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Abstract

Gas sensors based on different principles have been developed for the
applications of environmental monitoring, industrial processing, aerospace and
the human body. Carbon nanotubes (CNTs) demonstrate a detectable electrical
properties change upon gas molecules absorption. This has been extensively
studied and used in chemiresistors and chemical field-effect transistors.
Simultaneous response to different types of gases was reported. The aim of this
study is to develop a new type of gas sensor by replacing the gate metal of a
field-effect capacitor with a carbon nanotubes network. This novel sensor will
combine resistivity measurements with potentiometric measurements, which

should ideally lead to increased functionality and selectivity.

The substrates (Al/Si/SiO,/SisN4 or Al/Si/SiO,/SisN4/LaF3) were fabricated with
two gate electrode structures (interdigitated and two-line). CNTs in different
solvents were drop or spray coated on to the substrates. Platinum coating on the
CNTs was also introduced. The resistive measurements indicated an increase in
the resistance of CNTs networks with increased oxygen concentration, and a
decrease in the resistance of CNTs networks with increased hydrogen
concentration with humidity interference. Evenly distributed CNTs film was
achieved by spray coating which allowed the use of CNTs network as gate
materials for potentiometric measurements. The potentiometric measurements
suggested that the C-V curve shifted towards a lower voltage with an increased
hydrogen concentration, and a higher voltage with an increased oxygen
concentration. However, the response time was too long for practical
applications. Pt deposition significantly improved the hydrogen response rate. A
voltage shift of -450 mV with an equilibration time of 2 minutes was achieved
when the hydrogen concentration increased from 1 to 100%. The C-V curve

shifted by 500 mV with increased oxygen concentration (1-100%).
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CHAPTER 1

INTRODUCTION AND HISTORY
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Gas sensors are of tremendous interest in different fields for the detection of the
presence of gases. Effectively sense gas molecules, such as oxygen (O,),
hydrogen (H,) and carbon dioxide (CO,) etc, and detect their level in the
environment are crucial for pollutions level monitoring, industrial chemical
processes control, space missions, agricultural and medical applications. The
gas sensing process is normally achieved by the adsorption and desorption of
gas molecules on a sensing materials. An ideal gas sensor should demonstrate
high sensitivity and selectivity with reproducible results, fast response time (i.e.,
the time from sample introduction to signal stabilisation) and recovery time, low
analyte consumption, low operating temperature and less temperature
dependence (Wang and Yeow, 2009). Furthermore, a reduced dimension will
also be beneficial in terms of portability. A wide range of materials have been
investigated over the last two decades, however, limited sensitivity has been
reported. Therefore, materials with high sensitivity and selectivity are highly

demanded.

Hydrogen sensitive field-effect device research started in the 1970s (Lundstrom
et al., 1975). Discontinuous catalytic films showed response to CO, NOy and
NH; at elevated temperatures (Zubkans et al., 1995, Spetz et al., 2001). In these
cases, the potential forming reaction took place at the three-phase boundary
(metal-insulator-gas boundary). Adsorption and charge separation at the
metal-insulator-gas interface led to concentration dependent potential changes.
The morphology of the three-phase boundary and the catalytic activity of gate
metal and underlying insulator have significant impacts on the gas sensor
selectivity and the response kinetics. The introduction of porous metal gate on
the gas sensitive field-effect device led to the possibility of detecting different

gases (Zubkans et al., 1995).
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Carbon nanotubes (CNTs) discovered by lijjima (1991), have an unique
geometry with a high aspect ratio. They are chiral in structure with either one
single outer wall (named single-walled carbon nanotube, SWNT) (lijima and
Ichihashi, 1993) or multiple concentrically nestled walls (multi-walled carbon
nanotube, MWNT) (Saito et al., 1992) (Fig. 1). Compared with other gate metals,
CNTs show a larger specific surface area, which allow the formation of a large
and well defined three-phase-boundary. These properties are expected to result
in a more stable and reproducible sensor signal and faster response of the

structures to the target analytes.

Fig. 1 Conceptual diagram of single wall carbon nanotube (SWCNT) (A) and multi-wall carbon
nanotube (MWCNT) (B) (Hirsch, 2002, lijima, 2002)

The first chemical sensor based on CNTs was invented by Kong (2000). When
exposed to gas molecules, the resistance change of the sensors was attributed
to the charge transfer between the molecules and the CNTs. For inert gases
such as N, and He, where the charge transfer between molecules and the CNTs
is negligible, the signals were considered to be attributed to the change in the
electron and hole free carries lifetimes. CNT-based sensors are advantageous

when compared with traditional sensors. It is well reported that CNT-based
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sensors demonstrate effective analyte sensitivity at room temperature. They are
therefore less temperature fluctuation dependent. The room temperature
operation also leads to low power consumption of the device, and contributes to

less sensitivity toward the thermally induced drift and longer sensor battery life.

The CNT-based sensors have been used for the detection of NO,, NH3 (Kong et
al., 2000), O, (Collins et al., 2000), alcohol vapour (Someya et al., 2003) and
other gases. It was noticed that bare CNTs do not show appreciable sensitivity
to Hy; therefore attempts were made to decorate the CNTs for improved sensor
sensitivity and selectivity. Pt, Pd particles and metal oxide were employed to
create a spillover effect at the metal nanoparticles. Some successful CNT-based
sensors for environmental applications are summarised in Table 1. However, the

selectivity is limited unless an array of CNTs with different compositions is used.

It is also noticed that CNT-based sensors are sensitive to water, and thus suffer
from the potential interference from the relative humidity at room temperature.
Different types of humidity CNT-based sensors were designed over the last few

years.
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Table 1: Summary of some successful CNT-based sensors and their sensing abilities

Analyte Precaution Concentration Current Successful Sensors
Sensor CNT Materials Detection Limits
NO, 21 ppb, long-term exposure may decrease lung Bare CNTs 10 ppb (Santucci et al., 2003)
function and increase the risk of respiratory symptoms Metal decorated CNTs 100 ppb (Star et al., 2006b)
Metal oxide decorate CNTs 100 ppb (Sharma et al., 2012)
NH; 25 ppm, Health and Safety (HSE) Bare CNTs 5 ppm (Quang et al., 2006)
Potential risk of lung damage and death when Metal decorated CNTs 250 ppb (Lee et al., 2013)
exposure to high concentration of NHs, Metal oxide decorated CNTs 5 ppm (Bittencourt et al., 2006, Hoa et al., 2007)
H, 4% (LEL) Pd-decorated CNTs 10 ppm (Star et al., 2006b, Wong et al., 2003b)
Pt-decorated CNTs 0.4% (Kaniyoor et al., 2009a)
CH,4 Lower Explosive limit (LEL) 5% Metal-decorated CNTs 6 ppm (Star et al., 2006b, Lu et al., 2004b)
(6{0) 30 ppm HSE Bare CNTs 100 ppm
Metal decorated CNTs 5 ppm (La et al., 2011)
Metal oxide decorated CNTs 10 ppm (Bittencourt et al., 2006, Leghrib et al., 2010b)
Automatically doped CNTs (Peng and Cho, 2003)
SO, 5ppm, permissible exposure limit (PEL) by Bare CNTs 10 ppm (Goldoni et al., 2003, Goldoni et al., 2004)
Occupational Safety and Health Administration
(OSHA)
H,S 10 ppm PEL Metal decorated CNTs 3 ppb (Mubeen et al., 2009)
0O, 19.5-23.5% CNT SAW sensor 1500 ppm (Chopra et al., 2003, Picaud et al., 2005)
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Aims

The aim of the thesis was to develop a novel gas sensor which combines the
field-effect gas sensor and carbon nanotubes gas sensor by replacing the gate

metal of the field-effect gas sensor with carbon nanotubes networks.

Compared with other gate metals, carbon nanotubes networks could provide
higher catalytic activity and a large specific surface area for the target gas
sensor. The increased catalytic activity elevates the gas detection of the gas
sensor, thus, more gases could be detected. The increased specific surface
area could allow the formation of larger well defined three-phase-boundaries,
which consequently reduce the response time and provide reliable signals. The
different functionalities of both field-effect gas sensors and carbon nanotube gas
sensor should provide a characteristic fingerprint response to target gases and
potential interferents. The combination of these two measurement principles was
expected to achieve a higher level of gas selectivity and sensitivity, which would

otherwise not be achieved by a single sensor.

Two gold electrodes were patterned on the gate area of the field-effect capacitor
(Fig. 2) to facilitate the resistance measurements. Carbon nanotubes were
deposited on the substrate to bridge the two gold electrodes. In order to ensure
that the potentiometric sensor response of the field-effect capacitor was
dominated by the carbon nanotubes, the gold electrodes were designed to
occupy a smaller proportion of the gate area compared with the carbon

nanotubes network.
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Fig. 2 Schematic of a gas sensor (combination of field effect gas sensor and carbon nanotube
gas sensor)

Field-effect capacitors with Si/SiO,/Si3N4/CNTs and Si/SiO,/SizN4/LaF3/CNTs
structures were fabricated. LaF; was previously used to enhance the response
of field-effect capacitors. With the added catalytic activity of the ionic conductor
LaF3, the possibility of achieving faster response times and different sensitivities
of the sensor structure to the target analytes was investigated. The sensitivity
and selectivity can also be improved by modified CNTs surface. Pt was

deposited on the CNTSs to increase their affinity for the gases.
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Structure of the Thesis

This thesis has been organised in a classical way. Chapter 1 gives a brief
introduction and history of gas sensor, their current application and limitation,
which leads to my aim of the thesis. Chapter 2 of my thesis focus on the
literature review (the principle of field-effect capacitor, field-effect capacitor gas
sensor applications, carbon nanobutes and the application of the carbon

nanotubes gas sensors).

Silicon substrates with different gold electrode structures were prepared first.
Based on the substrates, different types of carbon nanotubes, different coating
methods, and different modifications of carbon nanotubes were investigated to
explore the possibility of combining/creating a field-effect gas sensor and carbon

nanotubes gas sensaor.

Therefore, the experimental design, instrument and how the experimental
specimen preparation was undertaken in Chapter 3. How the experiments were
carried out is described in chapter 4 followed by the results and discussion. A
summary of project conclusions are stated in Chapter 5. The future work of
developing this field-effect capacitive gas sensor with CNTs as gate materials is
talked about in Chapter 6. References used in this thesis were listed in Chapter

7 using Harvard reference style.
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CHAPTER 2

LITERATURE REVIEW
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2.1 Field-effect Capacitor

2.1.1 Structure of a Field-effect Capacitor

A field-effect capacitor is a capacitor in which the effective dielectric is a region
of semiconductor material that has been depleted or inverted by a field-effect. It
is based on a metal/insulator/semiconductor (MIS) structure, which represents a
type of potentiometric sensor. The field-effect capacitors are promising since
they can be used for arrays of sensors with different catalytic gate metals,
different metal structures (porous or non-porous) and under different operation

temperatures.

A typical field-effect capacitor consisting of a four layer sandwich structure: metal,
insulator, semiconductor and ohmic contact as illustrated in Fig. 3. The metal on
the top of the structure is the sensitive material in the gas sensing capacitive
device. The sensitivity of the gas sensor depends on the activity of the metal.
This gate material was first made with continuous Pd for hydrogen detection
(Lundstrom et al., 1975). More choices of gate materials were developed with
over the last 3 decades. NaNO,-based solid electrolyte layer was selected as
the gate material to detect NO, (Zamani et al., 2005). La,O3 was used to for a

room temperature CO, sensor (Jinesh et al., 2011).
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p-Semiconductor

Ohmic contact

Fig. 3 Schematic of metal/insulator/semiconductor (MIS) structure

2.1.2 Principle of a Field-effect Capacitor

The properties of field-effect capacitors can be controlled via the DC voltage
applied between metal gate and ohmic contact. There are three different modes
in which the field-effect capacitors can be operated: accumulation, depletion and

inversion.

Take a p-type semiconductor as an example (Fig. 4): Accumulation occurs when
a voltage smaller than the flatband voltage is applied to the gate. Charge on the
gate attracts holes from the substrate to the insulator-semiconductor interface.
Depletion occurs when a more positive voltage than the flatband voltage is
applied. Negative charge builds up in the semiconductor. The positive charge on
the gate pushes the mobile holes into the substrate. Therefore, the
semiconductor is depleted of mobile carriers at the interface. Due to the ionised
acceptor ions, the negative charge is left in the space charge region. Inversion

occurs when voltage applied is beyond the threshold voltage. In inversion, there
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is a negatively charged inversion layer at the oxide-semiconductor interface in
addition to the depletion layer. This inversion layer is due to minority carriers,

which are attracted to the interface by the positive gate voltage.

Gate

Insulator

Semiconductor

Ohmic contact

Deplete region

Fig. 4 Charges in a Metal-Oxide-Semiconductor structure under accumulation, depletion and
inversion conditions

Capacitance voltage (C-V) measurements of MIS capacitors provide a wealth of
information about the structure. C-V measurement is a frequency dependent
measurement primarily in inversion because a certain time is required to
generate the minority carriers in the inversion layer. The capacitance of the
inversion region depends on the frequency of the applied signal. If the frequency
is low enough, the electrons can therefore be generated by thermal generation
and then the capacitance is very large. If the frequency is too high, the electron
concentration might remain fixed at the average value, thereby, the capacitance
depends on capacitance of depletion region. A typical high-frequency C-V curve

is given in Fig. 5.
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Fig. 5 High-frequency Capacitance-Voltage Curve

A MIS structure appears like two parallel-plate capacitors connected in series

(Fig. 6): fixed capacitor (insulator related) and variable capacitor (applied signal

related; space charge region). The capacitance can be calculated

accumulation, depletion and inversion modes with different equations.

Fig. 6 MIS structure equals to two parallel-plate capacitors connected in series.
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Accumulation

The MIS structure appears like a parallel plate capacitor. The properties are

dominated by the insulator properties.

‘ d (2.1)

Where C, is the insulator capacitance (Farad), A is the area of capacitor area
(cm?), d is the thickness of the oxide layer (cm), ¢, is the dielectric constant

of insulator and ¢, is the permittivity in vacuum (F/cm).

Depletion

Positive voltage on the gate material pushes the mobile holes into the substrate.

A depleted region left in the semiconductor next to the insulator which equals a

variable capacitance C,.

W, (2.2)

Where ¢, is the semiconductor permittivity (F/cm), W, is the width of the

depletion layer (cm). The total capacitance can be expressed:

C, +C, (2.3)
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Inversion

The depletion layer reaches a maximum width and remains constant for further
increase in the applied bias voltage. The maximum depletion layer width can be

calculated:

wd ~ [HKaTe, In(N, /n;)
s q°N, (2.4)

Where N, is the donor impurity density (cm™), n, is the intrinsic density

(cm™) and T is the operation temperature (K). And the corresponding total

capacitance is:

&

" d 4 (e e W, (2.5)
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2.1.3 Applications of Field-effect Gas Sensors

Hydrogen sensitive Pd gate field-effect transistor was first reported by
Lundstrom et al. (1975). Research on gas sensitive field-effect devices
expanded in the 1980s. The principle, application and the characteristics of
hydrogen sensitive Metal/Oxide/Semiconductor (MOS) structures were
proposed by Lundstrom et al. (Lundstrom, 1981, Lundstrom and Soderberg,
1981). A dense catalytically active noble metal gate (Pd) could be used to detect
hydrogen (Fig. 7). The hydrogen atoms emanated from dissociated hydrogen
molecules on the Pd surface at an elevated temperature (around 150°C). The
atoms diffused through the Pd film and adsorbed at the Pd-SiO; interface to form
a dipole layer. The dipole layer gave an abrupt potential change in the structure

which is referred to a voltage change (AV) on the C-V curve.

HE H2
v ]

a T ¢ HHHHHHH
= Pd ff i {
i I | ! (

SO, ‘ | Pd
|
il O e

Fig. 7 (a), a Pd/SiO,/p-Si field-effect structure, (b), a shift in voltage, AV, was observed in C-V
curve when H, was present, (c), hydrogen atoms diffused through the Pd film and adsorbed at
the Pd-SiO, interface (Lundstrom et al., 1989).

Some other hydrogen-containing molecules (alcohols, hydrogen sulphide,
ethylene and acetylene) can also be detected use the Pd-gate device. These
molecules are dehydrogenated on the Pd surface in such a way that hydrogen
atoms are released and transferred through the metal to the interface. The

dehydrogenation is temperature dependent. When operating at different
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temperatures, different molecules could be detected, which provides levels of

selectivity of the device.

Ammonia was also successfully detected (Danielsson et al., 1979). A large
sensitivity was reported with a discontinuous thin (<10 nm) gate structure, but no
sensitivity on a thick (>100 nm) gate structure (Winquist et al., 1983, Spetz et al.,
1988) was reported. However, it was suggested that the detection of ammonia
was based on a different mechanism. The molecules were dissociated at the
borders between the catalytic gate and the insulator. Adsorption and charge
separation at the gate-insulator-gas interface gave rise to concentration
dependent potential changes. These thin discontinuous gates can detect all

kinds of molecules that give rise to polarisation in the thin metal film.

Oxygen, fluorine and hydrogen fluoride were detected at room temperature by
using a Pt/LaF3/SisN4/SiO,/Si semiconductor field-effect structure (Miura et al.,
1989, Krause et al., 1992, Moritz et al., 1999). However, an ageing effect was
observed a few days after the preparation of the Pt layer. The response rate was
related to the age of the LaF; layer. A thermal treatment (above 160°C) was
proven to effectively reactivate the sensor (Moritz et al., 2001). The mechanism
of ageing and reactivation was investigated as well. It was shown that the
adsorption and desorption of very small amounts of CO, determined the

dynamic behaviour of the sensor.

