) was observed. It seems that high RF power is favored to the growth of

nanorods from well-crystallized thin films.

110)
(101)

E
@ 1)
~—(211)
(220)
7(002)
B

Intensity (a.u.)

2 Theta(deg.)

Figure 5-3  XRD patterns of the (a) as-deposited SnO, thin films treated in (b) 400

W and (c) 1200 W ICP for 120 minutes.

58



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

B T L T & |

"~ MicroFabrication CareeiNTU
Chew #0204

||-.|-mnnu .'_T""‘ EMT=1600W WOw Imm  McroFabrcation CanaiTU

|n-¢-!nmu "" ENT=1800W WOs drwn  MicreFabrcsion CarsuTU

(b) 400 W

PN

Mag= BI00KX '" " ENT=1500KS WO® dmm  McroFsbricsion CantraMTU

| ag = 000 KX ,‘1" ENTE1500M  WO= 2mm  MecroFabricaicn CeneaNTU

(c) 1200 W
Figure 5-4 SEM micrographs of the (a) as-deposited SnO; thin films treated in (b)

400 W and (c) 1200 W ICP for 120 minutes.
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5.3.2 Gas flow ratio of Ar/O,

The effect of gas flow ratio of Ar/O, for the plasma on the morphology of the plasma-
treated SnO, thin films was also studied. Figure 5-5 shows the SEM micrographs of
the SnO, thin films treated in 1200 W plasma with (a) Ar/O; = 25 sccm/25 scem, (b)
Ar/O; = 50 scem/0 scem, (¢) Ar/O; = 0 scem/50 scem and (d) Ar/O; = 50 seem/50
sccm for 40 minutes. It seemed that the ratio of Ar/O; played an important role in
determining the morphology of the plasma-treated thin films. For Ar/O; = 50 scem/50
sccm shown in figure 5-5(d), only short nanorods on particles were found in the
plasma-treated sample. When Ar and O, flow rate decreased to 25 sccm respectively,
some separated urchin-like structures formed by the coagulation of nanorods with
diameter of 18 nm and length of 135 nm at one end were observed (figure 5-5(a)).
When pure Ar plasma was used, the film was porous and no nanorods were observed
(figure 5-5(b)). Pure O, plasma was also used to treat the SnO; thin films with only
some dispersed short rod-like particles observed in the treated sample (figure 5-5(c)).
Such findings indicated that the gaseous composition of the ICP showed strong effects
on the microstructure of the plasma-treated sample. The plasma generated by a

mixture of Ar and O, gas was necessary for the formation of SnO; nanorods.
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Figure 5-5 SEM micrographs of the SnO, thin films treated in 1200 W plasma
with (a) Ar/O,=25 scem/25 scem, (b) Ar/O;=50 sccm/0 scem, (€)

Ar/0,=0 sccm/50 sccm, and (d) Ar/O,=50 scem/50 scem for 40 minutes.

5.3.3 Type of plasma

It has been shown that SnO; nanorods could in situ grow from the SnO, thin films
deposited by ICP-CVD after post ICP treatment. This has led to the investigation if
other type of low temperature plasma, namely, capacitively coupled plasma (CCP)
treatment could deliver the same effect. For comparison, the as-deposited SnO; thin
films were treated separately in a Plasma Therm 790 CCP system and the ICP-CVD
system using an Ar/O, flow rate ratio of 50 scem/50 scem for 40 minutes. The RF
power setting was 400 W and 300 W for ICP and CCP treatment respectively, and the

lower RF power setting for the CCP is due to the system power limitation. There are
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two parallel plates used as electrodes in the CCP system, one serves as a cathode while
the other is grounded. The sample was placed in the grounded electrode during CCP
treatment. Figure 5-6 shows the SEM micrographs of the (a) as-deposited SnO; thin
films treated in (b) 400 W ICP, and (c) 300 W CCP for 40 minutes. No nanorods were
observed in the samples processed in the CCP, but the grain size of the films was
smaller after CCP treatment. The electrode configuration and plasma generation
mechanism for ICP and CCP are different, and therefore different effects on the

microstructure of the SnO, thin films were observed after ICP and CCP treatment.
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Figure 5-6  SEM micrographs of the (a) as-deposited SnO, thin films processed in

(b) 400 W ICP and (c) 300 W CCP for 40 minutes.
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5.4 Growth mechanism

Figure 5-7 shows the TEM image of a cluster of SnO; nanorods grown from the film
matrix. The SnO; nanorods rooted in the SnO, thin film matrix could be described as a
hybrid microstructure of one-dimensional SnO; nanorods grown on two-dimensional
SnO; thin film. The nanorods are 5-15 nm in diameter and are 200-300 nm in length
(figure 5-7(a)). A typical nanorod up to 500 nm long is shown in figure 5-7(b). The
nanorod is needle-like and the diameter is 23 nm at the root and 5 nm at the tip. The
lattice images were readily observed by HRTEM confirming that the nanorod is a
single crystal. The interfacial spacing of the nanorod is 3.3 A (figure 5-7(c)),
corresponding to the (110) plane of tetragonal rutile crystal structure of SnO, (a =
4.738 A and b = 3.187 A). The fast Fourier transform (FFT) of the HRTEM image

(inset in figure 5-7(c)) confirms that the facets of the nanorods are parallel to the (110)
and (110) planes, respectively. The growth direction of the nanorod is determined to

be [110], which is different from other reported growth directions such as [101] in

[94,95], [001] in [31,96,97], [112]in [98], [200] in [99]. and [301] in [100].

The SnO; nanorods were directly grown from as-deposited SnO; thin films during ICP
treatment without the assistance of metal catalysis and additional substrate heating.
Therefore, no evidences support the vapor-liquid-solution (VLS) or vapor-solid (VS)
growth mechanism. A sputtering-redeposition mechanism is proposed and published
in [94]. During the plasma treatment, the films were sputtered by the bombardment of
heavy ions such as Ar’ in the plasma, and then the films species generated by the
sputtering redeposited and rearranged back on the films. As the competing effects of
plasma sputtering and redeposition of the films occurred simultaneously during plasma

treatment, only those SnO; nuclei growing along their preferential growth orientation
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Figure 5-7  Bright field TEM images of (a) a cluster of SnO; nanorods and (b) a
typical SnO; nanorod. (¢) HRTEM image of the nanorod (inset is Fourier transform of

the HRTEM image) [101].

could grow to form nanorods. The nanorod growth processes were observed by SEM
(figure 5-8). It shows that the as-deposited SnO, thin film is well crystallized with a
dense microstructure composed of compacted columnar grains grown directly from the
Si0,/Si substrate (figures 5-8(a) and 5-8(b)). After treating in the plasma for 5 min and
10 min, short SnO, nanorods in their initial growth stage of redeposition were
observed (as shown in figures 5-8(c) and 5-8(d) respectively). The TEM observation

shows that the nanorods grow in situ from the grains in the film matrix (figure 5-9(a)).
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After treating in the plasma for 40 minutes, the SnO; nanorods grew longer in random
direction while the thickness of the film matrix decreased (figures 5-8(b) and 5-8(f)).
The film matrix was caverned by the continuous sputtering etching of the ICP, so the
compacted columnar grains in the as-deposited film (as shown in figure 5-8(b))

became separated from each other after plasma treatment (figure 5-9(b)).