A dual mode hydrogen sensor was developed by using Pd/AIN/SiC (Rahman et
al., 2008), which operated as a rectifying diode or a capacitor. This dual
behaviour is attributed to the AIN layer which due to its large band gap value can
act in a capacitive mode but also act in a diode current mode due to the

presence of a small concentration of shallow donors.
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2.1.4 Enhancement of Field-effect Capacitor Gas Sensor

The morphology of the three-phase boundary, the catalytic activity of gate
materials, and underlying insulator are three key factors for sensor selectivity,

sensitivity and the response time.
Morphology:

The dependence of the gas response on the morphology of the gate materials
has been reported with the help of a scanning light pulse technique (SLPT)
(Lofdahl et al., 2001). The local gas response at different points of the gate area
can be measured by SLPT. Only the surface layer is affected during the
reactions, the sensitivity is therefore strongly dependent on the

surface-to-volume ratio of the material used.

Catalytic activity of the gate materials:

The mechanism of the field-effect capacitor gas sensor is based on the reaction
of the gate materials, gas and insulator. Therefore, the selection and the activity
of the gate materials could have a direct impact on the sensitivity of the sensor.
Different types of gate materials have been used in the literature for the

detection of various gases. A brief summary was given out in Table 2.

Table 2: Gate materials use in field-effect capacitor gas sensors

Gate Materials Application Detection Limit
Pt CO (Samman et al., 2000). 100 ppm
Pt-SnOy O, and CO gases was also reported (Kang

and Kim, 1994)
Ir/Pd NH3 (Winquist et al., 1984) 1 ppm
Pd H, (Lundstrom et al., 1975) 10 ppm
RU/Ru0O, H,,C0O,C3Hg and NH3 (A. Salomonsson, 2005)
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Underlying insulator:

Sensitivities for different gases and short response times at room temperature
were achieved by introducing the ion conductor LaF; into field-effect capacitors
(Krause et al., 1992). Si/SiO,/SizN4/LaFs/metal structures were found to be
responsive to oxygen, hydrogen, hydrofluoric acid and fluorine. The increased
activity of the LaFs-metal-gas boundary is caused by the ability of LaF; to absorb
and therefore stabilise a variety of oxygen and fluorine containing species such
as hydroxide ions, peroxide, fluoride ions and carbon dioxide. This would allow
the gas sensor operate with a low energy cost, and also reduce the size of the

device.
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2.2 Carbon Nanotubes

2.2.1 Fundamentals of Carbon Nanotubes

Ceso and other fullerenes have stimulated intense interest in the structures
accessible to graphitic carbon sheets (Kroto et al., 1985). The earliest reports of
tubular carbon structures was published in 1955 (Hofer et al.). CNTs were
imaged even earlier during studying deposits in blast furnaces in the Potteries
(Davis et al., 1953), however they were recognised as carbon vermicules
instead of tubular. Clear images of pristine carbon nanotubes (CNTs) were first
published by Oberlin et al., (1976) as shown in Fig. 8. Despite the early
knowledge of CNTSs, the interest of CNTs was exploded after the Nature paper
by Lijima (1991). CNTs were discovered from a cathode by a carbon-arc

discharge method similar to the one used for fullerenes preparation.
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Fig. 8 Carbon nanotubes imaged in 1976 (Oberlin et al.)
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The structure of CNT is cylindrical rolled hexagonal carbon network with two
ends capped with pentagonal carbon structures (Fig. 9). CNTs are allotropes of
carbon with a nanostructure that can have a length-to-diameter ratio greater
than 10,000,000 and as high as 132,000,000 (Wang et al., 2009). There are two
types of carbon nanotubes named after their structure, single-walled and
multi-walled. The structure of a single-walled carbon nanotube (SWNT) can be
conceptualised by wrapping one layer of graphite into a cylinder. Multi-walled
nanotubes (MWNTS) consist of multiple layers of graphite. Two different models
are commonly used to describe the structures of multi-walled nanotubes. In the

Russian Doll model, sheets of graphite are arranged in concentric cylinders. In

the Parchment model, a single sheet of graphite is rolled in around itself.

'

©

Fig. 9 (a). Tube consisting of five graphitic sheets, diameter 6.7 nm. (b). Two-sheet tube,
diameter 5.5 nm. (c). Seven-sheet tube, diameter 6.5 nm, diameter 2.2 nm (lijima, 1991)
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Single-walled carbon nanotube (SWNTs) is normally a few nanometres in
diameter, and could be up to several centimetres in length (Kanzow et al., 2001).
In contrast, the multi-walled carbon nanotubes have a relative larger diameter
(10 - 40 nm) (Chopra et al., 2002). The bonding of CNTs is composed of sp?
bonds. This bonding structure provides the molecules with a unique strength.
CNTs are the strongest and stiffest materials yet discovered in terms of tensile
strength and elastic modulus. A Young’s modulus of 1.47 TPa and a tensile
strength of SWNT of 100 GPa were reported (Peng et al., 2008, Wong et al.,
1997, Falvo et al., 1997, Krishnan et al., 1997, Demczyk et al., 2002).
Nanotubes naturally align themselves into "ropes” by Van der Waals forces.
Under high pressure, nanotubes can merge together, trading some sp? bonds for

sp® bonds. This makes it very difficult to separate CNTSs to individual tubes.

Because of the symmetry and unique electronic structure of graphene, the
structure of a SWNT has a strong influence on its electrical properties. The
electronic properties of carbon nanotubes depend on their diameter and helicity

(Saito et al., 1992). The chirality and the fibre diameter are uniquely specified by

the vectorc, .

c, = Nna, + ma, (2.6)

Where n and m are integer; a, and a, are the unit vectors of graphite as

shown in Fig. 10. Carbon nanotube with given n and m value, the nanotube is

metallic when 2n+m=3q (where g is an integer); otherwise, the nanotube is

a semiconductor. Therefore, all armchair nanotubes (n=m) are metallic, and

nanotubes (5, 0), (6, 4), (9, 1) etc. are semiconducting. Alternatively, this could

be described as the SWNT is metallic when ((N—m)/3= integer. Theoretically,
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metallic nanotubes can have an electrical current density more than 1,000 times

stronger than metals such as silver and copper.

Fig. 10 Schematic of the electrical properties estimation on graphite cylinder (Dresselhaus et al.,
1992)

Graphite tubules appear like cylinders which were rolled from a graphite sheet.

The tubules can be identified by their lattice vectors c,. The chiral angle is

denoted by &, while a, and a,, denote the unit vectors of graphite. Possible

vectors for chiral fibres. The circled dots and dots, respectively, denote metallic
and semiconducting behaviour for each fibre. Measurements of conductivities in
nanotubes also showed p-type (hole conducting) behaviour in semiconducting
nanotubes. This was attributed to Shottky barriers with metallic contacts or
adsorption of oxygen onto the tube walls or the junctions with the contacts (Tans

et al., 1998, Martel et al., 1998).
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2.2.2 Synthesis of Carbon Nanotubes

High-energy lasers (Guo et al.,, 1995b), arc-discharge (lijima, 1991) and
chemical vapour deposition (Joseyacaman et al., 1993) were widely used for

carbon nanotubes synthesis.

High-energy laser

A high power laser (YAG type) has been used to vaporise the pure graphite
targets at 1200°C in an argon atmosphere (Fig. 11). The multi-walled carbon
nanotubes can be produced in a cooled collector (Guo et al., 1995a). The single
wall carbon nanotubes can also be produced by adding some metal particles as

catalysts (Thess et al., 1996).

Cu-cooled collector 1200 °C

SWNT soot Furnace ‘ Nd-YAG

Laser

metal-graphite target
Fig. 11 The production of single wall carbon nanotubes using laser technique (Terrones, 2003)

Arc-discharge

Two high-purity graphite electrodes were kept apart with a distance of 1-2 mm.
The arc was produced by passing a direct current (80-100 A) in a He
atmosphere. Deposit formed at a rate of 1 mm/min on the cathode and the
anode was consumed during arcing. Multi-walled carbon nanotubes were
produced in the deposit (Ebbesen and Ajayan, 1992). Just one year later, single

wall carbon nanotubes was produced by arcing graphite electrodes with metal
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catalyst in the methane and argon atmosphere (lijima and Ichihashi, 1993).
Nowadays single wall carbon nanotubes can also be produced by different
metals catalyst such as Gd (Subramoney et al., 1993), Co-Pt (Lambert et al.,
1994), Co-Ru (Lambert et al., 1994), Co (Ajayan et al., 1993), Ni-Y (Journet et al.,
1997), Ph-Pt (Saito et al., 1998b) and Co-Ni-Fe-Ce (Huang et al., 2001).

Chemical vapour deposition

The growth mechanism of carbon nanotubes by the chemical vapour deposition
technique is still not clear. The decomposition of C,H, on the top of the catalytic
surface creates H and C species. Three possible mechanisms have been

reported:

1. Top carbon diffusion through catalytic particles (Baker and Chludzinski, 1980)
2. Top carbon diffusion on catalytic particles (Baird et al., 1974)

3. Bottom carbon diffusion through catalytic particles (Baker et al., 1973)
In general, chemical vapour deposition (CVD) results in MWNTSs or poor quality
SWNTs. The SWNTs produced with CVD have a large diameter range, which

was difficult to control. But on the other hand, this method is very easy to scale

up, which favours commercial production.
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2.2.3 Reactivity of Carbon Nanotubes

Consider the interrelation between the two most stable fullerenes Cgp and Cyo.
Cvo is made of Cg by adding one row of five armchair hexagons along the
equator normal to a fivefold axis. This suggests adding instead j such rows of
armchair hexagons to obtain a Cgp + 10j molecule which would be in the form of
a monolayer graphite tubule. Similarly, by cutting the Ceo molecule in half,
normal to a threefold axis along the zigzag edges, a perfect fit can be made to a
one-atom-thick cylindrical sheath consisting of j rows of nine zigzag hexagons

(zigzag fibre).

So the chemical reactivity of carbon nanotubes is in reality similar to that
graphite tubule and fullerenes caps. Graphite tubule walls are not reactive, but
their two fullerene caps are reactive. Some of functional groups such as -COOH,
-OH and -C=0 can be attached on the two caps of the carbon nanotubes. These
groups are responsible for some chemical properties of the carbon nanotubes

(Lin et al., 2003, Wong et al., 1998, Dai et al., 2003).

There are some weak interactions between the graphite tubule such as
hydrogen bonding, T1-11 stacking, electrostatic force, Van der Waals forces and
hydrophobic interactions. They allow the walls of carbon nanotube to catch small
molecules or bio chemically active molecules (Chen et al., 2001). These kinds of
abilities make carbon nanotubes available for wide range of sensor area such as
gas sensors, electrochemical detectors and biosensors with immobilised

biomolecules (Liu et al., 2000).
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2.2.4 Applications of Carbon Nanotubes Gas Sensors

Carbon nanotubes have been used in different areas including field emission
sources (Saito et al., 1998a, Baughman et al., 2002, Sugie et al., 2001, Yue et
al., 2002, Lee et al., 2001, Zhao et al., 2013), Li ion batteries (Zhao et al., 2005a,
Yoon and Park, 2013), electrochemical devices (He et al., 2013), molecular
sensors (Hilder et al., 2012), hydrogen storage (Li et al., 2011), scanning probe
tips (Lee et al., 2008a) and remove heavy metal from the waste water (Mubarak

et al., 2014).

The first gas sensor based on carbon nanotubes was invented by Kong et al.,
(Kong et al., 2000). A p-type transistor was built by using a semiconducting
SWNT to bridge the two metal contacts on a SiO,/Si substrate (Fig. 12). The
conductance of p-type semiconducting SWNT was observed increased when
exposed to NO, and decreased with exposure to NH3 with air as the carrier gas.
Exposure to NO, resulted in a shift of the SWNT Fermi level towards the valence
band, which created more conducting mobile holes. The increase of conducting
mobile holes could therefore improve the conductance of SWNT. For the case of
NHs, exposed to NH3; shifted the valence band of the nanotube away from the
Fermi level, resulting in hole depletion and reduced conductance. The gas
molecular sensing mechanisms for SWNTs also have been investigated by a
number of experimental and theoretical groups (Peng and Cho, 2000, Chang et

al., 2001, Mercuri et al., 2005, Zhang et al., 2006a).
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Fig. 12 Changes of electrical characteristics of a semiconducting SWNT in chemical
environments. (A) Atomic force microscopy image of a metal/S-SWNT/metal sample used for the
experiments. Nanotube diameter is 1.8 nm. The metal electrodes consist of 20 nm thick Ni, with
60 nm thick Au on top. (B) Current versus voltage curves recorded before and after exposure to
NHs. (C) Current versus voltage curves recorded under Vg= +4 V, before and after NO,
exposure (Kong et al., 2000).

The conductance of the SWNT sample increased sharply by about three orders
of magnitude after 200 ppm of NO, was introduced. The response time

increased when the NO, concentration was reduced, where 0.5 to 1 minute was
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reported for 20 ppm NO; and 5 minutes for 2 ppm NO,. When exposed to 1%
NHs, the conductance of the SWNT was observed to decrease 100-fold with a
response time of 1 to 2 minutes. An increase response time of 10 minutes was
noticed when the NHz concentration was reduced to 0.1%. Therefore, the
sensing limit for this SWNT gas sensor within a 10 minutes detection time is 2
ppm for NO, and 0.1% for NHs. Long-term exposure to NO, at concentration
above 21 ppb or NH3z at concentration above 25 ppm may decrease lung
function and increase the risk of respiratory symptoms. Therefore, the

improvement of sensitivity of the SWNT gas sensor was needed.

The change of the resistance of carbon nanotubes thin films was reported when
exposed to NO; at an operating temperature of around 165 °C (Cantalini et al.,
2003, Valentini et al., 2003). The detection limit was improved to around 10 ppb
with this elevated operating temperature (Fig. 13). The thin films of carbon
nanotubes prepared by plasma enhanced chemical vapour deposition indicated
the potential of using CNTs as a material for NO, detection for environmental

application.

The effect of contaminations of the carbon nanotubes has also been studied
(Goldoni et al., 2003). The experimental results indicated that the gas sensing
property of CNTs were severely compromised by the presence of catalyst
particles, contaminants, and defects coming from the purification procedure. The
cleaned CNTs could be used as a gas sensing material capable of measuring
environmentally significant levels of toxic molecules (<100 ppb) such as SO,

NHs, and NO».
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Fig. 13 Resistance changes at an operating temperature of 165°C and NO, concentrations
ranging from 10 to 100 ppb. (a) resistance change of the film after the first thermal treatment; (b)
resistance change of the film after the second thermal treatment (Cantalini et al., 2003).

The sensitivity of bare SWNTs network was increased by heat treatment (Quang
et al., 2006). The sample was soaked in N, ambient for two hours with a
temperature of 300 °C before the measurements. After saturated with Ny, the
sample was cool down to room temperature, and exposed to NH3 with N, as the
carrier gas. The detection limit was improved to 5 ppm. The response of the
sensor to NH3 exposure was depicted in Fig. 14. The improved NH3 sensor has
a good detection limit (5 ppm) and responds time of 10 minutes. However, the

activation procures for this improvement was not practical.

A MWNTs network based NH3 gas sensor was fabricated by using positive DEP
on a microelectrode array by Junta (Junya et al., 2003). The proposed sensor
achieved a rapid ppm level of sensitivity by impedance spectroscopy.
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Fig. 14 Responds of SWNT sensor to various NH3; concentrations at room temperature. At the
concentration of 40 ppm, the sensor sensitivity seems smaller than the expected value (Quang et
al., 2006).

As a general comparison, conventional solid-state sensors for NO, and NH3
operate at temperatures over 426.85 °C (Qin et al., 2000, Sharma et al., 1998),
and polymer sensors have poor sensitivities and slow (10 minutes) response
times (Miasik et al., 1986). The resistive measurements of an individual CNT or
CNTs network provide a better choice over metal-oxide sensors and polymer

sensor.

The changes in the resistance of the CNTs network were also used for the
detection of O, (Collins et al., 2000, Huang et al., 2009), SO2, NO (Goldoni et al.,
2004), organic vapour (Li et al., 2003, Someya et al., 2003) and inorganic vapour
(Valentini et al., 2004).

Some functional materials were applied to the CNTs gas sensor in order to

improve the sensitivity and selectivity. The materials were organic polymers,
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bio-molecules or catalytic metal, metal-oxide and nanoparticles attached to the
CNT sidewalls. These functional groups serve as sensing elements, exhibiting a
broad range of electronic, chemical, physical and biological recognition
properties that are often highly sensitive to changes in their chemical
environment. CNTs are the support that is physically responsive to stimuli from

the molecular world around these functional materials.

Modify CNTs with polymers and molecules

Polymer material is often used to improve the sensitivity and selectivity for the
CNTs sensors. A high NO, sensitive SWNTs based gas sensor was fabricated
(Qi et al., 2003). SWNTs were synthesised by chemical vapour deposition (CVD)
between metal electrodes of preformed metal (Mo) electrodes from patterned
catalyst on a Si/SiO, substrate. Polyethyleneimine was applied onto SWNTs
with immersion in a 20 wt % PEl/methanol solution for 2 hours. The
functionalised CNTs based gas sensor responds to as low as 100 ppt of NO, at
room temperature. The PEI coated CNTs based gas sensor showed no
response when exposed to NHs, which provide the ability to detect NO, without
the interference of NHs. They also demonstrated selective detection of NH3 by
using Nafion, which blocks certain types of molecules (NO;) from reaching

nanotubes.

The success of PEI coated CNTs draw some more interest to the modification of
CNTs with gas sensing polymer to improve the sensitivity of the CNTs based gas
sensor. The selectivity of CNTs based sensor can also be improved by using

polymer to block the toxic gas under certain condition.
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Fig. 15 A, Optical image CNTs based gas sensor. B, Change in conductance for the PEI
functionalised device exposed to various concentrations of NO, gas.

Polyaniline (PANI) was widely used to improve the NH3 sensitivity on CNTs
based gas sensor (Zhang et al., 2006b, He et al., 2009, Chen et al., 2012, Yoo et
al., 2009). A good detection limit as low as 50 ppb NH3z was achieved by using
polyaniline to functionalise the CNTs, which is the lowest NH3 concentration yet

detected at room temperature. Good reproducibility was also demonstrated.

The sensing properties of CNTs—porphyrin films were investigated (Penza et al.,
2011a). The presence of the porphyrin films increased the sensitivity of the
CNTs based gas sensor to volatile compounds (acetone, methanol, ethyl
acetate and tetrahydrofurane). Poly(o-anisidine) was deposited onto CNTs to
detect inorganic vapour, charge was transferred with electron hopping, which
affected the inter-tube conductivity through physically adsorbed polymers

(Valentini et al., 2004) and also resulted in increased sensitivity.

A gas sensor was synthesised through dielectrophoretic assembly of
nanostructured layer of poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)

(PEDOT/PSS) matrix and O, plasma-treated SWNTSs (Jian et al., 2013). The gas
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sensor showed high sensitive, selective, rapid, stable and reversible responses
for detection of 2-300 ppm NH3 and 6-1000 ppb trimethylamine gases at room
temperature, suggesting its potential for assessing fish freshness in the fishery

chain.

A room temperature CO, sensor was also proposed based on clad-etched Fiber
Bragg Grating (FBG) with polyallylamine-amino-CNTs (Shivananju et al., 2013).
The detection range is between 1000 ppm and 4000 ppm with a limit of 75 ppm.

The application of polymer on the CNTs improved the gas sensitivity of CNTs
based gas sensor. Furthermore, the selectivity of CNTs based sensor can be
designed by appling different kind of polymer according to the testing eniorment.
It gives the opportunity to detect the gases without some interference. However,
the polymer coating applied on CNTs cannot operate at elevated temperature.
The polymer coating was therefore unable be used under some harsh

conditions.

Modify CNTs with metal

A lot work has been done to discover the sensing mechanism of the CNTs based
gas sensor. Both theoretical (Zhao et al., 2005b, Yeung et al., 2008b) and
experimental works (Larciprete et al., 2007, Sayago et al., 2007, Jennifer et al.,
2005, Kumar and Ramaprabhu, 2006, Mubeen et al., 2007, Sun and Wang,
2007a, Lu et al., 20044, Young et al., 2005, Star et al., 2006a, Male et al., 2004)
indicated the molecule absorption ability of CNTs was linked to the metal
elements in the CNTs. Compared with polymer modified CNTs gas sensor, the
metal particles modified CNTs gas sensor are more stable. They could be used

under harsher conditions.
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Pd-functionalised SWNTs were studied as a gas sensor by several groups
(Wong et al., 2003a, Sayago et al., 2007, Mubeen et al., 2007). The gas sensor
based on Pd/CNTs/n-Si was fabricated (Wong et al., 2003a). MWNTs were
grown on the highly doped n-Si substrate by MPECVD (Plasma-enhanced
chemical vapour deposition). A thin film of palladium was selectively sputtered
on the surface with a patterning mask (Fig. 16). They study showed that the H,
sensing ability with the Pd decorated CNTs under wide operating temperature.

However, they only demonstrated the H, sensitivity at a concentration of 100%.

+—— Pd

n"-Si

| Ground

Fig. 16 Schematic diagram of the Pd/CNTs based gas sensor (Wong et al., 2003b).

Pd nanoparticles were also used to functionalise CNTs to detect CH, (Lu et al.,
2004b). The Pd nanoparticles were sputtered on CNTs. The Pd loaded CNTs (1%
wt) were then dispersed into solvent, and drop coated on the interdigitated
electrodes. The CH,4 concentrations between 6 to 100 ppm were successfully

detected at the room temperature. The hydrogen sensitivity of raw CNTs and Pd
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sputtered CNTs (Fig. 17) was compared (Sayago et al., 2005). Pd sputtered
CNTs showed H; sensitivity (concentrations from 0.5% to 3 %) at room
temperature. The temperature dependence on H, detection for raw SWNT

sensor indicates H, sensing activity at temperatures higher than 200 °C.

meT3x25000

Fig. 17 (a) Transmission electron microscopy image of the SWNTs functionalised with Pd
nanoparticles (scale bar 20 nm) and (b) scanning electron microscopy image of the SWNTs
as-grown film prepared by the airbrush method (Sayago et al., 2005).

Pd functionalised CNTs were prepared by sputter and thermal evaporation
(Jennifer et al., 2005). Both cases had good sensitivity to H, but the evaporated
films exhibited a more rapid response and recovery. The thermal evaporation
loaded sample could detect H, to a level of 10 ppm at room temperature. The
responses time was less than 1 minute and recovery less than 30 seconds when
exposed to air. This indicated that the sputter deposition might damage the

CNTs while thermal evaporation did not.

SWNTs network was also modified by Pd nanoparticles using an
electrochemical method (Schlecht et al., 2007). The Pd decorated CNTs function
as effective H, sensors enabling the detection of H, concentrations as low as 10
ppm at room temperature. The Pd/CNTs could also be deposited on

poly(ethylene terephthalate) sheets serve as building blocks for the fabrication of
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mechanically flexible hydrogen sensors with excellent sensing performance

(Sun and Wang, 2007b).

The Pd decorated CNTs enable the detection of H, as low as 10 ppm with a
short response time and recovery time at room temperature, which raw CNTs is
not capable. The lower detection limit and response time of Pd/CNTs gas sensor

were good for the practical use.

Pt nanoparticles were also used to decorate the CNTs for hydrogen sensor at
room temperature (Kumar and Ramaprabhu, 2006). CNTs were loaded with Pt
particles in the solvent while stirring Fig. 18. The Pt functionalised MWNTSs gas
sensor was tested to 4 % H,. The results showed the Pt/ MWNTs gas sensor
was a good hydrogen sensor with high sensitivity and reversibility at room
temperature. The Pd/CNTs gas sensor was also fabricated by the Kumar to
compare the gas sensitivity with Pt/CNTs gas sensor. The Pd decoration was
proved to be a better choice for a H, sensor compared with Pt. The conclusion
was also confirmed by the later study with Kaniyoor et al., (Kaniyoor et al.,

2009D).

The adsorption of small molecules on a transition-metal doped SWNT has been
studied within density functional theory (Yeung et al., 2008a). By replacing a C
atom with a Pt atom on the SWNT, the study has shown that the adsorption of
gases was favourable and resulted in a charge-transfer event that modified the

conductance of the nanotube as a whole.

CNTs gas sensor with and without Pt modification was measured for the gas
(NO2, NH3, CO,, CHy4, CO and C,HsOH) sensitivity (Penza et al., 2011b). The
functionalised CNTs with sputtered Pt catalyst loadings of 8, 15 and 30 nm
performed an enhanced gas sensitivity operating at a temperature of 120 °C. A

detection of 50 ppb NO, has been sensed at 120 °C. The maximum NO, gas

51



sensitivity has been measured by the Pt modified CNT gas sensor with a loading
of 8 nm. The results demonstrated that the highest NO, gas sensitivity has been
achieved up to one higher order of magnitude compared to other tested gasses

(NH3, CO,, CH,, and CO).

100 nm

Fig. 18 TEM image of Pt dispersed MWNT.

Several works about Rh decorated CNTs have been published (Larciprete et al.,
2007) (Leghrib et al., 2010a) (Leghrib and Llobet, 2011). The possibility of
detecting ppb level of NO, at room temperature was reported. Pt, Rh and Ag
decorated CNTs was fabricated to compare with raw CNTs (Penza et al., 2009).
The gas (NO,, H,, ethanol and toluene) sensitivity was tested at room
temperature. Metal functionalised with CNTs performed to remarkably enhanced
NO, gas sensitivity. The presence of 1 ppm NO, has been sensed at room
temperature. Smaller concentration of NO, (0.1 ppm) has been sensed at
150 °C by the functionalised CNTs sensors. Compared to raw CNTs, the

increasing temperature improved the NO, sensitivity of the raw CNTs. The
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elevated temperature reduced the catalytic efficiency in the gas detection for the

functionalised CNTSs.

SWNTs doped with alkanethiol monolayer protected gold clusters have been
investigated for ultra high sensitivity detection of NO, (Young et al., 2005). The
response to NO, of the Au/CNTs increased with the amount of Au until a
threshold loading level was achieved, after which no further enhancement of
sensor response is observed. The detection limit for NO, has been improved to

4.6 ppb at room temperature.

Ag nanoparticles decorated SWNTs, which is selective to H,S at room
temperature, has also been fabricated (Fam et al., 2009). It seems therefore that
the presence of different metal particles functionalising the CNT walls make the
CNTs sensitive to several gases at room temperature. It has been proposed that
to use a gas sensor array, which contains different the metal particles to
decorate CNTs such as Pd, Pt, Au, Ag, Rh and Al. The sensor array should
make the CNTs based gas sensor more robust and suitable for real life

applications.

Au and Pt particles have been used at the same time to functionalise CNTs
(Penza et al., 2007). The gas (NO, and NHs3) sensitivity improved one order of
magnitude with Au/Pt/MWNTSs based gas sensor operated at high temperatures

(400-500 K).

Modify CNTs with Metal-oxide Clusters

Many metal oxides are suitable for detecting combustible, reducing, or oxidizing
gases by conductive measurements. The following oxides show a gas response
in their conductivity: Cr,O3, Mn,O3, C0304, NiO, CuO, SrO, In,03, WO3, TiO,,
V,03, Fe;03, GeO,, Nb,Os5, MoO3, Ta,0s, La,03,Ce0,, Nd,O3 (Kanazawa et al.,
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2001). The conductivity response is generally determined by the efficiency of
catalytic reactions with detected gas participation, taking place at the surface of
gas sensing material. Therefore, the control of catalytic activity of gas sensor
material is one of the most commonly used means to enhance the performances
of gas sensors. For example, the pure SnO, thin film without any catalyst
exhibits very poor gas sensitivity. Noble metals (Au, Ag, Pt and Pd) are
high-effective oxidation catalysts and this ability can be used to enhance the
reactions on gas sensor surfaces (Wang et al., 2008, Haridas et al., 2008,

Shimizu et al., 2001, Lu et al., 2004a).

The novel hybrid type of gas sensor could be fabricated by using CNTs or
metal/CNTs as the catalysts on metal oxide type of gas sensor. The CNTs could
be used as the guide for the nanoparticle metal-oxide film growing and this
allows the coating of the inner and outer surface of the CNTs with a highly

conformal film of controllable thickness.

A hybrid SWNTs/SnO, gas sensor was developed to detect NO, at room
temperature (Wei et al., 2004). SWNTs were added and dispersed in the
organometallic (Sn [OOCCH (C;Hs) C4Hg]2) solutions. The solution was spin
coated on the interdigitated part of the sample, and heated to dry (Fig. 19). The
coating layers were sintered at 500 °C in a fast-fire gas-tight furnace to
decompose the coating materials, and obtain SnO, gas-sensing films. The CNTs
was wrapped in the SnO, after the sintering (Fig. 20). Therefore, a model was
presented to relate potential barriers to electronic conduction in the hybrid
material. This model indicated that the high sensitivity was associated with the
stretching of the depletion layers at the grain boundaries of SnO, and the

SWNTs/SnO; interfaces when detected gases were adsorbed.
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Fig. 19 Schematic of SWNTs/SnO, based gas sensors. (a) top view; (b) cross-section along line
A-A in the top view, and (c) cross-section taken along line B—B in the top view (Wei et al., 2004).

Fig. 20 FE-SEM micrograph of hybrid SWNTs/SnO, sensor (Wei et al., 2004).
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This hybrid gas sensor solved the problems of conventional SnO, sensors that
cannot detect NO, at room temperature. However, the lowest concentration of
NO, measured was 200 ppm, which is not good enough for the practical use.
The MWNTs/SnO, was also investigated (Liang et al., 2004). The detection limit

was tested as 2 ppm for NO and NO, and 10 ppm for ethanol and acetylene.

Fig. 21 TEM image of SWNT coated with tin oxide (Mubeen et al., 2013).

A electrochemical functionalization method was utilized to decorate SWNTs with
SnO (Mubeen et al., 2013). The gas (NHs, NO,, H,, H,S, acetone, and water

vapour) sensing performance was evaluated at room temperature. SnO was site
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specifically precipitated on the surface of SWNTs because of an increase in local
pH during electrochemical reduction of nitrate to nitrite ions. By adjusting the
amount of charge passed during deposition, the amount of tin oxide deposited
on SWNTs was controlled, which altered the electronic and gas sensing
properties of the nanostructures. The resulting hybrid nanostructures showed
excellent sensitivities. The detection limit was 25 ppb for NO, and 10 ppm for H,
at room temperature. The enhanced sensing performance was due to the

charge transfer at the interface of SnO nanoparticles and CNTSs.

Improved gas sensitivity was reported by controlled the particles size of
metal-oxide applied on CNTSs. It indicates the importance of size of reaction site,

which guides the path for decoration materials applied on CNTs.

Systems such as Au/CNT/SnO;, Nb—Pt co-doped/CNT/TiO2, Sb/ICNT/SnO, etc
were applied to the identification of CO, NHs;, ethanol, formaldehyde, toluene,
NO,, Ce¢Hs and O,. The hybrid material sensors improved the gas sensing
performance by factors of 2-5 compared to that of the sensor without CNTSs. It
also gives the ability to detect gases at a relatively low operating temperature
(<335 °C) (Llobet et al., 2008). The metal-oxide gas sensor operates stable at
high temperature. The metal-oxide/CNTs gas sensors therefore could also used
at relative higher temperature compared to polymer decorated CNTs gas

Ssensor.
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CHAPTER 3

MATERIALS AND METHODS
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3.1 Structure of the Experiments

Gas sensor samples investigated in the present thesis were made from two main
components: field-effect capacitor devices and carbon nanotube network which

bridges the two gate electrodes.

This chapter outlines the test sample preparation including the preparation of
p-type silicon wafers and gold electrodes fabrication of the filed-effect devices,
carbon nanotube dispersion and coating, Pt particle deposition. Details of the

experimental set up were also been described.

After the sample preparation, substrate structure characterisation,
capacitance-Voltage (C-V) measurements and gas sensitivities and selectivity
were tested. Due to the nature of the project, how those measurements were

completed will be reviewed in the results and discussion chapter.

3.2 Preparation of the Field-effect Capacitor

3.2.1 Substrate Preparation

P-type silicon wafers (500 + 5 um thickness, 150 mm diameter, <100> 20-30
Q/cm, Si-Mat, Germany, Fig. 22) with 20 nm thermally grown oxide (SiO;) and
30 nm CVD nitride (SisN4) were used for the present study. The wafers were
purchased with insulator on both sides. The substrate preparation was carried

out as illustrated in Fig. 23.

The insulator was removed from one side for the ohmic contact before cutting
into small pieces. A wafer was placed on a flat clean surface. Concentrated
hydrofluoric acid (HF, 48%, Sigma-Aldrich, UK) was dropped on the wafer

surface by a plastic disposable pipette (1.5 ml, extended fine tip with small bulb,
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VWR, UK). The etching process was completed when the hydrophilic wafer
changed to hydrophobic. In order to prevent damage of the insulator on the
reverse side, the HF solution was kept away from the edge of the wafer. After
etching, the etched wafer was rinsed using distilled water and blown dry with

nitrogen.

Fig. 22 P-type silicon wafer with a diameter of 15 mm, purchased form Si-Mat, Germany

An aluminium ohmic contact with a thickness of 100 nm was coated on the
silicon side of the wafer by a thermal evaporator (Edwards Coating System
E306A, Crawley, UK, Fig. 24). The etched wafer was placed on the specimen
stage of the thermal evaporator where the silicon side faced down. A tungsten
filament with coating material was used and the thermal vacuum evaporator was
heated. The coating material first melted and then evaporated into vapour with
further continuous heating. The evaporated material particles travelled in straight
lines and condensed on the cold substrate surface and on the vacuum chamber
walls. A low pressure of 5x10° Torr was used to avoid reaction between the

vapour and atmosphere.
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Fig. 23 Schematic showing the substrate preparation, where the p-type silicon wafer was first
etched with HF on one side to remove the insulator, and then coated with aluminium ohmic
contact by thermal evaporation.

Lanthanum fluoride has been used as an ion conductor on selected samples to
improve the gas sensitivity. The working principle was explained as the
movement of F~ ion conduction (Miura et al., 1989). An ion conductor (LaF3)
layer (around 5 um) was sputtered coated on the top of SisN4 by Dr. W. Moritz

(Chemie an der, Humboldt-Universitat).

Fig. 24 Thermal Vacuum Evaporator (Edwards Coating System E306A, Crawley, UK)
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3.2.2 Gate Structures

The wafer was then directly placed on a clean hotplate (Magnetic stirrer hotplate
CD162, Stuart, UK), heated at 360°C for 15 minutes to improve the connection
between the silicon substrate and the aluminium ohmic contact. The gate
structures were prepared by lift-off through photolithography and thermal
evaporation through a nickel mask. Photolithography was used to make

micro-size interdigitated electrodes.