The effects of RF power, gas flow ratio of Ar/O; and plasma type on the growth of the
SnO, nanorods can be explained based on the proposed sputtering-redeposition
mechanism. The plasma sputtering etching rate increased with the increase of RF
power and resulted in a decrease of films thickness after plasma treatment. Hence, the
intensity of the XRD peaks shown in figure 5-1 decreased with the increase of RF
power. When the RF power setting was too high, the sputtering etching effect was
predominant and the etching rate was much higher than redeposition rate. Therefore,
the films would be spoilt and redeposition was suppressed when the film was very thin
(as shown in figure 5-2(d)). The influence of the gas composition of the plasma was
also observed. The sputter effect of pure O, plasma was weak and thus no nanorods
were formed. However, a total absence of O, could lead to a strong sputtering effect of
the pure Ar plasma and the redeposition of the films species suppressed as SnO, were
not formed under neutral or reducing atmospheres [101,102]. The type of plasma was
also critical for the growth of SnO, nanorods on the SnO, thin films. The plasma
sputtering etching effect in the CCP plasma was predominant and hence, the
redeposition of the films was suppressed and no nanorods were observed on the films

treated in CCP [102].
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Figure 5-8  SEM images of as-deposited and plasma-treated SnO, thin films. (a)
Planar view and (b) cross-sectional view of as-deposited SnO; thin film.
Evolution of microstructure after treatment in 1.2 kW plasma for (c) 5
min and (d) 10 min. (¢) Planar-view and (f) cross-sectional view of

SnO; thin film treated in 1200 W plasma for 40 minutes [101].

66



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

S2nm
—

Figure 5-9  TEM images of (a) the nanorods in their initial growth stage and (b) the

film treated in 1200 W plasma for 40 minutes [101].

5.5 Gas sensing properties

For the SnO,-based sensors, the changes in resistance were mainly caused by the
adsorption and desorption of gas molecules on the surface of sensing structure. It was
reported that the sensitivity could be exponentially enhanced when grain size was
reduced to a scale comparable to the space-charge length [39,103]. As grains size
decreased, the optimal operating temperature also decreased remarkably and room
temperature detecting CO gas was reported in the SnO; nano-wires and nano-ribbons

gas sensors [23,104].

Figure 5-10 shows the FE-SEM micrographs of the (a) as-deposited SnO, thin film
and (b) plasma-treated SnO, thin film. The as-deposited SnO; thin film was granular
and the grain size was about 20 nm (figure 5-10(a)). After plasma treatment, SnO,

nanorods in uniform size with diameter of 7 nm and length of 100 nm were observed
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on the plasma-treated SnO, thin film (figure 5-10(b)). The thickness of the SnO,

nanorod thin films are ~300 nm.

Figure 5-10 SEM micrographs of (a) as-deposited SnO; thin film and (b) plasma-

treated SnO; thin film [94].

Figure 5-11 shows the gas sensitivity vs. operating temperature of the as-deposited
SnO; thin film and SnO; nanorods thin film. The test gas was composed of either 1000
ppm CO, H; or ethanol in dry air with a total flow rate of 500 sccm. The maximum
sensitivity (S = 3.8) towards CO gas of the as-deposited SnO; thin film was optimal at
360 °C. After plasma treatment, the maximum sensitivity of the SnO; nanorods thin
film towards CO gas increased 6.5 times with a 95 °C decrease in the optimal
temperature. The ethanol and H, gas sensitivity of the SnO, nanorods thin film was
found to increase twofold, while the associated optimized operating temperature

decreased 70 °C for H; and 130 °C for ethanol respectively.
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Figure 5-11  Gas sensitivity vs. operating temperature of the as-deposited SnO; thin

film and SnO; nanorod thin film [101].

For the as-deposited SnO, thin film with surface grains in nano-scale, the surface-to-
volume ratio, although high, is still relatively lower than plasma-treated SnO, thin film
with nanorods. Furthermore, only a thin layer close to film surface can be activated
during gas detection. For the plasma-treated SnO; thin film, diameter of the nanorods
was 7 nm and was very close to the space-charge length 6 nm of SnO,. Furthermore,
the nanorods were rooted in the plasma-treated thin film in one end and randomly
stretched outwards at the other end. This generated a highly porous structure and
enabled both the analyte and the background gas to access all the surfaces of SnO;
nanorods as well as the SnO; thin film. In this case, both the 1-D nanorods and 2-D
thin film could contribute to the chemical reactions at all their surfaces. Hence, the
whole device could be seen as SnO; nanorod antenna arrays integrated on the SnO,
thin film matrix. This unique 1-D and 2-D hybrid structure of the plasma-treated SnO;

thin film resulted in high sensitivity at lower optimal operating temperature. It
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indicates that the nanorod thin films are a good candidate for miniaturized and

ultrasensitive gas sensors. This result has been published in [101].

To determine the CO gas sensing properties of the as-deposited and plasma-treated
SnO; thin films, the devices were cycled at their optimized temperatures, 330 °C for
the as-deposited film and 250 °C for the plasma-treated film, through different CO
concentrations. Figure 5-12(b) show the response and recovery time at various CO
concentrations calculated from figure 5-12(a). Here, the response and recovery time
were defined as the time needed for the resistance of the sensors to reach within 10%
of the final equilibrium value for a given concentration. Figure 5-13 shows
comparative study of the CO and H; response properties of the as-deposited SnO, thin
film and SnO; nanorods thin film. In this case, the test gas was 200 ppm CO or H; in
dry air and operating temperature was 270 °C for CO and 300 °C for H,. Compared
with the as-deposited SnO; thin film, the SnO, nanorod thin film showed higher
sensitivity at lower operating temperature, faster response and shorter recovery time. It
is well known that the response and recovery time of conductometric sensors are
determined by the adsorption-desorption kinetics. Kolmakov and Moskovits reported
that the average time taken by the photo-excited carriers to diffuse from the interior of
an oxide nano-wire to its surface was greatly reduced with respect to electron-to-hole
recombination times [61]. The rapid diffusion rate of electrons and holes to the surface
of nanorods allows the analyte to be rapidly adsorbed/desorbed from the surfaces and

it helps to decrease the response/recovery time of the nanorods.
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Figure 5-12  CO response properties of as-deposited and plasma-treated SnO: thin
films. (a) CO gas response to various concentrations and (b) response

time and recovery time vs. CO concentrations [94].
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Figure 5-13  CO and H, response properties of the as-deposited SnO; thin film and

SnO; nanorod thin film [101].

5.5.1 Surface doping with Pd

The 2 nm thick Pd clusters deposited by electron beam evaporation were used to
modify the surface chemical state of the SnO; nanorods thin film. Figure 5-14 shows
the TEM image of the Pd-functionalized nanorods. Well-dispersed Pd nanoparticles
with an average size of 3 nm are clearly observed across the surface of SnO, nanorods
under TEM observation. It has been reported that subsequent annealing after noble
metal deposition in the temperature range of 300 — 600 °C was necessary to promote
the forming of metallic clusters, improve the homogeneity of their distribution by layer
thickness, and stabilize the properties of gas sensing matrix [105]. For our Pd-doped
SnO; nanorod thin films, no agglomeration of Pd particles was found after 600 °C post
annealing and the SnO, nanorods maintained its single crystalline structure after post
annealing as observation under the HRTEM. The two interfacial spacings of the

nanorod shown in figure 5-14(b) are 3.5 and 2.7 A respectively, corresponding to (110)
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and (101) planes of the tetragonal rutile crystal structure of SnO, (a = 4.738 A and b =

3.187 A). This result has been reported in [106].
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Figure 5-14 (a) TEM image of well-dispersed Pd nanoparticles on SnO, nanorods
thin film and (b) HRTEM image of a typical Pd-doped SnO, nanorod

[106).

Figure 5-15 shows the gas sensitivity of both un-doped and Pd-doped SnO; nanorod
thin films as a function of operating temperature in the range from 150 to 450 °C. The
testing gases were 1000 ppm CO, H,, or ethanol in dry air with a total flow rate of 500
scem. The Pd-doped SnO, sensor showed enhanced response to both H; and ethanol
with 6 and 2.5 times better sensitivity compared to the un-doped SnO; sensor. Similar
enhancing effect was however not found for CO. The un-doped SnO; sensor was 7
times more sensitive with a 100 °C lower optimized operating temperature. This
behavior was opposite to those reported in the literature where Pd doping promotes an
increase in the gas response and a shift of the response maximum towards lower
temperature [107,108]. Possible explanation on such peculiar behavior could be

associated with the Pd concentration in the SnO; nanorods thin film. The study on
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different Pd doping concentrations has shown effect on the gas sensing performance.
Kim and his co-workers [109] reported lower CO sensitivities comparing the 1.0 wt%
Pd bulk-doping SnO, thin films to their pure SnO, thin films at the operating
temperature of 200 and 250 °C. Optimum Pd concentration was found to be 0.5 wt%
from their investigation on CO detection. In our work, the Pd doping was fixed at 2
nm thickness using e-beam evaporation and followed by annealing. The Pd

concentration could be optimal for H, detection but not CO.