Compared with the carbon nanotubes network, the gold strips between the
electrodes were designed to occupy a smaller proportion of the gate area in
order to ensure that the carbon nanotubes network dominated the potentiometric
sensor response of the host field-effect capacitor. These gate electrodes
structures were further simplified to two metal lines (Fig 10). Thermal
evaporation through a nickel mask was used to make larger electrode structures

(the two-line structure).
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Fig. 25: Schematic of the interdigitated structure sample and two lines sample
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For the interdigitated structure, the width of the metal finger was designated as a,
and the gap space between the metal fingers was b (Fig. 25). A selection of gate
structures with different metal finger width and gap space (Table 3) was

prepared for current project.

Table 3: The metal finger and gap size of interdigitated structures (unit: pm):

Metal finger width, a 3 6 10 50 10 100

Gap space between the 10 30 100 150 10 100
metal fingers, b

3.2.2.1 Lift-off through Photolithography

Photolithography was completed by the following steps: wafer cleaning,
photoresist application, soft baking, exposure, curing, development, evaporation

of metal contact and lift-off.

1. Wafer Cleaning

The etched wafers were cut into square pieces with a dimension of 2 cm x 2 cm.
These square pieces were soaked in acetone (179124, Sigma-Aldrich, UK) and
then ethanol in an ultrasonic bath (KC3 Ultrasonic bath, Kerry, UK) for 15
minutes respectively, so as to remove particulate matter on the substrate surface
and any traces of organic, ionic, and metallic impurities. The substrates were
then blow-dried and dehydrated by hard baking at 140°C for 20 minutes in

succession.

2. Photoresist Application

A positive photoresist (S1813, MICROPOSIT, Shipley Company, USA) was
spin-coated onto the silicon substrate surface at a rate of 5000 rpm for 1 minute
using spin coater (KW48, Chemat Technology). The coating process produced a
thin (1.3 ym) uniform layer of photoresist on the substrate surface.
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3. Soft baking

The wafer was soft baked on a hotplate at 100°C for 1 minute. The soft baking
was used to remove the solvent from the photoresist and improve the connection

between photoresist and the silicon substrate.

(a) (b)

WL

(d) (f)

(8)

Fig. 26 Schematic showing the preparation of the top gate electrodes though lift-off process. A
cleaned prepared substrate (a) was spin coated with photoresist S1813, and heated on a
hotplate at 100°C for 1 minute, (b). The sample was placed under a mask with design pattern.
UV light was applied on the sample with the mask, (d). The sample was then soaked in
chlorobenzene for 10 minutes, followed by 5 minutes heating at 85°C. The UV exposed part of
photoresist was washed off during the development, (e). Cr (20 nm) and Au (80 nm) was thermal
evaporated respectively (f). The rest of photoresist was then washed off by placed the sample in
an ultrasonic bath for approximate 5 minutes. The design pattern was fabricated on the substrate

(9)-

4. Exposure

The photoresist was exposed to UV light in order to remove the underlying

material. The exposure to the UV light changed the chemical structure of the
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photoresist. Consequently, it became more soluble in developer. A Karl Suss
mask aligner (MJB 3 UV400, Karl Suss America Inc., USA) was used to expose
the photoresist. Contact model was used to get a higher resolution. The silicon
substrates were exposed to UV light for 20 seconds at an intensity of 22.4

mW/cm? with a wavelength of 275 nm.
5. Curing

The silicon substrates were dipped in chlorobenzene for 10 minutes so as to
create an undercut in the photoresist profile during development. The substrates

were then baked for another 5 minutes at 85°C using a hotplate.
6. Development

Developer prepared by mixing one part of Microposit 351 (MICROPOSIT,
Shipley) with three parts of distilled water was used for the wafer development.
The silicon substrates were placed into the developer for 40 seconds to allow
development. After removal, the substrates were rinsed with deionised water

immediately and then blown dry.
7. Evaporation of metal contact

A 20 nm chromium layer and 80 nm gold layer were coated onto the silicon

substrates by thermal vacuum evaporation.
8. Lift-off

These silicon substrates were placed in a beaker in an ultrasonic bath

approximate 5 minutes until the pattern was completed and then blown dry.
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3.2.2.2 Thermal Evaporation through a Nickel Mask

Thermal evaporation through a nickel mask was used to prepare the two-line
structure. A nickel film (0.5 mm in thickness) was cut into square pieces (5 X 5
cm) and stuck to a hard board with adhesive tape. Positive photoresist (S1813)
was spin coated onto the nickel film surface at a rate of 1000 rpm for 1 minute.
The nickel film was then soft baked at 90°C for 10 minutes. A transparent
projection slide with the computer designed pattern structure was printed out.
The nickel film was subsequently placed under the patterned transparency for 1
minute UV exposure (20 W) before dipped in a developer prepared by mixing
one part of Microposit 351 (Shipley) and 3 parts of distilled water. Specimen was
withdrawn after 30 seconds, rinsed with deionised water immediately and blown

dry.

An acid mixture were prepared by mixing 5 parts of HNO3 (70.5%, Sigma-Aldrich,
UK) with 5 parts CH3;COOH (99%, Sigma-Aldrich, UK) and 2 parts H,SO,
(98.07%, Sigma-Aldrich, UK). One part of the resulting acid mixture was diluted
by a factor of 28 with distilled water. The resultant solution was used as etching
solution. The nickel film was soaked in the etching solution and the etching rate
was 0.25 ym/min. The nickel mask was taken out when the pattern became
visible. It was then rinsed using water to remove any residual etching solution.

The gate electrodes were then thermally evaporated through this nickel mask.
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3.3 Carbon Nanotubes Coating

Multi-walled carbon nanotubes (NC7000 Series, Nanocyl, Belgium) and
single-walled carbon nanotubes (HiPco, Carbon Nano-technologies
Incorporated, USA) were used for coating in this project. Both drop coating and

spray coating technique were carried out.

3.3.1 Drop Coating

Carbon nanotubes (1.7 g) were weighed by an analytical balance (Mettler AE
200, Mettler Instruments Ltd, UK) with an accuracy of 0.0001g. CNTs were then
suspended in 7 ml methanol in an ultrasonic bath (KC3 Ultrasonic bath, Kerry,
UK) for 10 minutes. One millilitre of the resultant suspension was diluted by a

factor of 7 in methanol accordingly, followed by a 1 hour ultrasonic treatment.

The carbon nanotubes in the suspension had a tendency to agglomerate into
ropes and bundles due to the van der Waals inter-atomic forces. It was noticed
that the carbon nanotubes started to sediment after 30 minutes. Therefore, the
suspension is prepared fresh every time and used as soon as it came out of the

ultrasonic bath.

A syringe (1 ml, single-use insulin syringe, 613-2041, VWR, UK) was used for
drop coating experiments in the present study. The drop coating method tended

to form an uneven carbon nanotubes network.
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3.3.2 Spray Coating

Spray coating was claimed to provide an improvement of CNTs coating
compared with drop coating, and was therefore adopted in the present project.
Two different CNTs suspensions were prepared by different methods in order to

provide stable CNTs suspensions for spray coating.

3.3.2.1 Aqueous SDS/SWNTs Suspension

An aqueous solution containing 0.44 wt% single-walled carbon nanotubes
(SWNTs) with 1 wt% sodium dodecyl sulphate (SDS, CHjz (CH,);;0SO3Na,
Sigma-Aldrich) was prepared. SDS has a tail of 12 carbon atoms, attached to a
sulfate group, which gives the molecule amphiphilic properties. It could attach
and surround the carbon nanotubes surface under ultrasonic treatment (as
shown in Fig. 27). SDS was used herein to stabilise the carbon nanotube

suspension (Strano et al., 2003).

The SWNTs/SDS solution was subjected to mild probe sonication (Ultrasonic
Processor SOVC505-00, Geneq, Canada) with a power of 100 W and a
frequency of 20 kHz for 90 minutes. Two hours centrifugation at 3000 rpm/min
was carried out to separate higher density contaminants from the dispersed
SWNTs. The SWNT supernatant was then extracted and dispersed. The carbon

nanotubes should remain dispersed in the suspension for a long period.
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Fig. 27 Mechanism of nanotube isolation from bundle by ultrasonication and surfactant
stabilisation (Strano et al., 2003)

The solution was then diluted with water by a factor of 100 before deposition.
The sprayed samples both before and after washing with de-ionised water were
characterised using atomic force microscopy (AFM). The AFM images (Fig. 28)

indicated that the excess SDS was washed away.

37327 rm

0.00 nen

B 10 um

Fig. 28 AFM images of the sample A, before SDS was washed away and B, after SDS was
washed away (provided by C. J. Morgan)
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3.3.2.2 N, N-dimethylformamide (DMF) carbon nanotube suspension

The strategies for the dissolution of SWNTs have involved complexation of the
CNTs walls with surfactants (SDS). Those molecules attached to the CNTs walls
were difficult to remove, which altered the physical and chemical properties of
the SWNTs. Furtado et al., proposed an effective chemical process to obtain
clean, individual single-walled carbon nanotubes in a stable solution in 2004
(Furtado et al.). The process included dry oxidation, acid reflux, neutralisation,

ultrasonic disperion and centrifugation.

A similar process was used in current study to get individual SWNTSs. The carbon
nanotubes were baked at 365°C for 90 minutes in air. It was required to achieve
selective oxidation of the amorphous carbon and minimise nanotube mass loss.
If dry oxidation is completed carefully, only 10% of the SWNTs will be lost during
this step. Importantly, the carbon coating on the metal particles is also weakened

during this step (Harutyunyan et al., 2002).

The metal particles were then removed by a reflux in acid solution, using a
strongly oxidising HNO3 solution (3 M) for 16 hours. The solution was filtered
with a 5 ym pore size filter paper (Grade 595, 5 ym, Whatman Inc, UK) through
vacuum. The solid residues were washed with deionised water (around 2 liters).
After washing, a small amount of sodium hydroxide solution (NaOH, pH=10) was
used to neutralise the acidity of the residual and followed by 50 ml of hot
deionised water. Litmus paper was used to check the pH value in the funnel. The

NaOH wash and pH check were repeated until the pH value reached 7.

Ultrasound was then applied to disperse and debundle the purified SWNTs
bundles in DMF solvents. Ultrasonic dispersion was carried out for 4 hours in a
bath. After ultrasonic dispersion, the solution (1 ml) was then immediately

centrifuged using a Eppendorf microcentrifuges (5417C, Eppendorf Scientific,
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Germany) at a rate of 14,000 rpm for 30 seconds. The supernatant liquid on the

top containing the debundled SWNTs was withdrawn for later use (Fig. 29).

Fig. 29 TEM image of debundled SWNTs dispersed in DMF after HNOs-reflux (Furtado et al.,
2004)

3.3.2.3 Spray Coating Process

SWNTs networks were airbrushed (AB-135A, Everythingairbrush, UK) onto the
substrates through an o-ring sealed mechanical compression mask of aperture
with a diameter of 4 mm (Fig. 30). The silicon substrate was placed in the centre
of the two plates where an O-ring was placed on top of the substrate to insulate
the coating area from the edge of the substrate. Therefore, the carbon
nanotubes mats were only formed inside of the O-ring. This mask setup provides
a thick CNTs network layer without short circuit between the gate and ohmic

contract.
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< spray volume
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Fig. 30 Schematic of the device used for spray coating (with mask)

The airbrush was pressurised with filtered compressed air and held
approximately 5 cm above the substrate. Single sweep brush strokes were
applied, where a second brush strokes could only be applied when the previous

one was dried.
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3.4 Pt particles Deposition

Pt particles decorated CNTs have been proved to improve the H, sensitivity
compared to raw CNTs. The Pt functionalised CNTs were fabricated in this study.
Electrochemical deposition was chosen because of the advantage of decorating
the CNTs after the CNTs have been sprayed on the sample. It was easy to

compare the gas sensitivity difference between before and after Pt decoration.

The electrodeposition and characterisation of Pt particles have been reported
(Day et al., 2005). The solution for Pt deposition contained 2 mM potassium
hexachloroplatinate (K;PtCls, Sigma-Aldrich, UK). Perchloric acid (0.5 M) was
used as a supporting electrolyte. The deposition was carried out with three
electrodes system as illustrated in Fig. 31 (autolab pgstat30, Metrohm Autolab,
The Netherlands). The interdigitated part of sample was immersed into the
solution. An O-ring was used to seal the solution. The two top gold electrodes
and CNTs network were used as working electrode. Ag/AgCl wire and Pt were
used as reference and counter electrode. A deposition potential of -0.4 V (versus

Ag/AgCl) was used.

Ag/AgCl reference electrode Pt counter electrode

O O

Solution

T e I

Fig. 31 Schematic of setup used for Pt electrodeposition
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3.5 Experimental Setup

3.5.1 Gas Sensing by Gas Flow Setup

A multi-functional setup was designed to achieve both potentiometric and
resistive measurements. The setup was built by five main parts: gas cylinders
array, mass flow control system, humidity mix system, measurement system and

computer (Fig. 32).

gas flow

flowe controller system

humidity mix system

gas cylinders array

gas out

-— '
' @ [ = computer

measuremeant system

Fig. 32 Schematic of the experimental setup

Gas cylinders array

The gas cylinders were purchased from BOC gas (UK). The gas flow through the
regulator was set to 1 bar. All gases were delivered using 6 mm outer diameter
(OD) tubes. Swagelok stainless steel tube fitting were used to ensure the whole

setup was gas tight and contaminations free.
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Flow control system

Three mass flow controllers (Brooks, UK) were used to control the gas flow
concentration. The mass flow controllers were powered via 0154 read out
(Brooks) and connected to a RS-485 network. The flow conditions were
monitored on the display of 0154. The RS-485 network was connected to a
computer via an isolated RS-232/422/485 converter (4WSD9OTB, B&B
Electronics, USA). Smart DDE software (v 1.2, Brooks) was run in the
background to achieve a handshake between the computer and mass flow
controllers. A custom-compiled Labview (v 8.0, National Instruments) program
was used for the operation. The gas flow concentration and the flowing time can

be controlled by the computer within a delay of 0.2 second.

Humidity mix system

Humidity mix system was made up of a water chiller and three custom-made

bubblers as shown in Fig. 33.

Humidity is defined as the amount of water vapour in the air, which could be
expressed in two different ways including relative humidity and absolute humidity.
It is temperature dependent. The quantity of water in a particular volume of air is
designated as absolute humidity. At various temperatures, the absolute humidity
is given in Table 2. The humidity of the test gases was adjusted by bubbling

them through water at different temperatures.
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Fig. 33 Gas flow system and humidity mix system: (a), water chiller; (b), water pump; (c), glass
container for humidity mix; (d), mass flow controllers and (e), 0154 read out

Table 4: the absolute humidity value at various temperatures

Temperature Absolute Percentage

(°C) humidity (g/m®) | In the air (%)
-5 3.3 0.33
0 4.8 0.48
5 6.8 0.68
10 9.4 0.94
15 12.8 1.28
20 17.3 1.73
25 23.0 2.3
30 30.4 3.04
35 39.6 3.96
40 51.1 5.11
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Fig. 34 Relationship between absolute humidity and temperature

The absolute humidity was plotted against temperature, a clear relationship can
be established and expressed as y=4.9024e%%%* with a R? value of 0.9967;

where y is the absolute humidity and x is the temperature (Fig. 34).
Measurement system

A Teflon gas tight cell with an interior dimension of 8 cm x 5 cm x 2 cm was
designed together with the supporting engineers in the school of Engineering
and Materials Science in Queen Mary. As illustrated in Fig. 35, the cell could
host up to 4 samples together along the direction of gas flow. During experiment,
gas sensor sample was placed in the cell. The ohmic contact was connected to
the connection ¢, and the two top gate electrodes were connected to a and b.

The connections a and b were then connected to a multi-channel potentiometer
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(VMP2, Biologic science instrument, France) for the resistive measurement of
the CNTs network. Connections a, b and ¢ were connected to the potential

meter for the potentiometric measurement.

A custom-compiled Labview program was used to control the operation.
Life-time data was also recorded by the Labview program. The test cell was

placed in a Faraday cage in order to minimise the noise level.
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Fig. 35 A Schematic of the custom-made gas tight testing cell
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CHAPTER 4

RESULTS and DISCUSSION
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4.1 Substrate Structure Characterisation

Substrates (Al/Si/SiO,/SisNg) with three different types of gold gate electrodes
(two-line, 6-30 and 10-10) were fabricated. When coated with carbon Nanotubes,
both carbon nanotubes on the substrate and metal electrodes will serve as gate
materials. These three different types of the metal gate structures would provide
a different ratio of gate function between the carbon nanotubes and the metal
electrodes. The electrical properties were investigated to setup a base line for

the experiments later.

Capacitance-Voltage (C-V) measurements using a two electrode system of the
potentiostat were carried out to characterise the electrical properties of the
substrate. Both gate electrodes of the substrates were connected to the working
electrode input. The ohmic contact was connected to the counter and reference
electrode input. The potential was scanned from -3 to 3 V with an increment of
0.1 V and amplitude of 10 mV at different frequencies (1 Hz, 10 Hz, 100 Hz, 1
kHz, 10 kHz, 100 kHz and 1 MHz).

The C-V curves of the two-line structure are shown in Fig. 36. Three modes
(accumulation, depletion and inversion) occurred gradually when the voltage
increased from -3 to 3 V on the C-V curves at all frequencies. The accumulation
capacitance increased with a decrease in frequency. The increase in
accumulation capacitance was due to the change in the measuring area of the
gate electrodes. At higher frequencies, the effective gate area was only under
the gold electrodes. However at lower frequencies, the effective gate area was
enlarged by the lateral diffusion of the charge carriers in silicon. The effective
gate area increased from just the size of the gold electrodes area to the whole
interdigitated structures. The curves measured at frequencies lower than 100 Hz

indicated classic low frequency MIS structure behaviour. The curves at
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frequencies higher than 100 Hz showed classic high frequency MIS structure

behaviour.
2.0
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1.6 1 —a—1MHz
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Fig. 36 C-V curves of two-line sample (Al/Si/SiO,/SisN,4 substrate) at different frequencies

The C-V curves of the 6-30 structure and 10-10 structure are given in Fig. 37
and Fig. 38. Three modes (accumulation, depletion and inversion) were also
found on the C-V curves at all frequencies when the voltage increased from -3 to
3 V. The three modes occurred at approximate the same voltages. The
accumulation capacitance of these two structures also increased with a
decrease in frequency. The C-V curves were observed to be noisy at lower
frequencies (1 Hz, 10 Hz and 100 Hz) for all three electrodes structures. This is

attributed to the limitation of the measurement setup.

The C-V curves measured at 1 kHz were selected for further potentiometic
measurements due to the stable C-V curves and the most significant depletion

region (Fig. 36-Fig. 38).
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Fig. 37 C-V curves of sample (Al/Si/SiO,/SisN, substrate, interdigitated structure, 6-30) at
different frequencies
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Fig. 38 C-V curves of sample (interdigitated structure, 10-10) at different frequencies
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4.2 Drop Coated MWNTSs

MWNTSs provide better conductivity compared with SWNTs (chapter 2.2.1), they
were therefore selected to bridge the two metal gate electrodes. Drop coating
was carried out to check the possibility of bridging gate electrodes by MWNTSs.
Oxygen sensitivity of the coated MWNTSs network was measured by the resistive

measurement to demonstrate the resistive measurement part of the device.

MWNTs were dispersed in methanol as described in Chapter 3.1.2 and then
coated onto the substrates (Al/Si/SiO,/SisN4) by drop coating. The interdigitated
electrode structure (6-30) has a smaller percentage of gold electrodes area on
the surface of the substrates. The smaller gold electrodes area was supposed to
make MWNTs dominate the gate function in the device for gas detection. It was
therefore selected as the substrate. Two substrates were drop coated with

different amount of MWNTSs (sample 1: 2 drops and sample 2: 5 drops).

Each of the top gate electrodes was connected to the potentiostat by using a two
electrodes system. A linear increased voltage from -1 to 1 V with an increment of
0.01V and an interval per step voltage of 1 second was applied between the two
top gate electrodes. The current-voltage curves of sample 1 and 2 are shown in
Fig. 39 and Fig. 40. Both samples showed a nonlinear current-voltage curve.
The currents of Sample 1 were between -1.37 x 10° A and 1.56 x 10° A,
corresponding to the increasing voltage between -1 to 1 V. With a thicker
MWNTs coating, Sample 2 gave a typical ‘S-shape’ semiconducting
current-voltage curve. The currents varied from -6.6 x 10° A to 5.78 x 10° A
when the voltage increased from -1 V to 1 V. The result indicated a higher

conductivity when compared with sample 1.

A DC voltage of 10 mV was applied between the two top gate electrodes of

sample 1 and sample 2 respectively for resistive measurements. The current of

83



each sample was recorded every 5 seconds. The test system was cycled
between vacuum (1x10° mbar) and atmospheric pressure oxygen, when the
resistance signal became stable. The resistances were calculated. The
sensitivity of the senor was defined with changed of resistance minus initial
resistance and then divided by initial resistance. The results and plotted against
time (Fig. 41). Both samples showed an increase in resistance when switching
from vacuum to oxygen, and a decrease in resistance when switching from
oxygen back to vacuum. When switching from vacuum to oxygen, sample 1
showed an increase in resistance with a maximum increase of 30 kQ (12%)
approximately, and the maximum resistance increase of sample 2 was 10 kQ
(4%) approximately. The resistance measurements indicated the thinner CNTs
film would result a better gas sensitivity. It was also noticed that the resistance
was not fully recovered with the cycling gas environment. An increase in sample

resistance was observed after each vacuum-oxygen-vacuum cycle.

According to Collins et al., (2000) and Bradley et al., (2000), the absorption of
oxygen molecules on the completely desorbed CNT could lead to an increase in
the number of hole charge carriers in the CNT networks, therefore, an increase
in the density of states at the Fermi level. This could contribute to a decrease in
the resistance of the sample. However, Collins et al., (2000) suggested the
chemisorbed oxygen could only be removed with a heat treatment (110 - 150°C
for several hours). The samples used in current study were not subjected to
such a treatment, the observed increase in resistance for cycling vacuum and
oxygen exposure could be caused by the scattering from defects or non-thermal
phonons generated by gaseous collisions with the tube walls as suggested by
Sumanasekera et al. (2000). The oxygen used in this experiment is supplied
without humidity, however, the cycling vacuum and gas method could introduce
humidity in the system. The water adsorption could increase the resistance of

the CNTs (Watts et al., 2007, Na et al., 2005). The electronic properties of CNTs
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can be deeply modified by the presence of water. Water molecules were
adsorbed in the CNTs and acted as electron donors (Zahab et al., 2000). The

conductivity type of the CNTs can be changed from p-type to n-type.

The oxygen gas sensing measurements of sample 1 and 2 demonstrated the
function of the resistivity measurement part of the device. Therefore, the main

work on this project concentrated on the potentiometric measurements.
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Fig. 39 Current-voltage curve of sample 1 (MWNTSs drop coated interdigitated structure, 6-30)
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Fig. 40 Current-voltage curve of sample 2 (MWNTSs drop coated interdigitated structure, 6-30)
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Fig. 41 Oxygen sensing tests with resistive measurements samplel and 2
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The capacitance-voltage (C-V) curves of both samples and a control substrate
(no MWNTSs coating) were carried out to investigate the gas sensitivity with
potentiometric measurements. Leakage current measurements were performed
to check the quality of the samples by using the GPES programme with the
same connection as C-V measurement. An example of the leakage
current-voltage plot is given in Fig. 42, where the small leakage current (-0.5 to
0.37 nA) indicated that the sample was of good quality. The capacitance-voltage
(C-V) curves of both samples and a control substrate (hno MWNTSs coating) were
plotted in Fig. 43. The C-V measurements showed a small increase of
capacitance in the accumulation and inversion region with the introduction of
MWNTs network. As MWNTs have a fairly large diameter, most of the
nanotubes were probably not in touch with the SisN4 surface, and not enough
carbon nanotubes were distributed on the sample surface. The gas reactions

therefore could not be monitored by potentiometric measurements.
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Fig. 42 Leakage current of the drop coated sample (sample 2).
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Fig. 43 C-V curves of the sample (interdigitated structure, 6-30) with and without MWNTSs coating

at a frequency of 1 kHz

There are two ways to improve the CNTs gate function in the sensing device: (i)
reduce the gold electrodes area or (ii) increase the contact area between CNTs
and the substrate surface. When the metal electrode area was reduced, the gate
function would be dominated by the carbon nanotubes network. However, the
two top gate electrodes could not be bridged by drop coating MWNTs when the
interdigitated electrode structures were simplified to a two metal line structures.
The contact area between CNTs and the substrate surface can be increased by

replacing MWNTs with SWNTs because of the relative smaller diameter of

SWNTSs (Fig. 44).

Voltage / V
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Fig. 44 Schematic of increase in contact area by replacing MWNTs with SWNTs
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4.3 Drop Coated SWNTs

In order to increase the contact area between CNTs and the substrate surface,
single walled carbon nanotubes (SWNTs) was used to replace the MWNTSs.
SWNTs were drop coated on the substrates (Al/Si/SiO2/SisN4, 6-30). C-V
measurements were carried out to investigate the SWNTs gate function of the
device. The leakage current measurements were also employed to check the
quality of the sample after each drop of SWNTs. A field emission scanning
electron microscope (FEI Inspect F, Oxford Instruments, UK) was used to study

the distribution of SWNTSs on the sample surface.
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Fig. 45 C-V curves of drop coated sample (SWNTSs, interdigitated structure, 6-30) with different
amount of SWNTSs at a frequency of 1 kHz

Sample with different amount of SWNTs (1-7 drops) were prepared. As shown in
Fig. 45, gate function due to carbon nanotubes was not found in the depletion

regions of the C-V curves for samples with 1-4 drops of SWNTs. The C-V curve
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showed a ‘step’ in the depletion region with 7 drops of SWNTs. This ‘step’
indicated two different gate work functions: gold electrodes and CNTs, among

which the carbon nanotubes network gate function could be explored by gas

sensing measurements.

The leakage current was measured after each drop of the SWNTs. Samples with
up to 4 drops of SWNTS showed a low leakage current (Fig. 46). A high leakage
current at a magnitude of 10° A was detected for the sample coated with 7 drops

of SWNTs (Fig. 47), which indicated a short circuit between the top gate

electrodes and the back ohmic contact.
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Fig. 46 Current-voltage plot of the drop coated sample (up to 4 drops of SWNTSs, interdigitated
structure, 6-30) showing a low leakage current
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Fig. 47 Current-voltage plot of the drop coated sample (7 drops of SWNTSs, interdigitated
structure, 6-30) showing a high leakage current

The SWNTs drop coated sample (7 drops, with interdigitated structure, 6-30)
was then gold coated and viewed using a field emission scanning electron
microscope (FEI Inspect F, Oxford Instruments, UK) at an accelerating voltage
of 10 KV and using secondary scanning electron imaging. The SEM images of
the sample showed unevenly distributed SWNTs close to the gold electrode (Fig.
48). This is considered as a consequence of the coffee ring effect which
suggested that drop coating with SWNTs could not produce an even CNTSs films.
Therefore, replacing the MWNTs with SWNTs could not achieve the desired

properties.
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Fig. 48 SEM image of the SWNTs drop coated sample (interdigitated structure, 6-30).

Drop coating of carbon nanotubes (both  MWNTs and SWNTs) on the
Al/Si/SiO,/SisN4 substrates in this chapter successfully bridged the interdigitated
structure of the two top gold gate electrodes. The CNTs gate function could not
be identified in the C-V curves of tested samples until a relatively large amount
of SWNTs was applied (Fig. 45). However, the increased number of SWNTs
drops also led to a high leakage current which invalidated the sample for the
potential sensor application. This suggested CNTs could be useful in detecting
gas sensitivity, however, alternative methods which provide better CNTs
coverage on the substrate surface without potential short circuit are desired.
Spray coating was previously used in achieving CNTs coating (Watson et al.,

2005), it will therefore be used in current study.
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4.4 Spray Coated SWNTs

Spray coating was employed to achieve an even SWNTs network. The SWNTs
networks were using to bridge two different types of metal gate electrodes (6-30

and two-line).

4.4.1 Spray Coated Interdigitated Structure (6-30) with SWNTs

Sample with sprayed coat SWNTSs on 6-30 metal gate structure were fabricated.
SEM was employed to investigate the distribution of SWNTs on the sample
surface. Sample quality was also checked by using leakage current
measurements. The electronic property of the sample was tested by using C-V
measurements. Oxygen and hydrogen sensitivity were also investigated using
nitrogen as the carrier gas. Impedance spectroscopy was used to figure out the

electrical properties that SWNTs network contributed on the sample.

The SWNTs were dispersed in DMF solution as described in CHAPTER 3.1.2.
The SWNTs suspension was sprayed on Al/Si/SiO,/Si3N, substrates with
interdigitated structure (6-30). The sprayed coated sample was viewed under a
secondary electron microscope (FEI Inspect F, Oxford Instruments, UK). The
secondary electron microphotograph of the spray coated interdigitated structure
(6-30) is presented in Fig. 49. SWNTs were noticed on and between the gold
electrode fingers. These carbon nanotubes were bundled and formed a

multi-layer network.

The quality of the sample was checked by performing a leakage current
measurement. The low leakage current indicated the good quality of the sample

(Fig. 50).
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Fig. 49 SEM image of the SWNTSs spray coated sample (interdigitated structure, 6-30)

The C-V curves of the interdigitated sample (6-30, spray coated with SWNTSs) at
different frequencies are presented in Fig. 51. A ‘step’ in the depletion region
was found at all different frequencies. The first step next to the accumulation
was related to the metal gate electrode and the second step was considered to
be associated with the carbon nanotubes gate function. This type of sample
could therefore be used to explore the gas sensitivity of carbon nanotubes

network for potentiometric measurement.

A voltage ramp from -1 to 1 V with an increment of 0.01 V and an interval of 1
second per step voltage was applied between the two top gate electrodes. A

linear current-voltage relationship was shown in Fig. 52. The SWNTs network
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showed a metallic behaviour in terms of conductivity. The resistance of the

SWNTs network was around 250 ohms.
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Fig. 50 Current-voltage plot of the SWNTs spray coated sample (interdigitated structure, 6-30)
showing a low leakage current
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Fig. 51 C-V curves of the SWNTSs spray coated sample (interdigitated structure, 6-30) at different
frequencies.

Hydrogen and oxygen sensitivities were tested to investigate the reducing and
oxidising gas conditions. The sample was placed in the testing box with 20 ppm
H, mixed with N, and changed to 200 ppm H, mixed with N,. The water chiller
was set at a temperature of 10°C as described in Chapter 3.2. Therefore, a
constant humidity of 9.4 g/L (9410 ppm, 0.94%) was mixed into the gas system.
The equilibrium C-V curves of the specimens are shown in Fig. 53. Compared to
20 ppm H,, an increase in the accumulation capacitance (approximately
between -2 to -1.5 V) was observed when a higher H, concentration (200 ppm)
was present (Fig. 53). This was probably due to the resistance change of the
SWNTSs network. For the depletion region, the part of the C-V curve associated
with the gold electrode was the same, while the part associated with the carbon
nanotubes (roughly in the range between -0.5 to 0.1 V) shifted towards lower

voltages.
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In order to explore the response time of the gas sensitive behaviour, C-V
measurements were repeated in a voltage range of -0.5 to 0.1 V. Sample C-V
curves at 20 ppm H; and different duration with 200 pm H, were plotted in Fig. 54.
With the increase of H, concentration, a clear shift of the C-V curves towards a
lower voltage was observed in 2 minutes. Further exposure to 200 ppm H; (up to
30 minutes) led to a continuous shift of the C-V curves. However, no clear shift
was noticed with longer H; exposure. The voltage shifts of three samples were
determined by linear interpolation at a capacitance of 2.0 x 10° F. The
voltage-time relationship is presented in Fig. 55. An overall voltage shift of -50
mV was achieved 2 hours after the change of H, concentration (from 20 to 200
ppm). Approximately 30% (-15 mV) and 60% (-30 mV) of the change were

achieved within the first 2 and 10 minutes respectively.
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Fig. 52 Current-voltage curve of the SWNTs spray coated sample (interdigitated structure, 6-30)

98



5.0+

45-

—=— 20 ppm H, mixed with N,
—e—200 ppm H, mixed with N,

4.0+

3.5

Capacitance / (x10° F)

3.0

25_ -0.30 \Zj;g;i\jﬂ 015 -010 -005 0.00
—&— 20 ppm H, mixed with N,

2_0_- —— 200 ppm H, mixed with N,

Capacitance / (x10° F)

154

1.0+

0.5 T T T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 05 10

Voltage /V

Fig. 53 C-V curves of the hydrogen reaction of the SWNTs spray coated sample (interdigitated
structure, 6-30) at a frequency of 1 kHz
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Fig. 54 C-V measurements of the hydrogen reaction of the SWNTs spray coated sample
(interdigitated structure, 6-30) at a frequency of 1 kHz
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Fig. 55 Voltage-time relationship of the hydrogen reaction of the SWNTs coated sample with
interdigitated structure, 6-30)

The test of oxygen sensitivities showed an increase in capacitance when the gas
composition switched from a mixture of 1% O, with 99% N, to 100% O,. The C-V
curves moved to more positive voltages (Fig. 56). The capacitance increase in
the accumulation and the depletion regions was nearly the same. The increase
in the accumulation capacitance was due to the resistance change associated
with the oxygen concentration. The voltage shifts of both parts of the C-V curve
associated with the gold electrodes and the CNTs are similar. No oxygen
sensitivity was previously documented for the MOS with gold electrodes. The
voltage shifts of the gold electrodes part of the C-V curve in the current study
was not a result of the oxygen sensitivity, but was attributed to the overall
change in capacitance. Therefore, no significant oxygen sensitivity was

demonstrated for the spray coated interdigitated structure (6-30) with SWNTSs.
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Nevertheless, similar to the hydrogen sensitivity study, C-V measurements were
repeated in a voltage range of -0.5 to 0.1 V to investigate the response time of
the oxygen induced shift of the C-V curve. With the increase of O, concentration
(1% to 100%), a clear shift of the C-V curves towards a higher voltage was
observed after 2 minutes (Fig. 57). Small continuous shifts were noticed with
further exposure to 100% O, (up to 120 minutes). The shifts of each C-V curves
were measured at a capacitance of 2.0 x 10 F and the voltage-time relationship
for three samples was plotted (Fig. 58). An overall voltage shift of 25 mV
(approximately) was achieved 2 hours after the O, concentration changed from 1%
to 100%. Approximately 40% and 70% of the changes were achieved within the

first 2 and 10 minutes respectively.
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Fig. 56 C-V curves of the oxygen reaction of the SWNTs spray coated sample (interdigitated
sample, 6-30) at a frequency of 1 kHz
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Fig. 57 C-V measurements at different time of the oxygen reaction of the SWNTs spray coated
sample (interdigitated sample, 6-30) at a frequency ofl kHz
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Fig. 58 Voltage-time relationship of the oxygen reaction of the spray coated sample
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Carbon nanotubes were spray coated on the Al/Si/SiO,/SisN4 substrates with
interdigitated structure (6-30) in this chapter. Compared with drop coating, the
spray coating introduced a more continuous CNTSs layer (Fig. 49), which gave a
traceable signal of the CNTs function in the C-V curves. The hydrogen and

oxygen sensitivity of the sensor were evaluated at room temperature.