It was interesting to note that ethanol detection showed a unique sensing behavior
where the Pd-doped SnO; nanorod thin films exhibited higher sensitivities than the
undoped SnO; nanorod thin films in the operating temperature range of 300 °C to 450
°C, and vice versa in the operating temperature range of 150 °C to 250 °C. This unique
sensing behavior could again be attributed to the Pd doping concentration in the SnO,
nanorod thin films. Optimal sensing performance similar to H; could be identified for
ethanol detection by varying the Pd doping concentration in the SnO, nanorods thin
films. Though the 2 nm Pd doping could be not optimal for CO and ethanol detection,

the existing sensing characteristics have shown good selectivity properties for Hj

detection.
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Figure 5-15 Gas sensitivity vs. operating temperature of un-doped and Pd-doped SnO,

nanorod thin films [106].

The Pd-doped SnO, sensor was further tested at 20 times lower concentration than
1000 ppm. Figure 5-16 shows the sensitivity plot of the Pd-doped SnO, sensor towards
50 ppm CO, H,, NH; and ethanol in dry air. Among the investigated gases, Pd-doped
SnO, sensor showed the highest sensitivity towards H, with 33 times of relative
resistance change following the introduction of the test gas. Similarly Mishra and co-
workers found their Pd-doped SnO, thick film sensor possessed higher sensitivity for
H; in comparison to LPG and CO [110]. The promoting effects of Pd in improving
sensing performance have been attributed to the electronic sensitization mechanism

which explained the formation of electron-depleted space charge layer inside the
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semiconductor, induced by the changes in the oxidation state of Pd following oxygen
adsorption and desorption [111]. The resultant increase in work function of
semiconductor was casually observed from the increase in electrical resistance (Rg;)
[41]. In our case, the resistance of Pd-doped sensor was an order of magnitude higher
than the as-deposited sample. Another chemical sensitization mechanism proposed that
the dissociation of H, at the Pd surface forming atomic H that could lead to additional
reaction schemes [110]. Reviewing the basic reaction scheme between adsorbed
oxygen species on SnO, surface and molecular H; is a single step process presented as
follows:

H; (g) + Oad (SnO3z) = H,0 (g) + (SnOy) + ¢ 4-1)

With the dissociation of H; at Pd surface, the additional reaction schemes are:.

H; (g) & H + H (dissociation) (4-2)
H + SnO; - Hay(Sn0y) (4-3)
Hag(Sn03) + O4¢'(Sn0,) = OH,q(Sn0O,) (4-4)
OHaq (SnO;) + Hag(SnO,) — Hy0 (g) + (SnO,) + € (4-5)

In either reaction path, H,O (g) is liberated as the final reaction product resulting in
accumulation of electrons at the surface which is responsible for the increase in the

conductance, and hence better sensitivity to H, for SnO, sensor doped with Pd was

observed.

Shown in figure 5-17 is the response curve of the Pd-doped SnO, sensor for a step
change in composition from air to 50 ppm H in air at its optimized operating
temperature of 300 °C. The response time was well within 120 s while the recovery

time was within 15 min for the Pd-doped SnO; sensor. The Pd-doped SnO, sensor also
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showed consistent response and full recovery throughout the cyclic test as shown in

the inset of figure 5-17.
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Figure 5-16  Sensitivity of Pd-doped SnO; nanorod thin films to H,, CO, NH3 and

ethanol as a function of operating temperature [106].
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Figure 5-17 Response curve of Pd-doped SnO; nanorod thin films to 50 ppm H; at

300 °C [106].
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CHAPTER SIX

DIRECT ONE-STEP SnO, NANORODS /

NANOCOLUMNS ARRAY

6.1 Introduction

SnO; nanorod thin films formed by post plasma processing have brought forward a
new way of tailoring the film microstructures to achieve a high surface area structure
desirable for gas sensing application. The SnO, nanorod thin films form a unique
hybrid structure of 1-D SnO, nanorods embedded in 2-D SnO, thin film matrix. The
fabrication of gas sensors based on SnO; nanorod thin films is compatible with the
prevailing microfabrication technology that emphasizes batch processing with good
reproducibility. The very high surface-to-volume ratios and great surface activities of

these nanostructures endow the gas sensors with inherently high sensitivity and short

response time [94].

Following the promising results of the SnO; nanorod thin films, new attempt has been
made to explore the possibility of depositing SnO, nanorods directly on the substrate.
The 1-D nanorods structure with higher surface-to-volume ratios compared to

conventional granular nanosized grains is anticipated to improve the sensing properties
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of the gas sensor devices. In this chapter, we first report on the successful preparation
of direct one-step SnO, nanorods array on SiO,/Si substrate. The effects of various
processing parameters on the structural properties of the synthesized nanorods array,
together with the proposed growth mechanism are presented. The gas sensing
characterization results obtained from the fabricated device of nanorods array are
discussed with emphasis on the enhancement of sensing properties by Pd surface
doping and oxygen vacancies alteration. Next, we report on the successful preparation
of 1-D SnO; nanocolumns array by direct liquid injection ICP-CVD process. The
effect of Dy, and gas sensing properties of the nanocolumn arrays are subsequently

discussed.

6.2 SnO; nanorods array by ICP-CVD with bubbler delivery
6.2.1 Experimental details

In this section, the experimental details for the one-step SnO2 nanorods array prepared
by ICP-CVD using bubbler delivery method will be presented. Dibutyltin diacetate
(Aldrich, 98% purity), (C4Hg),Sn(OOCCH3),;, was used as the tin precursor. The
precursor temperature was maintained at 90 °C. Ar was used as the carrier gas at a
flow rate of 50 sccm and 50 scem O was used as the reaction gas. The flow rate of Ar
and O, used was reduced half compared to the preparation of SnO, nanocrystalline
thin films described in section 4.2.1. A funnel-type quartz mixer was placed at the
chamber nozzle inlet to homogenize the reactants prior to plasma activation. A 4"
Si0,/Si wafer was used as the substrate and it was placed in the ICP zone for
deposition. Again, there was no additional substrate heating during deposition or post

annealing of the films.

79



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

6.2.2 Effect of substrate-nozzle distance

The substrate-nozzle distance, D, was denoted as the distance between the substrate
and the injection nozzle inlet. The substrate was located in the middle of the plasma at
Dy, = 8 cm and subsequent increase in Dy, indicated the downstream shift of the

substrate from the middle of the plasma.

Figure 6-1 shows the XRD patterns of the SnO, nanorods deposited at D,, = (a) 8 cm,
(b) 10 cm, (c) 12 cm, (d) 14 cm, and (e) 16 cm for 2 hours. All diffraction peaks can be
indexed as Cassiterite SnO, (PDF 41-1445). A shift of preferred orientation from (101)
plane to (110) plane was noted with the increase of Dy, from 8 cm to 14 cm. The
positioning of substrate at different locations in the plasma region could affect the

growth orientation.
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Figure 6-1 XRD patterns of the SnO, nanorods deposited at D, = (a) 8 cm, (b) 10

cm, (¢) 12 cm, (d) 14 cm, (e) 16 cm for 2 hours.
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Figure 6-2 shows the SEM micrographs of the SnO, nanorods deposited at D,, = (a) 8
cm, (b) 10 cm, (¢) 12 cm, (d) 14 cm, and (e) 16 cm. Both plane and cross-sectional
views were shown to indicate the morphology and thickness of the deposited
microstructure. Randomly oriented nanorods were observed in all the samples except
for Dy, = 16 cm where the nanorods structure was just about to form. With the increase
of substrate distance from the injection nozzle, the diameter and length of the nanorods

structure was found to decrease owing to the slower growth rate with fewer precursor

reactants reaching the substrate at the downstream of plasma.
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Figure 6-2 SEM plane view and cross-sectional views of the SnO; nanorods matrix

deposited at Dy, = (a) 8 cm, (b) 10 cm, (c) 12 cm, (d) 14 cm, (e) 16 cm for

2 hours.