Traditional MIS capacitors with a palladium gate are typically used as hydrogen
sensors at room temperature (Lundstrom et al.,, 1975, Steele et al.,, 1976).
Hydrogen diffused through the Pd metal gate and formed a surface dipole layer
at the metal-oxide interface modifying the work function of Pd which shifted the
depletion voltage. A voltage shift of 1 V was reported in the C-V curves of Pd
capacitive sensor with 50 nm SiO; and 10 nm Pd in response to 4% H, at 20°C.
The response and recovery time were 10 seconds and 1 minute respectively
(Steele et al., 1976). In the present study, C-V curves shifted towards lower
voltages with an increase in the H, concentration (Fig. 53). This is consistent
with those found by Lundstrom et al., (1975) and Steele et al., (1976). However,
the overall voltage shift (-50 mV) was not significant and the 2 hours response

time was too long for a practical application.

The oxygen response of a field-effect capacitor/transistor at room temperature
with SigN4 as the insulator has not been reported in the literature. The MIS
capacitive oxygen sensor could not operate at room temperature until LaFs ion
conductor layer was introduced on the top of the Si3N4 (Krause et al., 1993).
Krause and Moritz prepared a Si/LaFs/Pt oxygen sensor which gave fast and
highly reproducible oxygen sensitivity at room temperature. A voltage shift of 58
mV was reported when the oxygen concentration increase from 7.5% to 52.5%
with a response time of 90 seconds. The current study showed an overall
voltage shift of 35 mV (approximately) after the O, concentration changed from 1%

to 100%, however, the sensor response was too slow (2 hours) for practical use.
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The absorption process of both hydrogen and oxygen molecules at the interface
between the SWNTs and the insulator (Si3N4) was considered to be a physical
rather than a chemical reaction. The charge transferred involved was generally
weaker. Furthermore, the SWNTs were dispersed in DMF and sprayed coated
on the substrate which was bundled as found using SEM. It would therefore take
longer time for the hydrogen or oxygen molecule to diffuse through those
bundled SWNTs. Well dispersed, debundled SWNTs and an ion conductor layer

LaF; were expected to improve the gas sensitivity and response time.

Impedance Spectroscopy

Impedance spectroscopy was used to characterise the electrical properties of
the samples. The sprayed coated sample (Al/Si/SiO2/SisNs/SWNTS, 6-30) was
tested at a voltage of -1.5 V to investigate the sample in accumulation mode.
The frequency was set between 1 Hz to 1 MHz with 50 logarithmic increments.

Impedance spectra were recorded to display frequency response information.

The impedance and the phase angle of the tested sample at -1.5 V were plotted
against frequency respectively (dots and crosses, Fig. 59). The impedance
spectrum showed 3 different regions, at high and low frequencies, the sample
showed capacitive properties with a phase angle close to 90°. While in a

frequency range of 3.16 Hz to 316 Hz, the sample showed resistive properties.
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Fig. 59 Impedance spectrum of the sample (SWNTs spray coated, interdigitated structure, 6-30)
at a voltage of -1.5 V, where the solid lines are the equivalent circuit fit.
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Fig. 60 Equivalent circuit of carbon nanotubes field-effect capacitor

An equivalent circuit was fitted using the FRA programme (Fig. 60). The
parameters of the equivalent circuit for the spectrum at -1.5 V are listed in Table
5. C1is assumed to be the accumulation capacitance under the gold electrodes,
while C2 is assumed to be the capacitance of the SWNT network between the

electrodes. R corresponds to the resistance of the SWNT network.

105



Table 5: Parameters of the equivalent circuits.

Ci(nF) R (kohm) | C,(nF)
Sample at-1.5V 12.2 22.73 7.57

The capacitance of the sample can be calculated by assuming the sample was a
parallel plate capacitor. The area of gold electrodes and SWNTs network was
the area of the parallel plate. The insulator contained two layers (SiO, and SizNy).
The electric field intensity between the two parallel plates can be calculated by
assuming a positive charge on one plate and negative on the other. The electric
flux density is independent of permittivity. Therefore, the electric flux density
anywhere between the two plates can be calculated by using Gauss’s Law. The
electric field intensity in the various materials was calculated and then the
electric field intensity was integrated to calculate the potential difference
between the plates. Division of the assumed charge by the potential difference

gave the capacitance.

From Gauss’s laws, the electric flux density due to a plate carrying a charge Q

is

f}g bds=ps =0 4.1)

N

Where p; is the charge density on the upper plate. The latter equals the total
charge on the plate, Q, divided by the area of the plate, S.,,. The electric flux
density outside the capacitor and on the lateral sides of the Gaussian surface is
zero. On s; the electric field intensity is the negative y direction as is ds, thus
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The electric field intensity everywhere is calculated by dividing D by . The

electric fields in the three materials are;

Q
Eeir = =y —
5102 Y EsiOZ €oScap (4-3)
Q
Eein = —P—--—"
SigNy y gSi3N4£OScap (44)

where g, is the vacuum permittivity, approximately 8.8542 x 10™*? F/m?,

The potential across the capacitor is (E and dl are in opposite directions):

Y2 Y1 Y2
V=-— j E-dl=- j (—Esio, dy) — ] (—Esizn,dy)
0 0

v (4.5)
Substituting the various values gives,
Y1 (d Y2 —
yo_9 y +f y __ Q@ X Vi,
EOScap 0 gsioz Vi gSi3N4 EOScap gsioz ESi3N4 (4-6)

The capacitance of the two-layer capacitor is therefore
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The accumulation capacitance of the sample was calculated 3.39 x 10° F,

where s.q, is approximately 3.5 x 10° m?, y; is 20 nm, y, is 50 nm, &g, iS

3.9and &g,y, is7.5.

The calculated accumulation capacitance value (3.39 nF) using the real metal
gate electrodes area is smaller than the fitted capacitance C1 (12.2 nF). This
might be caused by the electric field between the gold finger electrodes and the
SWNTs. Assuming the presence of an electric field and SWNTs, we could
consider the interdigitated electrodes area as a continuous electrode, the area of
the plate s., was therefore 11 x 10° m® The calculated accumulation
capacitance was then 10.7 nF, which was close to the fitted value (12.2 nF). The
CNTs coated area was the area that o-ring exposed on the sample surface.
Therefore, the area s.,, was then 16.13 x 10® m2. The calculated accumulation
capacitance was then 15.6 nF, which was larger than the fitted value (12.2 nF).
This means that C2 cannot be interpreted as the capacitance of the SWNT
network between the fingers of the interdigitated structure, but as the
capacitance of SWNTs that were spray coated outside the interdigitated
structure. This would also explain why the fitted value of R is about 100 times

greater than the resistance measured previously (see Fig. 37).
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4.4.2 Spray Coated Two-line Structure with SWNTs

Sample with sprayed coat SWNTs on two-line metal gate structure were
fabricated. SEM was employed to investigate the distribution of SWNTs on the
sample surface. The electronic property of the sample was tested by using C-V
measurements. Oxygen and hydrogen sensitivity were also investigated using

nitrogen as the carrier gas.

The SWNTs were dispersed in DMF solution as described in CHAPTER 3.1.2.
Compared with the interdigitated structure (6-30), the two-line structure required
a longer spray coating process to bridge the gold electrodes on the
Al/Si/SiO,/SisN4 substrates in order to keep the resistance of the network low.

This was expected to yield a thicker CNTs layer.

The secondary electron microphotograph of a spray coated two-line structure
sample with SWNTSs is given in Fig. 61. A multi-layer carbon nanotubes network
was clearly visible where the carbon nanotubes were bundled. However,
compared to microstructure of the spray coated interdigitated structure (6-30)

(Fig. 49), the difference in the thickness of SWNTSs layer could not be quantified.

The capacitance-voltage curves of the two-line structure sample spray coated
with SWNTs at different frequencies suggested a decrease in the capacitance of
the accumulation region with an increase in frequency (Fig. 62). The depletion
regions were clearly separated into two distinct parts at all different frequencies.
The part next to the accumulation was related to the metal gate electrode, where
the capacitance did not change significantly with frequency change. The second
part showed a remarkable capacitance change which was considered to be
associated with the carbon nanotubes gate function. The ‘step’ in the depletion
region for the spray coated two-line structure sample (with SWNTSs) is clearly

more significant than that in the spray coated sample with an interdigitated gold
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electrode structure (6-30) (Fig. 51). This is considered to be a consequence of

the reduced surface area of the gold electrodes and the increased distance

between them.

Hv ‘mode wD ‘ mag

10.00 kV| SE [10.0 mm| 50 000 x

Fig. 61 SEM image of spray coated SWNTs network on two-line structure.

The curve measured at a frequency of 1 kHz demonstrated the highest
nanotubes gate function contribution without introducing excess noise. This was
in good agreement with the experimental results presented in section 4.1.
Hydrogen and oxygen reaction of the spray coated two-line sample with SWNTs

were therefore measured at a frequency of 1 kHz. The equilibrium C-V curves of
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the specimens in different H, gas concentrations are shown in Fig. 63 and Fig.

65.

The accumulation capacitance increased and the carbon nanotubes part of the
depletion region shifted towards lower voltages when the H, concentration
switched from 20 ppm to 200 ppm (Fig. 63). C-V measurements were repeated
and the voltage shifts of each curve were quantified at a capacitance of 5.0 x
10 F. The voltage-time relationship was plotted in Fig. 64. An overall voltage
shift of -50 mV was achieved 2 hours after the H, concentration change from 20
to 200 ppm. Approximately 20% (-10 mV) and 40% (-20 mV) of the changes
were achieved within the first 2 and 10 minutes respectively. The overall voltage
shift in 2 hours was similar to the one obtained with spray coated interdigitated
structure (6-30); however, the voltage shifts in the same time period (2 and 10
minutes) were smaller (Fig. 55). This could be explained by the amount of spray
coated SWNTs on the substrate surface. Longer spray coating for the two-line
structure was expected to deposit more SWNTs on the substrate surface when
compared to the interdigitated structure. The thicker SWNTs layer resulted in
longer equilibration time for the hydrogen molecules to diffuse into the SWNTs

network.
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Fig. 62 C-V curves of SWNTs spray coated sample (two-line structure) tested at different
frequencies.
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Fig. 63 C-V curves of the hydrogen reaction of the SWNTs spray coated sample (two-line
structure) at a frequency of 1 kHz.
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Fig. 64 Voltage-time relationship of the hydrogen reaction of SWNTs spray coated sample
(two-line structure)

The C-V curve of the oxygen sensitivity test of the spray coated two-line
structure sample is given in Fig. 65. A small increase in the accumulation
capacitance and a shift of the C-V curve towards higher voltages were noticed
when the O, concentration increased from 1% to 100%. C-V measurements
were repeated and the voltage shifts of each curve were quantified at a
capacitance of 4.8 x 10 F. The voltage-time relationship was plotted in Fig. 66.
An overall voltage shift of 24 mV was achieved 2 hours after the O
concentration changed from 1% to 100%. Approximately 30% (6.7 mV) and 50%
(112.5 mV) of the change were achieved within the first 2 and 10 minutes
respectively. Compared with the results for the spray coated interdigitated
structure (6-30) in Chapter 4.4.1, the overall voltage change for the two-line

structure was slightly smaller, and the voltage shifts in the same time period (2
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and 10 minutes) were also smaller (Fig. 58). This is consistent with the hydrogen

response results and the reason is as explained previously.
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Fig. 65 C-V curves of the oxygen reaction of the SWNTSs spray coated sample (two-line structure)
at a frequency of 1 kHz.
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Fig. 66 Voltage shifts-time relationship of the oxygen reaction for the SWNTs spray coated
sample (two-line structure)

In conclusion, the shifts of the carbon nanotubes part of the depletion region of
the C-V curve were gas dependent. An increase in the oxidising gas (O2)
concentration shifted the depletion region of C-V curves to positive voltages and
an increase in the reducing gas (Hz) concentration shifted the depletion region of
C-V curves to more negative voltages. The voltage shifts were considered to be
influenced by the thickness of the CNTs network where a thinner CNTs network
resulted in a shorter response time. The response time was related to the

diffusion of the gas molecules.

115



4.5 Spray Coated SWNTs on a LaFz-substrate

LaFs; was introduced to the structure as an ion conductor to improve the gas
response of the sensor. A LaFz layer on the top of Al/Si/SiO,/SizN4 should
increase the possibility of the reaction at the three phase boundary (gas, SWNTs

and LaF3).

4.5.1 AFM Images of the Debundled CNTs with SDS Suspension

SWNTs were dispersed in SDS aqueous solvent. The detergent was used to
separate the SWNTs so as to minimise the SWNTs bundling. The debundled
SWNTs were expected to increase the reaction speed by avoiding the diffusion

effect.

The substrate (Al/Si/SiO,/SisN4/LaF3) was spray coated with SDS debundled
carbon nanotubes. The specimen was viewed using an Atomic Force
Microscope. Individual carbon nanotubes were present, which suggested the
SDS had a positive effect on defund the SWNTs. A 2D image of an individual
carbon nanotube is given in Fig. 67. The individual CNTs demonstrated a
nanometre scale dimension (in height), which was not even throughout the
carbon nanotube. A more detailed 3D image (Fig. 68) suggested a rough surface
of the debundled individual carbon nanotube. The difference in the dimension
might be attributed to the attached particles such as SDS and amorphous

carbon.
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Fig. 68 3D simulation of an individual carbon nanotube
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4.5.2 Gas Sensitivity Test of the Spray Coated LaFs-substrate

4.5.2.1 LaF3-Substrate with Interdigitated Electrodes

The SWNTs/SDS suspension was sprayed on the substrate with interdigitated
electrodes (Al/Si/SiO,/SisN4/LaFs, 6-30). The sample was placed in the testing
box with 20 ppm H, mixed with N, for 2 hours before the C-V measurement was
carried out. The hydrogen concentration was then increased to 200 ppm and
held for 2 hours. The C-V curves under both hydrogen concentrations were
plotted (Fig. 69). An increase in the accumulation capacitance was noticed with
increased H, concentration. For the depletion region, the capacitance of the gold
electrode was dominant. The voltage shifts in the depletion region associated
with carbon nanotubes was negligible. In contrast, a voltage shift in the carbon
nanotube part was observed for the spray coated interdigitated electrodes
without LaF3 (Al/Si/SiO,/SizN4, 6-30) (Fig. 53). This might be due to the presence
of SDS patrticles. The SDS was introduced to debundle the SWNTSs, however,
the SDS particles might also lead to an additional layer on top of the SWNTSs as
suggested in Fig. 68. This SDS layer might block the SWNTSs and inhibit the gas
reaction at the three phase boundary (gas, SWNTs and LaF3).

Similar to the hydrogen test, the gas concentration was changed from 1% O,
(mixed with N,) to 100% O, for oxygen sensitivity measurement. C-V curves
were measured after 2 hours in each gas concentration. With an increase in O,
concentration, a small decrease in the accumulation capacitance was observed
(Fig. 70). No voltage shift in the gold electrode part of the depletion region was
noticed, while a very small voltage shift in the CNTs part was found which could

be negligible. This was similar to the hydrogen sensitivity study.
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Fig. 69 C-V curves of the hydrogen reaction of the spray coated sample (SWNTs/SDS,
LaFs-substrate, interdigitated structure, 6-30) at a frequency of 1 kHz.
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Fig. 70 C-V curves of the oxygen reaction of the spray coated sample (SWNTs/SDS,
LaFs-substrate, interdigitated structure, 6-30) at a frequency of 1 kHz.
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Both hydrogen and oxygen sensitivity studies did not give the increase in the
sensitivity as expected. This is most likely due to the presence of the SDS

molecules which covered the SWNTSs surface and inhibited the gas response.

4.5.2.2 LaFs-Substrate with two-line Structure

The SWNTs/SDS suspension was prepared and sprayed on the two-line
substrate (Al/Si/SiO,/SisN4/LaFs, two-line). Hydrogen sensitivity tests were
performed by increasing the H, concentration from 20 to 200 ppm. The C-V
curves were measured after 2 hours in each concentration. A decrease in the
accumulation capacitance with increased H; concentration was observed (Fig.
71). The capacitance change caused an apparent shift of the C-V curves. When
we look at individual voltages, the capacitance change in the accumulation and
the gold part of the curve is similar. However, the change in the CNT part of the
C-V curve is greater than that observed in the accumulation and the gold
dominated part of the curve. This indicated that there was a voltage shift towards

lower voltages with the increase in H, concentration.

The voltage-time relationship was evaluated to investigate the dynamic
hydrogen response. The capacitance at different hydrogen concentrations was
monitored at a constant voltage of 0.8 V. Considering that the SWNTSs part of the
depletion region in the C-V curves was linear in the relevant range and did not
change shape with different hydrogen concentration (Fig. 71), the voltage shifts
therefore had a linear relation with the capacitance change. The voltage-time
relationship was calculated from the capacitance-time relationship and given in
Fig. 72. The equilibrium voltage shift was around 100 mV, and the equilibration
time was around 2000 seconds when the H; concentration increased from 20 to
200 ppm. However, it required a longer time (around 3000 seconds) to achieve

the equilibrium when the H, concentration decreased from 200 to 20 ppm.
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Fig. 71 C-V curves of the hydrogen reaction of the spray coated sample (SWNTs/SDS,
LaFs-substrate, two-line structure) at a frequency of 1 kHz.
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Fig. 72 Voltage shifts-time relationship of the hydrogen reaction for the spray coated sample
(SWNTs/SDS, LaFs-substrate, two-line structure), the capacitance was calculated from the
constant voltage measurement at 0.8 V)

121



A resistive measurement of the sprayed coated (SWNTs/SDS) sample
(Al/Si/SiO4/SisN4/LaFs, two-line) was carried out to investigate the gas response,
which was then used to compare with the potentiometric measurements results.
A DC voltage of 1 mV was applied between the two top gate electrodes. The
resistances were calculated. The sensitivity of the senor was defined with
changed of resistance minus initial resistance and then divided by initial
resistance. The result is shown in Fig. 73. The resistance reduced from 0.855 x
10° ohm to 0.677 x 10° ohm (17%) when the gas concentration was changed
from 100% N, to 200 ppm H, mixed with N,. The equilibration time was around

600 seconds. A longer time (4000 seconds) was required for recovery when the

gas concentration changed back to 100% Ns.
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Fig. 73 Resistive measurements of the hydrogen reaction of the spray coated sample
(SWNTs/SDS, LaF3-substrate, two-line structure)
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The C-V curves of the spray coated (SWNTSs) two-line LaFs-substrate under
different O, concentrations are illustrated in Fig. 74. With an increase in the O,
concentration (1% to 100%), a small increase in capacitance was observed. The
capacitance changes in all regions including the accumulation, the gold
electrode part and the CNTs part were very similar. This is similar to the oxygen
response for the spray coated interdigitated structure (6-30) with SWNTSs in
Chapter 4.4.1 (Fig. 56). The increase in sample capacitance was due to the
resistance change associated with the oxygen concentration. The voltage shifts
here in the CNTs part might not be a reaction to the oxygen sensitivity as
discussed previously. Sample capacitance under different oxygen concentration
was measured at a constant voltage of 0.7 V. The voltage-time relationship was
obtained as described in the hydrogen sensitivity measurement. An overall
voltage shift of approximately 28 mV was given from the voltage-time

relationship plot (Fig. 75).

Resistive measurements of the spray coated (SWNTSs) two-line LaFs-substrate
was performed at different gas concentrations. The system was circulated with
100% N, before replacing with 100% O.,. The resistance of the sample increased
with the introduction of O,. This is a consequence of the decrease in sample
conductivity. However, no clear equilibrium was achieved after 30 minutes. The
gas concentration was then changed back to 100% N, for recovery. After the
stabilisation of the sample resistance, 1% O, was introduced and a clear

increase in the resistance was noticed which was then recovered with 100% N».
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Fig. 74 C-V curves of the oxygen reaction of the of the spray coated sample (SWNTs/SDS,
LaFs-substrate, two-line structure) at a frequency of 1 kHz.
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Fig. 75 Voltage-time relationship of the oxygen reaction of the spray coated sample
(SWNTs/SDS, LaFz-substrate, interdigitated structure, 6-30)
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Fig. 76 Resistive measurements of the oxygen reaction of the spray coated sample
(SWNTs/SDS, LaF3-substrate, two-line structure)

The hydrogen and oxygen sensitivities using both resistivity and potentiometric
measurements were successfully completed for the spray coated (SWNTs/SDS
aqueous solution) LaFsz-substrate with a two-line structure. The resistive
measurements showed a faster H, sensing than potentiometric measurements
(Fig. 72). The difference in equilibration time between the capacitive and
resistive measurements indicated two different mechanisms of the gas sensing
behaviour. Therefore, it is proved that the two sensing mechanisms were

combined in the same gas sensor.

The resistance of the carbon nanotube network decreased with an increase in
the H, concentration and a decrease in the O, concentration. This contradicts
with some results reported in the literature (Star et al., 2006b, Wong et al.,
2003b). The electronic properties of CNTs can be deeply modified by the

presence of water (Zahab et al., 2000). Zahab and co-workers proposed that
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water molecules were absorbed by the CNTs and acted as electron donors. The
conductivity type of the CNTs can therefore be changed from p-type to n-type. In
current study, the testing gas was mixed with a constant humidity of 9.8 g/L. The
present of the water molecules might have changed the conductivity behaviour

of the CNTs network.

The SDS effectively debundled the SWNTs. When sprayed coated on an
interdigitated electrode structure, those individual SWNTs gave a negligible
voltage shift in the CNTs part. This could possibly be explained with residual
SDS creating a coating layer on SWNTs, which inhibited the formation of a
LaF3;-SWNTs-gas three phase boundaries for the gas reaction. On a two-line
structure, small but genuine voltage shifts were noticed for the H, and O,
sensitivity measurement. This could be due to the fact that a larger amount of
CNTs were required to bridge the two-line structure than the interdigitated
structure. Although, the presence of residual SDS insulated the contact between
some SWNTSs and the LaF; surface there were still some SWNTs which were in
contact with the LaF; surface. This allowed the formation of LaF3-SWNTs-gas

three phase boundaries and led to detectable gas sensing response.
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4.5.3 Spray Coated LaF;-Substrate with DMF Suspension

CNTs surface modification for a minimum affinity on the surface was considered
beneficial for the sensing response. From the experimental results in chapter
4.5.2, SDS was effective in terms of defunding the SWNTs, however, the
residual SDS molecules showed a negative impact on the sample sensing
properties. Lab experiments aimed the removal of the SDS molecules and
surface analysis suggested that the SDS molecules were difficult to remove
once introduced. DMF has been used to separate SWNTs and was successfully

removed by heat treatment (Lee et al., 2008b).

Therefore, DMF was employed to suspend the SWNTs. The SWNTs/DMF
suspension was spray coated on the LaFs-substrate (two-line structure) and
then heated on a hotplate at 300°C for 30 minutes to remove DMF. The sample
was viewed under a secondary electron microscope. The SEM image showed

an even distribution of debundled carbon nanotubes (Fig. 77).

C-V measurements were carried out on a spray coated sample both before and
after heat treatment. The C-V curves of the sample (Fig. 78) showed an increase
in the accumulation capacitance after heat treatment. An apparent ‘step’ in the
depletion region associated with the gold electrodes and the carbon nanotubes
was visible for the sample before heating. However, no clear step was noticed
for the sample after heat treatment. This phenomenon was not described in the
literature and might be attributed to an improvement of the electrical contact
between the carbon nanotube network and the gold electrodes on the one hand
and a worsening of the physical contact between carbon nanotubes and LaF;

due to the evaporation of DMF on the other.

A linear increase of the voltage from -1 to 1 V with an increment of 0.01 V and an
interval of 1 second per step was applied between the two top gate electrodes.
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The current-voltage curves of the spray coated sample (SWNTs/DMF, two-line,
LaF3) before and after heating were given in Fig. 79. Before heating, the sample
current increased from -8.96 x 10® to 7.03 x 10® A when voltage varied from -1
to 1 V. After heating, an increase in current by approximately two orders of
magnitude was noticed when the same voltage was applied. The current
increased from -2.07 x 10° to 1.37 x 10° A when voltage varied from -1 to 1 V.
This suggested that heating could contribute to an improvement in the
conductivity of SWNTs network and improve the contact between the network
and the gold electrodes. The improved conductivity can also have contributed to

the increase in accumulation capacitance as illustrated in Fig. 78.

Hydrogen sensitivity of the spray coated sample (SWNTs/DMF, two-line,
LaF3;-substrate) was investigated by controlling the H, concentration (20 ppm to
200 ppm mixed with N,). Two hours were allowed before taking the C-V
measurements for samples under each gas concentration. An increase in the
accumulation capacitance was noticed with increased H;, concentration (Fig. 80).

However, the voltage shift of the C-V curves was not observed.

The accumulation capacitance was measured at a constant voltage (-1.5 V). A
gas mixture of 20 ppm H, with N, was first applied to the testing box, and
changed to a gas mixture with a higher hydrogen concentration (200 ppm H,
mixed with N) after an equilibrium of the capacitance signal was achieved. An
increase in the capacitance was noticed with the increase of H, concentration
(Fig. 81). The gas concentration was then changed back to 20 ppm H, (mixed

with N>). A decrease in the capacitance was observed.
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Fig. 77 SEM microphotograph of the spray coated sample (SWNTs/DMF, LaFs-substrate
two-line structure) showing an even distribution of carbon nanotubes
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Fig. 78 C-V curves of spray coated sample (SWNTs/DMF, LaFs-substrate, two-line structure) at
a frequency of 1 kHz, showing the effect of heat treatment
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Fig. 79 Current-Voltage curves of the spray coated sample (SWNTs/DMF, LaFs-substrate,
two-line structure) before and after heating
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Fig. 80 C-V curves of the hydrogen reaction of the spray coated sample (SWNTs/DMF,
LaFs-substrate, two-line structure) at a frequency of 1 kHz.
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Fig. 81 Capacitance-time relationship of the hydrogen reaction of the spray coated sample
(SWNTs/DMF, LaF;-substrate, two-line structure)
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Resistive measurements of the SWNTs network were carried out. A voltage of 1
mV was applied between the two top gate electrodes and the same gas
concentrations were employed. A decrease in resistance (approximately 15%)
was found when the H, concentration increased from 20 to 200 ppm (Fig. 82).
The resistance change was approximately 20% smaller than the one found for
the spray coated sample (SWNTs/SDS, two-line structure, Fig. 73), The
response time for the SWNTs/DMF coated sample was shorter than that for the

SWNTs/SDS coated sample (Fig. 82 and Fig. 73).
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Fig. 82 Resistive measurements of the hydrogen reaction (spray coated SWNTs/DMF,
LaFs-substrate, two-line structure)

The oxygen sensitivity was tested by using 1% O, (mixed with 99% N) and 100 %
0,. Oxygen (1%) was first applied to the testing box, and then changed to 100%.
A decrease in the accumulation capacitance was noticed with increased O,
concentration (Fig. 83). However, no voltage shift of the C-V curves was

observed when the O, concentration increased. The capacitance-time
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relationship was plotted in Fig. 84. A decrease in the capacitance was noticed
with the increase of O, concentration which suggested an increase in O;
concentration could result in an increase in the capacitance. The resistive
measurement was carried out, and the results are shown in Fig. 85. The
resistance of the carbon nanotubes network increased when the O,
concentration increased from 1% to 100%. However, the percentage change of
the resistance change was quite small, around 3%. This is in the same range as
the resistance changes measured for the SWNTs/SDS coated sample

(approximately 8.5%, Fig. 76).
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Fig. 83 C-V curves of the oxygen reaction of the spray coated sample (SWNTs/DMF,
LaFs-substrate, two-line structure) at a frequency of 1 kHz
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Fig. 84 Capacitance-time relationship of the oxygen reaction of the spray coated sample
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Fig. 85 Resistive measurements of the oxygen reaction (spray coated SWNTs/DMF,
LaFs-substrate, two-line structure)
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In this section, DMF was used to disperse the SWNTs. Samples were heated to
remove the DMF after spray coating. The conductivity of the CNTs network was
improved after heating, which suggested a better contact between CNTs and the
gold contact. However, the step in the depletion region of the C-V curve for the
spray coated (SWNTs/DMF) two-line structure disappeared after heating. This
could be a consequence of a physical detachment of CNTs from the LaF;
surface during heating. No clear gas (O, and H;) sensing response was found
for the heated sample in the potentiometric measurement. The poor physical
contact of the CNTs with the surface after heating was considered to have a

detrimental impact on the gas sensor.

With an increase in H, concentration, the resistance of the SWNTs network
decreased (Fig. 82). The reduced resistance could result in an increase in the
effective gate area during the C-V measurement, which further contribute to an
increase in the accumulation capacitance increase. This is consistent with the
results given in Fig. 81. When O, was applied, the resistance of the SWNTs
network increased with an increased O, concentration (Fig. 85). The increased
resistance could lead to a decrease in the effective gate area during the C-V
measurement. This is consistent with the results given in Fig. 84. Therefore,

accumulation capacitance change is resistance dependent.
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4.6 Spray Coated LaF3;-Substrate with Pt Deposition

4.6.1 Microstructure of the Pt Deposited Samples

Platinum has been used previously as a catalytically active material in
field-effect gas sensors (Arbab et al., 1993, Lee et al., 1997). The Pt decoration
of CNTs was introduced in current study for an expected improvement in the H,
and O, sensitivity. SWNTs network showed a large resistance at a level of 10°
ohm; therefore Pt particles could only be deposited on those CNTs which were
along the gold electrodes using the chosen method of electrodeposition.
Substrates with an increase in the gold electrode area and a decrease in the
distance between the electrodes could therefore maximise the amount of Pt
deposition, which in turn increased the effect of Pt on the gas sensing behaviour.
LaF3;-substrates with interdigitated structure (10-10) have a smaller gap (10 ym)
between the gold electrodes than the previously used interdigitated (6-30) and

two-line structures and were therefore selected for the Pt deposition study.

The SWNTs were well dispersed in DMF solvent and then spray coated on the
substrate with interdigitated structure (Al/Si/SiO,/SisN4/LaFz, 10-10). The
SWNTSs coated substrate was then heated on a hotplate at 300°C for 30 minutes
for the removal of DMF solvent. Platinum was electro-deposited on the spray
coated substrate (as described in chapter 3.1.3). Two samples were fabricated
with 5 seconds and 30 seconds platinum deposition. Thirty second Pt deposition
on a substrate without SWNTs was used as control sample. Samples were then
viewed under a secondary electron microscope and the SEM images are given
in Fig. 86 - Fig. 89. Pt particles were found attached to the SWNTs on and
between the gold electrodes for the 5 seconds deposited specimen (Fig. 86).
The Pt particles were around 10 to 20 nm diameter. With a longer deposition

time (30 seconds), Pt particles were larger in size (10 to 500 nm) and were also
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found on and between the gold electrodes (Fig. 87). On the gold electrode edges,
the Pt particles tended to accumulate and grow along the edges and formed a
line. The SEM image of the 30 seconds Pt deposited specimen at a higher
magnification (100 K x) showed the coexistence of larger Pt clusters on the gold
electrode edge (the left hand size of the image) and fine Pt particles on SWNTs
(middle of the images, Fig. 88). In contrast, a Pt layer was observed on the gold
electrodes for the sample without SWNTs (Fig. 89). The Pt particles tended to

grow as uniformly sized particles without CNTs on the gold electrodes.
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Fig. 86 SEM micrograph of the 5 seconds Pt deposited sample (SWNTs/DMF spray coated,
LaFs-substrate, 10-10), showing Pt particles on the gold electrode and the SWNTs network.
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Fig. 87 SEM microphotograph of the 30 seconds Pt deposited sample (SWNTs/DMF spray

coated, LaFs-substrate, 10-10), showing Pt particles and clusters on the sample surface.
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Fig. 88 SEM microphotograph of the 30 seconds Pt deposited sample (SWNTs/DMF spray
coated, LaFs-substrate, 10-10); showing Pt clusters and carbon nanotubes with fine Pt particles
on the SWNTs.
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Fig. 89 SEM microphotograph of the 30 seconds Pt deposited sample (LaFs-substrate, 10-10,
without SWNTSs) showing Pt on gold electrodes.
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4.6.2 Gas Sensitivity of the 5 Second Pt Deposited Sample

The C-V measurements were carried out for the samples with 5 and 30 seconds
Pt deposition. The C-V curves of the 5 second platinum deposited sample
(before and after Pt deposition) are given in Fig. 90. An increase in the
accumulation capacitances was observed after Pt deposition. This indicated that

Pt deposition increased the gate area.

The sensor sensitivity towards H, and O, was evaluated. The 5 second Pt
deposited sample was placed in the testing box. Gas with different H,
concentration (0, 1, 10 and 100%, mixed with N,) was supplied for the system in
sequence. The C-V measurements were performed correspondingly and the
equilibrium C-V curves at different hydrogen concentrations are presented in Fig.
91. With increased H, concentration, no significant changes in the accumulation
capacitance and the inversion capacitance were observed. However, the part in
depletion region next to accumulation shifted towards a more negative value (Fig.
91), and the overall shape of the C-V curves changed with hydrogen
concentration. This is attributed to the hydrogen sensitivity of the deposited Pt
particles. The hydrogen sensitivity was quantified at a capacitance of 3.20 x 10
F in terms of the voltage shift. The voltages shifts were -37, -128 and -398 mV

with the increase of H, concentration (1%, 10% and 100%).

Due to the shape change in the C-V curves, it was not ideal to calculate the
voltage shifts by using capacitance change. The capacitance change at a
constant voltage (-0.3 V) under different H, concentration was used to indicate
the response rate. The sample was exposed to 1% H, to allow equilibrium of the
sample capacitance. The H, concentration was increased to 100%, a dramatic
decrease in capacitance was noticed within the first 10 seconds (Fig. 92). The

capacitance was then slowly decreased until equilibrium was achieved (around
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200 seconds, Fig. 92). A gradual increase in capacitance with time
(approximately 500 seconds) was noticed before full recovery when the H;

supply was changed back to 1%.