6.2.3 Effect of RF power

The RF power during deposition was found to affect the formation of SnO; nanorods.
Figure 6-3 shows the XRD patterns of the SnO, nanostructures deposited at Dy, = 12

cm with RF power of (a) 400 W, (b) 600 W, (c) 800 W, (d) 1000 W, (e) 1200 W, and

82



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

(f) 1400 W for 2 hours. The nanostructures were well crystallized and all the peaks can
be indexed as Cassiterite SnO, with a (101) preferred orientation observed. Figure 6-4
shows the SEM images of SnO, nanorods deposited at RF power of (a) 400 W, (b) 600
W, (c) 800 W, (d) 1000 W, (e) 1200 W, and (f) 1400 W for 2 hours. The
nanostructures deposited at 400 W were composed of granular nano-sized grains while
nanorods started to form at RF power of 800 W. The nanorods were found to grow 50
nm longer with the increase of RF power to 1400 W. The increase of RF power had
promoted the sputtering by bombardment of heavy ions such as Ar" in the plasma,
simultaneously with deposition. With the redeposition and rearrangement of the
sputtered species, those SnO; nuclei that grew along their preferential growth
orientation could grow up to form nanorods. This agrees well with our previous study
on the effect of RF power in the growth of SnO; nanorods from SnO; thin films using

post plasma treatment [102]. This result has been published in [112].

Intensity (a. b.)

20 (degree)

Figure 6-3 XRD patterns of SnO; thin films deposited at D;, = 12 cm with RF power

of (a) 400 W, (b) 600 W, (c) 800 W, (d) 1000 W, and (e) 1200 W for 2

hours.
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Figure 6-4 SEM images of SnO; nanorods deposited at Dy, = 12 cm with RF power
of (a) 400 W, (b) 600 W, (c) 800 W, (d) 1000 W, (e) 1200 W, and (f)

1400 W for 2 hours.

6.2.4 Growth mechanism

Shown in figure 6-5(a) is the TEM image of the SnO, nanorods array. The SnO,
nanorods were connected with each other at the roots and randomly stretched outward

at the tips. The nanorods are 5 — 16 nm in diameter and 160 — 250 nm in length. Figure
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6-5(b) shows a HRTEM image of a typical SnO, nanorod. The clear lattice images
observed by the HRTEM indicate that the nanorod is a single crystal. Analysis of
HRTEM image using FFT reconstruction confirmed the formation of rutile-structured
SnO, with lattice constants a = 4.737 A and ¢ = 3.186 A. The facets of the nanorods
were parallel to the {110} planes and the growth direction of the nanorod is
determined to be [110]. It is known that the growth habit of crystals is related to the
relative growth rate of various crystal faces bounding the crystal, which is mainly
determined by the internal structure of a given crystal as well as is affected by growth
conditions. For a crystal with an anisotropic crystallographic structure, the direction of
the crystal face with the corner of the coordination polyhedron occurring at the
interface possesses fast growth rate, and the directions of the crystal face with the edge
and with the face of the coordination polyhedron occurring at the interface have the

second fastest and the slowest growth rates, respectively [113]. SnO, crystallizes in
point group symmetry 4/mmm and space group P4,/mnm (D:) with Sn and O in 2a

and 4f positions, respectively. The low index (110) face of SnO, is the
thermodynamically most-stable bulk termination [114-116] and has the lowest surface
energy [117,118]. The sequence of surface energy per crystal face is (110) < (100) <
(101) << (001) [97]. Besides the great stability of (110) faces, it has been
demonstrated that this surface provides the best efficiency for the chemisorption and
dissociation of oxygenated compounds at the SnO, interface owing to the lowest

interatomic distances between tin atoms as compared to (101) and (111) faces [97,119].
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Figure 6-5 (a) Bright field TEM image of SnO, nanorods array and (b) HRTEM

image the SnO, nanorod (inset is FFT of the HRTEM image).

The direct one-step deposition of SnO, nanorods array using the ICP-CVD system can
be classified as quasi 1-D (Q1D) nanostructures that are grown by catalyst-free
synthesis. Such a self-organization process is referred to as a “vapor-solid” (VS)
mechanism. In this process, the vapor generated by evaporation, chemical reduction or
gaseous reaction is transported and deposited onto a substrate to form QID
nanostructure  [120,121]. The initially deposited molecules formed seed crystals
serving as the nucleation sites. As a result, they facilitated directional growth to
minimize the surface energy [19]. In many cases, the VS growth process works in an
analogous way to the “vapor-liquid-solid” (VLS) mechanism, differing in that one
component of the gaseous atoms in VS process might play the role of the catalyst itself
[122]. It was proposed that minimization of surface free energy primarily governed the

VS process [123,124].

The various deposition durations was carried out to depict the various growth stages of

the nanorods by VS mechanism. The deposition duration has been varied from 20 to
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120 minutes for SnO, nanorods deposited at Dy, = 12 cm with a RF power of 1200 W.
Figure 6-6 shows the SEM images of the SnO, nanorods deposited for (a) 20 min, (b)
40 min, (c) 60 min, (d) 80 min, and (e) 120 min. At the early stage of growth within
20 min, a seed layer of polycrystalline SnO, grains serving as the nucleation sites for
subsequent nanorods growth was observed as shown in figure 6-6(a). With the
increase in deposition duration as captured in figures 6-6(b)-(e), the nanorods were
formed and grew longer along their preferred growth orientation forming uniformly

distributed nanorods array.
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Figure 6-6 SEM images of the SnO; nanorods deposited at Dsn = 12 cm with RF
power of 1200 W for (a) 20 min, (b) 40 min, (¢) 60 min, (d) 80 min, and (e)

120 min.
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6.2.5 Gas sensing properties

The gas sensing properties of as-deposited SnO, nanorods array to CO and H; have
been studied. The nanorods array is anticipated to deliver enhanced gas sensing
sensitivity due to the large surface area similar to the SnO, nanorod thin films
presented in chapter five. Figure 6-7 shows the gas sensitivity of the as-deposited
SnO, nanorods array to 1000 ppm CO and H, in air as a function of operating
temperature. For CO and H; detection, no optimal operating temperature was found for
the range of operating temperatures from 150 — 450 °C. The highest sensitivity was

10.7 and 4.5 at 450 °C for both H, and CO gas respectively.
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Figure 6-7 CO and H, gas sensitivity vs. operating temperature of the as-deposited

SnO, nanorods array.

6.2.5.1 Surface doping with Pd

Surface modification and microstructure optimization of SnO-based sensor materials
have been demonstrated to be an effective way to obtain high gas sensitivity and

selectivity [90,91,93]. The addition of some foreign metal have been shown to
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improve the detection of various kinds of gases by enhancing the sensitivity and
reducing the optimum operating temperature. In this investigation, 2 nm Pd clusters
were deposited on the SnO; nanorod arrays by electron beam evaporation of Pd metal.
Figure 6-8(a) shows the evenly distributed Pd nanoparticles on the surface of SnO,
nanorod arrays. The Pd nanoparticles are hemisphere-shaped with a diameter between

2 — 6 nm as shown in figure 6-8(b).

Pd nanoparticles

2nm
=

Figure 6-8 (a) Bright filed TEM image and (b) HRTEM image of the Pd-doped SnO,

nanorods.

Figure 6-9 shows the gas sensitivity vs. operating temperature of the Pd-doped SnO;
nanorods array. Obviously, samples with Pd doping always have higher sensitivity
than those without doping. For pristine SnO, nanorods arrays, the sensitivity increases
with the elevated operating temperature and no maximum sensitivity is observed for
operating temperature up to 450 °C. The optimal temperature for CO detection shifts
to 400 °C with sensitivity increase of about threefold after Pd doping. While for the H,
gas, the optimal temperature of H shifts to 400 °C and the sensitivity is about 6 times

better than that of pristine sample. It shows that Pd doping is an effective way to
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improve the gas sensitivity and selectivity of H,. Both chemical and electronic

sensitizations are believed to have contributed to the enhanced sensing performance to

H,, similar to the depiction of Pd-doped SnO, nanorods thin film in chapter five.
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Figure 6-9 (a) CO and (b) H, gas sensitivity vs. operating temperature of the as-

deposited and Pd-doped SnO, nanorods array.
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6.2.5.2 Oxygen vacancies effect

The electrical conductivity of conductance-type SnO; gas sensor arises primarily from
the presence of oxygen vacancies that act as electron donors in the natural non-
stoichiometric SnO; material. Oxygen vacancies in the SnO, material, and hence its
stoichiometry can be altered through exposure to oxidizing or reducing ambient at
elevated temperature. For the as-deposited SnO, nanorods array, annealing in air

ambient has been carried out with the aim to investigate the effect of oxygen vacancies

on the gas sensing properties.

The as-deposited SnO; nanorods array was subjected to post thermal annealing in air
for 2 hours at 600 °C, 800 °C, and 1000 °C. Figure 6-10 shows the SEM micrographs
of plane view and cross-sectional view of (a) as-deposited SnO; nanorods array post
annealed at (b) 600 °C, (c) 800 °C, and (d) 1000 °C. Annealing promotes grain growth
and the diameter of the SnO, nanorods was found to increase along with the higher

annealing temperatures.

The gas sensing properties of the as-deposited and post annealed SnO; nanorods array
were compared. Shown in figure 6-11 is the CO and H, sensitivity vs. operating
temperature of the as-deposited and post annealed SnO; nanorods array at 600 °C, 800
°C, and 1000 °C. Compared to the as-deposited nanorods array, all the post annealed
sensors showed better sensitivity to both CO and H,. The nanorods array annealed at
600 °C showed the highest sensitivity among the tested sensors, together with a

reduction of optimal operating temperature in both CO and H; detection.
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Figure 6-10 SEM micrographs of the plane view and cross-sectional view of (a) as-
deposited SnO; nanorods array post annealed at (b) 600 °C, (c) 800 °C,

and (d) 1000 °C.
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Figure 6-11 (a) CO and (b) H; sensitivity vs. operating temperature of the as-

deposited and post annealed SnO; nanorods array at 600 °C, 800 °C,

and 1000 °C.

The XPS characterization was performed to analyze any core level shift of peak
binding energy and to determine the stoichiometry of the SnO, nanorods array

annealed at different temperatures. Figure 6-12 shows the survey spectrum of the as-
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deposited SnO; nanorods array. The XPS spectrum exhibits a good purity where only
Sn and O related core levels are detected apart from the C 1s peak. Figure 6-13 shows
the set of corresponding XPS spectra of both O 1s and Sn 3d for (a) as-deposited SnO;
nanorods array post annealed at (b) 600 °C, (c) 800 °C, and (d) 1000 °C. The binding
energy scale was referenced to C 1s level at 285.0 eV, for carbon contamination at the
surface. No evident shift of binding energy was observed for both O 1s and Sn 3d core

levels after post annealing at different temperatures.

Sn 3d,,
Sn3d,,

Intensity (a. u.)

1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 6-12 XPS survey spectrum of as-deposited SnO; nanorods array.

94



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Intensity (a.b.)

545 540 535 530 525 520
Binding energy (eV)

Intensity (a.b.)

505 500 495 490 485 480 475
Binding energy (eV)

Figure 6-13 XPS spectra of (a) as-deposited SnO; nanorods array post annealed at (b)

600 °C, (c) 800 °C, and (d) 1000 °C.

Figure 6-14 shows the O 1s line of the as-deposited SnO, nanorods array. A simple

visual shape analysis indicates that it is wide, asymmetrical and exhibits a shoulder at
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the high binding energy side of the spectrum. This suggests that it is built up of a
mixture of two components and can be deconvoluted to obtain the constituting
components. The main component located at binding energy (BE) about 530.7 eV
corresponds to the O-Sn*" bonding, as taken from the NIST database [125]. The other
component of BE at about 531.6 eV is attributed to the oxygen impurities other than
the lattice oxygen. Although many types of oxygen impurities can be considered from
the physically adsorbed molecules to the chemisorbed species such as O,", O and 0*
[126], it is considered that negatively-charged oxygen impurities, or the chemisorbed
species are the more probable components considering the BE value between the

lattice oxygen and oxygen molecule (543.1 eV) [127].

O 1s
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Figure 6-14 O 1s XPS spectrum of as-deposited SnO; nanorods array fitted with
two simulation peaks. Peak (1) represents the oxygen of the SnO;

lattice (O-Sn‘”) and peak (2) represents chemisorbed oxygen species.

For the SnO; nanorods array post annealed at 600 °C, the visual shape analysis of the
O 1s line as shown in figure 6-15 indicates a similar characteristic compared to that of
as-deposited nanorods array. The O 1s line deconvolution result showed that the main

component with BE at 530.8 eV corresponds to the O-Sn** bonding while the other

96



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

component with BE at 532.2 eV belongs to the chemisorbed oxygen species. The
deconvolution of O 1s line for SnO; nanorods array annealed at other temperatures
showed a mixture of the two components identical to the as-deposited and post

annealed SnO; nanorods array at 600 °C.
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Figure 6-15 O 1s XPS spectrum of the SnO, nanorods array post annealed at 600 °C
fitted with two simulation peaks. Peak (1) represents the oxygen of the
SnO, lattice (0-Sn**) and peak (2) represents chemisorbed oxygen

species.

The stoichiometry of the as-deposited and post annealed SnO, nanorods array, defined
as the relative integrated intensity of 0-Sn** component (denoted at Ojaice) and Sn 3d
XPS peaks is shown in table 6-1. The relative concentration of the [Oya]/[Sn] that
takes into account the chemisorbed species is also shown in the table. The thermal
annealing in air ambient has increased the overall oxygen concentration [Oya] of the
as-deposited SnO; nanorods array. According to Chiu and co workers [128], the higher
ratio of oxygen of the thermally treated SnO, suggests that more oxygen species
existed as lattice oxygen in the metal oxide or as surface-adsorbed oxygen. Therefore,

more electrons produced from the defect reactions increased the conductivity of the
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thermally treated SnO, upon exposure to reducing gas, thus gave rise to a higher
sensitivity. However, our results showed that the highest gas sensitivity came from
SnO; nanorods array post annealed at 600 °C (figure 6-11) which does not have the

highest [Oal]/[Sn] compared to other nanorods arrays ( table 6-1).

SnO; nanorods array Relative concentration Relative concentration
[Ouattice]/[Sn] [Orotar]/[Sn]
As-deposited 0.99 1.86
Annealed at 600 °C 1.41 2.10
Annealed at 800 °C 1.31 2.15
Annealed at 1000 °C 1.30 2.24

Table 6-1 The relative concentration [Opice]/[Sn] and [Oiga]/[Sn] for different

SnO; nanorods arrays.

It has been reported the SnO,., thin films with a low value of x have a high sensitivity
compared to those with a high x value because there is more Sn*" that can be reduced
to Sn** by reducing gases [129,130]. The more stoichiometric SnO, is therefore
anticipated to deliver a high gas response to reducing gases. In this context, the SnO;
nanorods array post annealed at 600 °C with the highest [Ojayice]/[Sn] ratio have shown
the highest sensitivity to CO and H, among the as-deposited and post annealed SnO;

nanorods array (figure 6-11).