The gas response of different O, concentrations (1% to 100%) was also studied.
A small increase in the accumulation capacitance was noticed when the O,
concentration changed from 1% to 100% (Fig. 93). However, no clear voltage

shift was observed with the change in the O, concentration.
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Fig. 90 C-V curves of the 5 seconds Pt deposited sample (SWNTs/DMF spray coated
LaFs-substrate, 10-10)
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Fig. 91 C-V curves of the hydrogen reaction of the 5 seconds Pt deposited sample (SWNTs/DMF
spray coated LaFs-substrate, 10-10).
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Fig. 92 Capacitance-time relationship of H, reaction of the 5 seconds Pt deposited sample
(SWNTs/DMF spray coated LaFs-substrate, 10-10).
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Fig. 93 C-V curves of the oxygen reaction of the 5 seconds Pt deposited sample (SWNTs/DMF

spray coated LaFs-substrate, 10-10).
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4.6.3 Gas Sensitivity of the 30 Second Pt Deposited Sample

Similar C-V measurements and the sensor sensitivity evaluation towards H; and
O, were also carried out for the 30 seconds Pt deposited sample. A significant
increase in the accumulation capacitance was noticed after 30 seconds Pt
deposition (Fig. 94). This could be explained as the Pt deposition resulted in an
increase in the gate area. The C-V curves at different hydrogen concentrations
of the 30 second Pt deposited sample are illustrated in Fig. 95. Similar to the 5
second Pt deposited sample, the voltage of the depletion region shifted towards
negative values with an increase in the H, concentration. It was noticed that
there was a decrease in the accumulation capacitance when the H
concentration increased from 1 to 100%. An apparent change in the shape of
C-V curves was noticed when the H, concentration increased to 100% (Fig. 95).
This phenomenon was not reported in the literature, and a complicated time

dependent behaviour was observed.

After the equilibration of the C-V curve at 1% H,, 100% H, was introduced, a
series of C-V measurements were carried out at 2, 4, 6, 8 and 10 minutes. The
C-V curves were plotted and presented in Fig. 96. A voltage shift (-0.36 V) was
completed in the first 2 minutes with a change in the shape of C-V curve. With
increased time, the accumulation capacitance decreased continuously which led
to a change in the slope of the part of C-V curve in depletion next to the
accumulation (Fig. 96). The accumulation capacitance of the sample at a voltage
of -1.5 V was plotted against time at 100% H, The changes of the accumulation
capacitance were clearly visible, which first increased with the increase in H;
concentration and then decreased with time (Fig. 97). This phenomenon might
be due to the contribution of both water molecules and Pt particles. As described
in chapter 4.2, the water molecules present in the system were absorbed by the

CNTs and acted as electron donors (Zahab et al., 2000). This could result in a
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decrease in the resistance of the SWNTs network, which lead to an increase in
the accumulation capacitance with increased H, concentration. The Pt particles
could react with H, molecules without the interference of the water molecules
and have an opposing effect. The reaction contributed to an increase in the
resistance and decrease in the accumulation capacitance. Alternatively, it is
possible that the accumulation of hydrogen atoms at the Pt/LaFs interface

reduced the accumulation capacitance.

Due to the change in the slope of the depletion region next to accumulation,
capacitance change at a constant voltage (-0.4 V) was used to indicate the
response rate instead of the voltage change at a constant capacitance. The H,
response rate was given by the capacitance-time relationship in Fig. 98. A fast
drop in capacitance was noticed when the gas environment changed from 1% H,
to 100% H,. A further steady decrease in capacitance with time was observed.
The fast drop is considered correspond to the voltage shift, and the further

decrease is attributed to the decrease in the accumulation capacitance.

The voltage-time relationship can be given by calculating Fig. 96 and Fig. 98.
The major voltage shift (-361 mV) was completed within the first two minutes as
shown the ‘steep’ part in Fig. 98. The residual decrease of capacitance in Fig. 98
was due to the decrease of accumulation capacitance, which caused a further
-92 mV voltage shifts. Therefore, the voltage-time relationship was given in Fig.
99. Instead of a rapid capacitance increase, the capacitance increased gradually
when the gas environment changed back to 1% H,. The sensor response was

completely reversible as illustrated by the repeat measurement (Fig. 83).
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Fig. 94 C-V curves of the oxygen reaction of the 30 seconds Pt deposited sample (SWNTs/DMF
spray coated LaFs-substrate, 10-10).
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Fig. 95 C-V curves of the 30 seconds Pt deposited sample (SWNTs/DMF spray coated
LaFs-substrate, 10-10).
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Fig. 96 C-V curves of the hydrogen reaction with time of the 30 seconds Pt deposited sample
(SWNTs/DMF spray coated LaFs-substrate, 10-10).
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Fig. 97 Capacitance-time curve of the 30 seconds Pt deposited sample (SWNTs/DMF spray
coated LaFs-substrate, 10-10) under 100% H, at a voltage of -1.5 V.
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Fig. 98 Capacitance-time relationship of H, reaction of the 30 seconds Pt deposited sample
(SWNTs/DMF spray coated LaFs-substrate, 10-10) at a voltage of -0.4 V.
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Fig. 99. Voltage-time relationship of H, reaction of the 30 seconds Pt deposited sample
(SWNTs/DMF spray coated LaFs-substrate, 10-10) at a capacitance of 4 nF.
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The O, sensitivity was also investigated. The C-V measurement of the 30
second Pt deposited sample under different O, concentration (0, 1% and 100%)
was carried out. A small voltage shift (25 mV) was noticed when the O
concentration changed from 0 to 1% (Fig. 100). When the O, concentration
increased from 1 to 100%, a clear increase in the accumulation capacitance and
a significant voltage shift in depletion towards positive values were clearly
identified from the C-V curves. Compared with the H, response, the gold
electrodes also showed oxygen sensitivity. This may due to the Pt coating on the
gold electrodes. The significant change in the accumulation capacitance
changed the shape of C-V curves and invalidated the direct voltage shift
calculation from the C-V curve. In order to quantify the voltage shift, the first
derivative of the C-V curves (Fig. 100) was plotted and given in Fig. 101. The
separation of the two peaks (1% O, and 100% O,) gave a voltage shift of 0.5V,
which was higher than reported in the literature. Moritz et al. (2001)
demonstrated an oxygen sensitivity with a voltage shift of 0.12 V using a
Si/SiO,/SizN4/LaFs/Pt structure when the oxygen concentration was changed

from 1 to 100%.

The capacitance-time relationship of the sample was investigated at a constant
voltage of -0.3 V to explore the O, response time. A continuous increase in
capacitance was observed when the O, concentration changed from 1 to 100%
where a continuous decrease in capacitance was found when O, concentration
changed back to 1% (Fig. 102). The response time was much longer (2000
seconds) when compared with the H, response (500 seconds, Fig. 98). The
oxygen reaction was reversible. The voltage-time relationship was calculated

and is shown in Fig. 103.
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Fig. 100 C-V curves of the oxygen reaction of the 30 seconds Pt deposited sample
(SWNTs/DMF spray coated LaFs-substrate, 10-10)
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Fig. 101 First deviation plot of the C-V curves (oxygen reaction of the 30 seconds Pt deposited
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Fig. 102 Capacitance-time relationship of oxygen reaction of the 30 seconds Pt deposited
sample (SWNTs/DMF spray coated LaFs-substrate, 10-10) at a constant voltage of -0.3 V

1%0,
0.2 e
i ' 100%0,
0.14 :
:
0.0 i
2 \
% H
S 0.1
£ .01
>
]
-0.2 ]
!
H
_03 - [
T T T T T T T T T 1
0 1000 2000 3000 4000 5000

Time /s

Fig. 103 Voltage-time relationship of oxygen reaction of the 30 seconds Pt deposited sample
(SWNTs/DMF spray coated LaFs-substrate, 10-10) at a constant capacitance of 2.5 nF
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4.6.4 Gas Sensitivity of the 30 Second Pt Deposited Sample

without SWNTSs coating

The hydrogen response of a 30 second Pt deposited sample without SWNTSs
was also tested. The C-V curves of the sample suggested that there were no
changes in the accumulation capacitance with the increase in the H;
concentration (1% to 100%, Fig. 104). The voltage of the depletion region shifted

towards negative values.

A series of C-V measurements were carried out at different times up to 30
minutes with 100% H, to study the hydrogen reaction of the 30 second Pt
deposited interdigitated LaFs-substrate without SWNTs. The C-V curves shifted
toward the negative side when the H, concentration increased from 1% to 100%
(Fig. 105). With continuous H, supplied, continuous voltage shift was observed.
The voltage shift and time relationship was plotted at a capacitance of 1.4 x 10
F. An overall voltage shift of -350 mV was achieved in 30 minutes (Fig. 106).
When the sample was coated with SWNTSs, the predominant voltage shift was
achieved within 2 minutes (approximately -361 mV, Fig. 96 and Fig. 98). This
indicated that sample with SWNTs demonstrated a significantly better sensor
response time. The SWNTs network worked as a template for the Pt deposition
and Pt particle growth (Fig. 87). Compared with the direct Pt deposition on gold
electrodes (without SWNTSs, Fig. 89), the SWNTs coated sample gave large Pt
cluster and fine Pt particles. This created more three-phase boundary for the gas

detection.
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Fig. 104 C-V curves of the hydrogen reaction of the 30 seconds Pt deposited sample
(LaFs-substrate, interdigitated structure, 10-10, without SWNTs coating)
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Fig. 105 C-V curves of the hydrogen reaction of the 30 seconds Pt deposited sample
(LaFs-substrate, interdigitated structure, 10-10, without SWNTSs coating).
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4.6.5 Hydrogen Sensitivity of the 30 Second Pt Deposited

Sample

Based on the proven gas sensing sensitivity against both O, and H,, 30 seconds
Pt deposited samples (spray coated with SWNTSs, LaFs-substrate) were selected
for further study. To mimic real live gas environment and study the relationship
between the sensor signal and the H, concentration, the gas response of the
sample was tested in a series of gas mixtures (different concentration of H; in
air). The C-V curves of the 30 seconds Pt deposited samples showed that the
C-V curves shifted towards lower voltages with an increase in H, concentration
(Fig. 107). The dynamic H, response was given by the capacitance-time
relationship measured at a voltage of -0.5 V (Fig. 108). The H, reaction was
reversible when the gas concentration changed between 100% and 0% H in air.
The voltage shifts at a constant capacitance of 3.3 nF with different H,
concentration were calculated. A calibration curve where voltage shifts versus
log of the hydrogen concentration was normally used as a guideline to evaluate
the sensor. A linear relationship with an R? of 0.993 was found for the calibration
curve of the 30 seconds Pt deposited sample (Fig. 109). The hydrogen
sensitivity was determined around 270 mV/logpH,. This suggested a reliable

sensing behaviour.
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Fig. 109 Calibration curve of the 30 seconds Pt deposited sample (SWNTs/DMF spray coated
LaFs-substrate, 10-10)

The aging effect of the sample was studied by comparing the capacitance-time
relationship of the fresh sample and one week old sample with different H,
concentration. The capacitance-time relationship was obtained at a voltage of
-0.5 V. When the gas concentration changed from air to 100% H,, a rapid drop
followed by a steady decrease in the capacitance was observed for the freshly
made sample (Fig. 110). A rapid increase followed by a steady increase in
capacitance was given when the air was introduced back to the environment. An
equilibrium capacitance can be achieved within 200 seconds. By comparison, a
continuous capacitance change was found for the sample which was used 1
week after preparation. The time required to achieve the equilibrium capacitance
was longer than for the freshly prepared sample. Filippov et al. (2006) studied
the room-temperature hydrogen sensitivity of a MIS-structure based on the
Pt/LaF; interface. They found that the sensor gave hydrogen sensitivity at ppm

level and has rather fast response time and recovery time. However, the sensor
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demonstrated an aging effect, which made the sensor lifetime too short for
practical application. In current study, the one week sample showed a slower
initial gas response when compared to the freshly prepared sample. The
capacitance change within the same period of time (4 minutes) was similar. This
suggested the sample was subjected to an aging effect. This problem could be
solved by applying a heat treatment for the sample. Field effect gas sensors with
a Pt gate have been reactivated by heating at 300°C for 10 seconds (Moritz et al.,
2001). This re-activation procedure can be repeated without limitations and

could also be applicable to the sensor described in this thesis.
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Fig. 110 Capacitance-time relationship of hydrogen reaction of the 30 seconds Pt deposited
sample (SWNTs/DMF spray coated LaFs-substrate, 10-10), fresh sample
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Fig. 111 Capacitance-time relationship of hydrogen reaction of the 30 seconds Pt deposited
sample (SWNTs/DMF spray coated LaFs-substrate, 10-10) one week old
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CHAPTER 5

CONCLUSIONS
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The study focused on the development of carbon nanotube field-effect gas
sensor using carbon nanotubes as gate material. For the very first time,
resistance and potentiometric measurements were successfully completed in

the same structure.

Two gold electrodes were fabricated on the top of the insulator (SisNg). A
multi-walled carbon nanotubes network was used to bridge the two electrodes.
The resistance of the CNTs network was monitored to test the gas sensitivity.
Compared with vacuum, increased resistance was reported when oxygen was
present. Thinner carbon nanotube networks resulted in a greater increase in
resistance. However, the resistance increase could not be fully recovered within

a short periods without providing additional energy.

Drop coating of the multi-walled carbon nanotubes network on interdigitated gate
electrode structures showed negligible CNTs gate function on the C-V curve.
With smaller tube diameter and longer tube length, a single-walled carbon
nanotube network was then used in order to increase the nanotubes effect on
the C-V curves and the sensor response. However, uneven bridging and
leakage current were reported when larger amount of SWNTs were applied. This

suggested the limitation of drop coating.

An even SWNTSs film was produced by spray coating, which bridged the gaps
between the two metal electrodes structures. The depletion region in the C-V
curve was clearly separated into two distinct parts which were related to the
metal gate function contribution and the carbon nanotubes network function
contribution. C-V curves shifted by -50 mV with an increase in the H;
concentration by a factor of 10 (20 - 200 ppm) with a response time of 2 hours.
An overall voltage shift of 35 mV (approximately) and a response time of around
2 hours were observed for the same sensor structure when the O, concentration
changed from 1% to 100%.The sensing response time was too long for practical
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applications. The resistance changes of the CNTs network were also measured
simultaneously. These two measurements based on different principles were
successfully achieved within the same sample structure, which gave the

possibility of improvement in the selectivity of sensors.

SDS was used to debundle CNTs. The SDS molecules successfully debundled
the SWNTs and created an even SWNTs film. However, it also led to an
additional layer on the SWNTs that inhibited the gas reaction at the three phase
boundary. DMF was used to separate SWNTs and successfully removed by heat
treatment. However, the heat treatment may cause physical detachment of the
CNTs from the sample surface. This was considered having a detrimental impact

on the gas sensor.

LaF; were also introduced to improve the gas sensitivity. However, no
improvement of gas sensitivity was observed when the ion conductor level (LaFs3)

was added to the system.

Platinum deposited samples (Pt/CNTs/LaF3/SizsN4/SiO,/Si) demonstrated good
hydrogen and oxygen sensitivity. When the gas concentration changed from 1 to
100% H,, the platinum deposited sample gave a voltage shift of -450 mV. The
hydrogen response (an equilibration time of 2 minutes) was faster than that of a
sample without the CNTSs layer (equilibration time of 30 minutes). A voltage shift
of 500 mV was achieved when the oxygen concentration increased from 1% to
100%. The voltage shift achieved was much greater than what was reported in
the literature (120 mV, Pt/ LaF3/SisN4/SiO,/Si). Both hydrogen and oxygen gas
sensitivities suggested that CNTs could significantly improve the sensitivity when
using as a template for Pt deposition. However, an aging effect was still noticed
in the platinum deposited sample. Moritz et al. (2001) successfully reactivated
aging samples by applying heat treatment (300°C for 10 seconds). Similar heat

treatment could be used to resolve the aging effect of the Pt deposited samples.
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The work presented in this thesis clearly suggested the possibility of developing
a new carbon nanotube based gas sensor which combines the resistivity
measurements with potentiometric measurements for improved sensitivity and
selectivity. This is of great interest for prospective applications. It created the
possibility to find a fingerprint for different gases based on these two
measurements. The combination of these two measurement principles was
expected to achieve a higher level of gas selectivity, which would otherwise not

be achieved by a single sensor.
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CHAPTER 6

FUTURE WORK
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The thesis mainly focused on the development of a new type of field-effect
capacitive gas sensor with carbon nanotubes as the gate material. The gas
(hydrogen and oxygen) response was successfully achieved. However,
response time was not promising for application unless further modification was
employed. Several attempts have been made to improve the sensitivity of the
CNTs gate field-effect capacitive gas sensor. Platinum deposition was
introduced and achieved a better hydrogen and oxygen sensitivity. More work is

required to explore the possibility to improve the sensitivity of the sensor.

It was reported that polyaniline (PANI) could be formed on the surface of CNTs
electrochemically. The PANI/CNTs composite showed some very promising gas

sensitive behaviour at room temperature.

UV light induced molecular desorption from SWNTs had been reported
previously. The use of UV light was expected to optimise the absorption ability of
the CNTs, which should therefore increase sensitivity of the sensor. It will be

interesting to explore the effect of the UV light on current sensor structure.

Scanning light pulse technique (SLPT) can also be introduced to this gas sensor
(Lofdahl et al., 2001). The local gas response at different points of the gate area
can be measured by SLPT. The CNTs could be loaded with different metal
particles (Pd, Pt etc) and coated in different area of the surface. The SLPT can

be used for identical gases and concentrations.

Further studies should be carried out to explore the effect on the CNTs
field-effect gas sensor by other gases. All of the results should be analysed and

be used to identify the finger-print of the gases.
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