The gas sensitivity of SnO; is originated from the electron transfer between SnO, and
gases absorbed on its surface. SnO, is an n-type semiconductor because it virtually
contains oxygen vacancies. Physisorbed oxygen on the SnO; surface accepts electrons
from SnO; to form chemisorbed oxygen, O, .45 or Oags , thereby inducing a depletion

region in SnO,, In an atmosphere containing reducing gas, chemisorbed oxygen ions
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react with the reducing gas and release electrons into the conduction band of SnO,,
consequently increasing its conductivity [131,132]. The electron capture and release
reactions can be written as follow:

Electron capture: %2 O3 (gas) + € —> Oags (6-1)
Electron release: Hj (gas)+ Oags — H20 (gas) + € (6-2)

These two processes may involve oxygen vacancy and lattice oxygen with the sensing

material [133,134]. The required reactions are shown as follows:

Y2 O3 (gas) + € = Oads (6-3)
V.,"+0, +e > 0. (6-4)
H> (gas) = H2ags (6-5)
H, +0, »>H,04,+V,” +2¢ (6-6)

where V" represents an oxygen vacancy and O, " represents an O> ion occupying the
regular oxygen lattice site. A reduction in oxygen vacancies will drive equation (6-6)
in the forward direction, which will lower the resistance measured in H; containing
ambient (Rgs) and improve the gas sensitivity. However, low oxygen vacancies will
also retard the conversion of Ougs to O, (equation (6-4)) and consequently slowdown

the forward reaction shown by equation (6-6). Therefore, an optimal oxygen vacancy
concentration is required for the two reactions to be in equilibrium [135]. In our case,
the SnO; nanorods array post annealed at 600 °C with the highest [Ojanice]/[Sn] ratio
possessed the optimal oxygen vacancy concentration and thus gave the highest
sensitivity compared to other nanorods arrays. Since the atomic concentrations
calculated from XPS spectra are not absolutely precise, the exact amount of oxygen

vacancies for achieving the best sensitivity still needs further investigation.
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Besides thermal annealing, the as-deposited SnO, nanorods arrays were subjected to
O, plasma treatment using the same ICP-CVD setup. Plasma treatment is a very
effective technology in surface modification for a variety of materials. Plasma
containing electrons, ions, radicals, and neutral molecules strongly interacts with
surfaces, and as a result, chemical and physical modifications occur on the surfaces
[136]. Kim and co workers used a plasma treatment technique to reduce surface
defects such as oxygen vacancies on TiO, surfaces [137]. They investigated the
influence of different gas plasma treatments of TiO, film on the photoelectric
performance of dye-sensitized solar cells (DSSCs). Liu and co workers applied O,
plasma treatment to suppress the chemisorption sites, primarily the oxygen deficiency
sites on surface and also the oxygen vacancies in ZnO, which results in enhancement

of the UV detection properties [138].

The as-deposited SnO, nanorods array was subjected to 1200 W O, plasma treatment
for 20 min, 40 min and 120 min respectively. Figure 6-16 shows the SEM micrographs
of the (a) as-deposited SnO, nanorods array post O, plasma treated for (b) 20 min, (c)
40 min, and (d) 120 min. No notable changes on microstructures were observed after
O, plasma treatment, which could possibly attributed to the weak sputtering strength
of pure O; plasma as discussed in chapter five. The preserved nanorods array structure
is desired as our aim is to study the possibility of chemical modification on oxygen

vacancies by using O; plasma treatment.

100



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Mag + 100.00 KX |7 EMT=1500M WO= dmm MizsoF bricaion LAWNTU Diw 30 bw 3607

Moy MK [TE | G- G WOL b Mt LU O DA
Figure 6-16 SEM micrographs of the (a) as-deposited SnO, nanorods array post O

plasma treated for (b) 20 min, (c) 40 min, and (d) 120 min.

Figure 6-17 shows the CO and Hj sensitivity vs. operating temperatures of the as-
deposited and post O, plasma treated SnO; nanorods array for 20 min, 40 min and 120
min. The post O, plasma treated SnO, nanorods array showed improved gas sensitivity
compared to the as-deposited nanorods array. The highest sensitivity to CO and H;
was observed for SnO; nanorods array treated in O; plasma for 40 min. The highest
sensitivity value obtained in the range of investigated operating temperature was better

compared to SnO; nanorods array post annealed at 600 °C shown in figure 6-11.
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Figure 6-17 (a) CO and (b) H, vs. operating temperatures of the as-deposited and
post O, plasma treated SnO; nanorods array for 20 min, 40 min, and

120 min.

Figure 6-18 shows the XPS spectra of both O 1s and Sn 3d for (a) as-deposited SnO,

nanorods array post O, plasma treated for (b) 20 min, (c¢) 40 min, and (d) 120 min. The
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binding energy scale was referenced to C 1s level at 285.0 eV, for carbon
contamination at the surface. In the O 1s XPS spectra, the SnO; nanorods array treated
in O, plasma for 20 min and 40 min shows an evident mixture of 2 peak components
of equally strong intensity. For the SnO, nanorods array treated in O, plasma for 120
min, there exists a shift by approximately 2 eV towards the higher binding energy
compared to the nanorods array without post plasma treatment. In the Sn 3d spectra, an
evident shift of approximately 2.4 eV towards the higher binding energy is observed
for SnO; nanorods array treated in O, plasma for 120 min while no apparent shift is
noted for the SnO, nanorods array treated in O, plasma for 20 min and 40 min

compared to the as-deposited nanorods array without post O, plasma treatment.

The deconvolution results of O 1s line of the SnO; nanorods array post treated in O,
plasma for (a) 20 min, (b) 40 min, and (¢) 120 min are shown in figure 6-19. In figures
6-19(a) and 6-19(b), the component labeled as peak ‘1’ is located at BE of 530.8 eV,
which corresponds to the O-Sn** bonding, taken from the NIST database [125]. The
prominent peak ‘2’ component with BE of 532.4 eV could be attributed to the
chemisorbed oxygen species. In figure 6-19(c), the decomposition procedure of O 1s
line shows two peaks located at BE of 532.7 eV and 534.2 eV respectively. The peak
labeled ‘1’ could be assigned to the chemisorbed oxygen species while peak labeled
‘2’ could be related to the O 1s core level of SiO;, used as an insulation layer to
separate the Si substrate from the SnO, nanorods array. The long duration of O,
plasma treatment seemed to reduce the thickness of Sn layer as evidenced by a great
reduction of Sn core level related peaks and the presence of Si peak in the survey
spectrum shown in figure 6-20. The detection of Si peak in the survey spectrum leads

to the assignation of peak labeled ‘2’ to O 1s core level of SiO; in figure 6-19c.
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Figure 6-18 XPS spectra of the (a) as-deposited SnO; nanorods array post O;

plasma treated for (b) 20 min, (c) 40 min, and (d) 120 min.
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Figure 6-19 O 1s XPS spectra with two decomposited components (peak 1 and 2) of
the as-deposited SnO; nanorods array post treated in O, plasma for (a) 20

min, (b) 40 min, and (c) 120 min.
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Figure 6-20  XPS survey spectra of as-deposited and post O, plasma treated SnO,

nanorods array for 20 min.

The relative concentration [Ojaice]/[Sn] of the SnO, nanorods array post treated in O,
plasma for 20 min and 40 min is 1.40 and 1.18 respectively, which are both higher
than the as-deposited SnO; nanorods array with a [Ojauice]/[Sn] of 0.99. However, the
[Orattice)/[Orotal] ratio indeed decreased with longer duration in O, plasma treatment for
the SnO; nanorods array as shown in table 6-2. Meanwhile, there has been an increase
in the concentration of chemisorbed oxygen species [Oags] with the increase of plasma
treatment duration. The enhancement in the gas sensitivity of the O, plasma treated
nanorods array shown in figure 6-17 could be attributed to the presence of high
concentration of chemisorbed oxygen species on the surface of the SnO, nanorods
array. During oxygen plasma treatment, oxygen is added to the SnO, nanorods array in
the form of chemisorbed oxygen species on the surface rather than into the lattice as in
thermal annealing method. Chemisorbed oxygen species can be expected to be more

reactive than lattice oxygen [139] and this explains the much better sensitivity
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achieved by the O, plasma treated SnO, nanorods array when compared to the post

annealed nanorods array.

SnO; nanorods array

As-deposited Oz plasma 20 min | O;plasma 40 min
Element Main peak | At (%) | Main peak | At (%) | Main peak | At (%)

(eV) (eV) (eV)
.- O (lattice) 530.71 25.85 530.88 23.39 530.85 19.89

O (adsorbed) 531.60 | 22.73 532.39 | 36.14 532.31 39.12

[Oriee) O] (%) 53.2 39.3 33.7
[Oads)/ [Ocoral] (%) 46.8 60.7 66.3
Table 6-2  Average core level BEs and atomic concentrations (At %) of O 1s of as-

deposited SnO; nanorods array post O, plasma treated for different

durations.

6.3 SnO, nanocolumns array by direct liquid injection ICP-CVD
6.3.1 Experimental details

In this section, the SnO; thin films deposited by liquid injection ICP-CVD system will
be presented. Dibutyltin diacetate (Aldrich, 98% purity), (C4Hg)2Sn(OOCCH3),, was
dissolved in tetrahydrofuran (THF) and the resulted 0.1 M solution was used as the
precursor. The precursor in solution form was delivered into the Lintec vaporizer by
high pressure Ar acting as the push gas. The precursor flow rate was controlled at 50
mg/min. The precursor was totally evaporated in the vaporizer held at 150 °C and the
vapor was carried into the chamber by 50 sccm Ar gas. 100 sccm O, was introduced
into the plasma as the reaction gas. No additional heating was applied to the substrate

during deposition.
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6.3.2 Effect of substrate-nozzle distance D,

Figure 6-21 show the XRD patterns of the SnO; films deposited at a substrate-nozzle
distance Dy, = (a) 10 em, (b) 12 ¢cm, (¢) 14 cm and (d) 16 cm for 40 minutes. All peaks
can be indexed as Cassiterite SnO, (PDF 41-1445), and the (101) preferential

orientation was observed for the films.
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Figure 6-21  XRD patterns of the SnO, nanocolumns array deposited at Dy, = (a) 10

cm, (b) 12 cm, (¢) 14 cm, and (d) 16 cm for 40 min.

Figure 6-22 shows the SEM micrographs of the SnO, thin films deposited at D, = (a)
10 cm, (b) 12 c¢m, (c) 14 cm and (d) 16 cm for 40 minutes. The grains in the SnO;
nanocolumns array deposited at 10 cm were rod-like and the grain size was about 45 x
110 nm (figure 6-22(a)). Uniform square rods in the size of 43.5 x 100 nm were
observed in the SnO, nanocolumns array deposited at 12 cm (figure 6-22(b)). With the
Dy, increased to 14 cm and 16 cm, the rods shape changed to cylinder and the size of
the rods decreased to @29 x 70 nm for Dy, = 14 cm and @17 x 87 nm for Dy, = 16 cm

respectively (figure 6-22(c) and 6-22(d)). Figure 6-23 shows the effect of the substrate
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Figure 6-22 SEM micrographs of the SnO, nanocolumns array deposited at Dy, = (a)

10 cm, (b) 12em, (c) 14 cm and (d) 16 cm for 40 minutes.
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distance on the thickness and grain size of the SnO; nanocolumns array. It showed that
the SnO, nanocolumn thickness and the grain size decreased with the increase of the

substrate distance from the nozzle inlet.
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Figure 6-23 Effect of the substrate-nozzle distance D;, on the thickness and grain size

of the SnO; nanocolumns array.

Figure 6-24(a) shows the TEM image of SnO, nanocolumns array deposited at D, =
12 cm. It revealed the columnar and solid microstructure of the nanocolumns. The
clear lattice fringes of HRTEM image of the SnO; nanocolumn shown in Figure 6-
24(b) indicated a single crystal structure of the nanocolumn. The lattice spacing is 3.1

A, corresponding to the (001) plane of tetragonal rutile crystal structure of SnO,.
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Figure 6-24 (a) TEM and (b) HRTEM images of the SnO; nanocolumns deposited

at Dy, = 12 cm [140].

6.3.3 Gas sensing properties

The gas sensing properties of the SnO, nanocolumns array to CO and H, were
characterized. Figure 6-25 shows the sensing response of the SnO, nanocolumns array
to 1000 ppm CO and H; at increasing operating temperature range of 150 to 450 °C.
The as-deposited SnO; nanocolumns array show poor response to 1000 ppm CO,
while the response to 1000 ppm H; is much better. Specifically, the sensitivity to 1000
ppm H, at 400 °C is 17, which is 3 times better than that of CO. The sensing
performance of the as-deposited SnO, nanocolumns array is comparable to that of

SnO; nanorods array shown in figure 6-7.
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Figure 6-25 CO and H, gas sensitivity vs. operating temperature of the as-deposited

SnO; nanocolumns array.

In the direct liquid injection ICP-CVD process, a lot of solvent vapor was admitted
into the plasma together with the precursor vapor. The incomplete decomposition of
the organic vapor caused carbon contamination to the deposited arrays. The
composition analysis by XPS showed that there are around 7 at% carbon residues in
the as-deposited nanocolumns array, which could have contributed to the poor sensing
results of the nanocolumns array gas sensor. To verify this, the as-deposited SnO,
nanocolumns array were post-annealed in air at 600 °C for 2 hours. After annealing,
the sensing response of the SnO, nanocolumns array to 1000 ppm CO and H,
increased remarkably. The sensitivity at the optimal operating temperature of 400 °C is
3 times and 2 times better for CO and H respectively as depicted in figure 6-26. The
previous results in section 6.2.5.2 also show that gas sensitivity of SnO, nanorods
array can be greatly enhanced by O, plasma treatment. The as-deposited SnO,

nanocolumns array were also subjected to 1200 W O, plasma treatment. After 1200 W

112



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

O, plasma treatment for 40 min, the sensing response increased dramatically (figure 6-
26). The response to both 1000 ppm CO and H, increased around 7 times with the

sensitivity of the O, plasma-treated sample to 1000 ppm H; achieving a value of 160.
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Figure 6-26 Sensing response vs. operating temperature of the SnO, nanocolumns

array to (a) 1000 ppm CO and (b) 1000 ppm H; in air [140].

The sensing response curves of the as-deposited, annealed and plasma-treated
nanocolumns array to three successive cycles of step change of 100 ppm H, at
operating temperature of 400 °C are shown in figure 6-27. All the three nanocolumns
array sensors show good repeatability with full recovery in air during the three cycles.
The sensitivity of the O, plasma-treated nanocolumns is the highest among the three
sensors. Furthermore, from the steep changes of the resistance in the response curves
shown in figure 6-27, the O, plasma-treated nanocolumns possess much shorter

response and recovery time as compared to the as-deposited nanocolumns.
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Figure 6-27 Sensing response of the as-deposited, post annealed and O, plasma
treated nanocolumns array to three successive cycles of step change of

100 ppm Hj; at the operating temperature of 400 °C [140].

These results showed that the sensing performance of the SnO; nanocolumn arrays has
been remarkably enhanced by post-annealing and especially by O, plasma treatment.
The improvement of sensing properties is believed to be closely related to the
chemical change of the oxygen and Sn in the nanostructures. Therefore, the XPS
characterization was carried out to analyze the valence state of O and Sn species in the

nanocolumns before and after annealing and O, plasma treatment.

Figure 6-28 shows the evolution of the Sn 3d peak and O 1s peak of the as-deposited
SnO; nanocolumns array, as well as those after annealing at 600 °C in air for 2 hours
and 1200 W O, plasma treatment for 40 min. The Sn 3d peak shifted continuously

towards the lower binding energy for both the annealed and O, plasma-treated
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nanocolumns in comparison to the as-deposited nanocolumns and the intensity was
also found to decrease accordingly (figure 6-28(a)). It is obvious that the O 1s peaks of
the O, plasma-treated sample contain two peaks: one at a low binding energy of 530.7
eV and the other at a higher binding energy of 532.3 eV. The O 1s peaks of the as-
deposited and annealed nanocolumns can also be deconvoluted into two peaks by
mixed Lorentzian-Gaussian fitting (figure 6-28(b)). The O 1s peaks centered at lower
binding energy of 530.4 eV belongs to the lattice oxygen in the as-deposited
nanocolumns. The O 1s peaks at higher binding energy of 531.7 eV in the as-deposited
and annealed nanocolumns belong to the chemisorbed oxygen. It is interesting to note
the high binding energy peak of O, plasma-treated nanocolumns shifts to a much
higher value of 532.3 eV. It should be closely related with the increased chemisorbed

oxygen on the nanocolumns during intensive O, plasma treatment.

The XPS results of SnO, nanocolumns array were found to be consistent with that of
SnO; nanorods array, which was discussed in detail in the previous section 6.2.5.2.
The enhanced gas sensing response was due to the introduction of reactive
chemisorbed oxygen species on the nanocolumns surface, especially in the case of
nanocolumns that were post-treated in the O, plasma. The presence of chemisorbed
oxygen species gives rise to the large increase in the sensor resistance (as shown in
figure 6-27) and thus delivering a better sensing performance than the as-deposited

nanocolumns array.
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Figure 6-28  (a) Sn 3d peaks and (b) O 1s peaks (solid lines) of as-deposited,
annealed and O, plasma-treated nanocolumns. The dash lines, dot lines

and dash-dot lines are the fitting curves of O 1s peaks of as-deposited,

annealed and O, plasma-treated nanocolumns, respectively [140].
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Nanocrystalline SnO, thin films were prepared by the custom-designed ICP-CVD
system using bubbler delivery of chemical precursors. The effects of substrate-nozzle
distance, RF power, and gas flow ratio of Ar/O; on the microstructures, grain size and
film thickness were characterized. The gas sensing response of the nanocrystalline
SnO; thin films deposited at various substrate-nozzle distances was characterized. The
nanostructures with different structural parameters were found to influence the
resulting gas sensing properties. Hybrid structure of 1-D SnO, nanorods formed on 2-
D SnO; thin films were successfully prepared by subjecting the as-deposited SnO; thin
films to post plasma treatment using the same ICP-CVD setup. The effects of RF
power, gas flow ratio of Ar/O,, type of plasma on the formation of nanorods were
systematically studied. A sputtering-redeposition mechanism was proposed to shed
light on the growth of SnO, nanorods on 2-D thin films via plasma surface
modification. Such findings have put forward exciting opportunities in tailoring the

microstructures of the films deposited by the custom-designed ICP-CVD system.
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The gas sensing properties of as-deposited and post plasma treated SnO; thin films
were comparatively studied. The sensitivity to CO, H, and ethanol has increased
twofold and above, together with a significant decrease in optimal operating
temperature up to 130 °C. The better sensitivity achieved with the post plasma treated
SnO; thin films was attributed to the highly porous structure created by the randomly
oriented 1-D nanorods rooted in the 2-D thin films which enabled both analyte and the
background gas to access all the surfaces of SnO, nanorods as well as the SnO; thin
film. Surface addition with Pd noble metal was proven to further enhance the
sensitivity and selectivity of the nanorods SnO; thin film towards H; gas in particular

with 6 times better sensitivity compared to the un-doped SnO; nanorods thin films.

Direct one-step SnO; nanorods array was successfully prepared using a reduced flow
rate of carrier gas and oxygen into the chamber of ICP-CVD system. The effects of
substrate-nozzle distance and RF power on the nanorods array formation were studied
and the associated growth mechanism was attributed to the vapor-solid growth, where
a seed layer that served as the nucleation sites for subsequent directional growth was
formed by the initially deposited molecules. The directional growth along [110] was
achieved with the minimum surface energy of crystal face. The gas sensing properties
were comparatively studied for as-deposited and Pd-doped SnO; nanorods arrays, with
the latter showing 6 times better sensitivity to H, at a reduced optimal temperature of
400 °C. Post thermal annealed and post oxygen plasma treated SnO; nanorods arrays
also showed enhanced sensitivity to CO and H, compared to the as-deposited samples,
especially the 40-minutes post oxygen plasma treated sensor showed 13 times higher
sensitivity to Hy. The role of oxygen vacancies and chemisorbed oxygen species for

the improved gas sensing properties were substantiated by the XPS characterization
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results for the post annealed and post oxygen plasma treated SnO, nanorod arrays
respectively. With the use of direct liquid injection ICP-CVD, SnO, nanocolumn
arrays were also successfully prepared in a direct simple manner. The effect of
substrate-nozzle distance on the formation of nanocolumn arrays was studied. The gas
sensing properties of nanocolumn arrays show similarity with that of the nanorod
arrays, where the gas sensing response could be enhanced 7 times after post treatment
in oxygen plasma. The role of chemisorbed oxygen in optimizing the gas sensor

response was elucidated by the XPS analysis.

7.2 Recommendations for future research

SnO; nanostructures prepared by ICP-CVD technique, in particular the hybrid 1-D
nanorods SnO, thin films and 1-D SnO; nanorods and nanocolumns arrays have
shown good application as gas sensing materials. Future research work could focus on
the study of single 1-D SnO; nanorod as nanoscale gas sensor operating at room
temperature ambient. The conductivity of the 1-D nanostructures could vary from a
fully nonconductive state to a highly conductive state entirely on the basis of the
chemistry transpiring at its surface. This could translate to better sensitivity and
selectivity properties in terms of chemical sensing. For example, Yang’s group
reported that the SnO; nanoribbon nanosensors can detect ppm-level of NO; at room
temperature under UV light [23]. Similarly, Xia and co-workers have developed a
solution route for the synthesis of SnO, nanowires that exhibit enhanced sensitivity
towards CO, ethanol, and H; at ambient temperature [104]. The SnO, nanorods grown
by ICP-CVD technique could be fabricated into single nanorod gas sensors and
investigated for its room-temperature sensing capabilities. The ultimate goal is to

develop a smart single-chip sensor, wherein many sensors, each with its unique
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chemical properties, are integrated together and their output signals processed

simultaneously.

Some preliminary results in this direction have been obtained where single SnO,
nanorod gas sensors have been realized using focused ion beam (FIB) technique.
Firstly, the SnO, nanorods collected from the substrate were ultrasonically dispersed
in ethanol and ac dielectrophoresis was utilized to align and manipulate the nanorods
on the cross-structured AwTi electrodes. Next, both ends of the nanorod were
connected to a pair of AuwTi electrodes via Pt stripes deposited using a Micrion
9500EX Focused Ion Beam system. The fabricated SnO; single nanorod gas sensing

device is shown in figure 7-1.

Nanorod

Figure 7-1 SEM image of the single SnO; nanorod gas sensing device fabricated by

FIB [141].

Figure 7-2 shows the response of the SnO; single nanorod gas sensor to 100 ppm H,. It
was found that the nanorod sensor exhibited repeatable response to Hy at room
temperature as shown in figure 7-2(a). At a higher operating temperature of 200 °C,
higher sensitivity, reversibility and faster response was achieved (figure 7-2(b)). The
sensitivity of the nanorod sensor to other reducing gases such as ethanol, methane, and

CO was also evaluated. No obvious response was detected in the range of operating
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temperature from ambient to 200 °C. Hence the SnO, single nanorod sensor shows

good selectivity to H; gas. Further enhancement may be realized by surface

functionalization with noble metal.

The SnO; single nanorod sensor can be further configured as a FET structure with an
additional terminal besides the two AwTi electrodes that act as source and drain. In
such way the Fermi level within the band gap of the nanorod can be varied and used to
control the surface process electronically. The nanorod can act as a conductive channel
that joins the source and drain electrode. Tuning of the metal oxide properties in a FET

configuration has been reported in the literatures [24,142].
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Figure 7-2 The response of the SnO, single nanorod gas sensor to 100 ppm H; [141].
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