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Abstract

In this work, we utilize random carbon nanotubes (CNTs) networks in gas sensing
applications. In that context, we present two different processes for depositing high
performance CNT thin-films on any substrate; spray deposition and transfer printing.
Employing the former technique, we fabricate CN'T-based gas sensor with high sensitivity
as well as immediate response towards four different test gases; NH3, ethanol CO and
CO,. We further enhance the sensitivity and alter the performance of the sensing
elements by functionalizing them with metallic nanoparticles (NPs) such as Au, Ag and
Pd. We study as well the interaction between Au NPs and the CNT layer in terms of
the changes introduced in the optical properties, surface morphology and work function.
Incorporating the insights gain by metallic NPs functionalization of the CNT layers, we
realize CNT-based gas sensor array composed of four different sensing elements each is
functionalized with different metal. This sensor array is capable to discriminate between
the different test gases. Moreover, we fabricated the CN'T-based gas sensor array on rigid
(Silicon) and flexible (Kapton) substrates. Finally, we performed complex impedance
characterization on CNT thin-films and CNT-based gas sensors, where we investigate
the behavior of the CNT network and the response of the CN'T-based gas sensor under
different frequencies. We show that selectivity can be achieved by extracting the recovery

time of the gas sensor towards different test gases at certain frequencies.



VIII



Contents

1

2

3

Introduction

Gas Sensors Technology and Development

2.1

2.2

2.3

24
2.5

Gas Sensing Technologies . . . . . . ... ... ... ... ....
2.1.1  Metal Oxide Semiconductor Gas Sensors . . . . . .. ..
2.1.2  Polymer Gas Sensors . . . . ... ... ... .......
213 CNTGasSensors . . . .. ... ... ...
CNT Thin-Film Deposition Technologies . . . . . . . ... .. ..
2.2.1  Vacuum Filtration . . . . . . ... ... ... ... ...
222 Dip-Coating . . . . . . .. . ...
223 Spin-Coating . . . . . . . .. ...
224 Spray Deposition . . . . ... ... oL
Techniques for Selective CNT Gas Sensors . . . . . ... .. ...
2.3.1  Fabrication Approach . . . . . ... ... ... ......

2.3.1.1  Metallic NPs Deposition . . . . ... ... ...

2.3.1.2 PolymerCoating . . . . ... ... .. .....

2.3.1.3 Different Kinds of CNTs . . . ... ... ...
2.3.2  Characterization Approach . . . . . .. .. ... ... ..
Process Development Framework . . . . . ... ... ... .. ..

Summary . . . ...

CNT Thin-Film Technology: Spray Deposition and Transfer Printing

3.1
3.2

3.3

Overview on CNT Thin-Films on Different Substrates . . . . . . .
Materials and Methods . . . . . . .. ... ... ... ... ...
3.2.1 Solution preparation . . . . . . . ... ...
3.2.2  Substrate preparation . . . . . . ... ... L.
3.2.3  Spray Deposition Process . . . . . . .. .. .. ... ..
3.2.4  Post-Treatment Process . . . . . . ... .. .. .. ....
3.2.5 Transfer Printing Process . . . . . ... ... ... ....
CNT Thin-Film Deposition on Glass Substrates . . . . . . ... ..

25
26
27
27
28
29
30
30
32



Contents

34
3.5

3.6

CNT Thin-Film Deposition on Flexible Substrates . . . . . . . ..
Transfer Printing of CNT Thin-Films . . . . ... ... ... ...

3.5.1 Optical and Electrical Characteristics . . . . . ... ...
3.5.2  Surface Morphology . . ... ... ... .. .......
3.5.3  Raman Spectroscopy Measurement . . . . . . .. .. ..
Summary . . . ...

4 CNT-Based Gas Sensors: Pristine and Functionalized

4.1
4.2

4.3
4.4

4.5
4.6

CNT-Based Gas Sensors Overview . . . . . . . . . o v v v ...

Materialsand Methods . . . . . . .. ... ... ... ... ....
4.2.1  Solution preparation . . . . . . .. ... ...
42.2  Sensor Fabrication . .. ... .. .............
4.2.3  Sensor Characterization . . . . . . . . . .. ... .....

Characterization of Pristine CNT-Based Gas Sensors . . . . . . . .

Characterization of Functionalized CNT Thin-Films . . . . . . . .

4.4.1
4.4.2
443

Surface Morphology . . . . .. ... ... ... .....
Optical Transmission Characteristics . . . . . . . . .. ..

Work Function Measurement . . . . . . . .. ... . ...

Characterization of Functionalized CN'T-based Gas Sensors

Summary . . . ...

5 CNT-Based Gas Sensor Array

5.1
5.2

53
54

5.5
5.6

CNT-based Gas Sensor Array Development Overview . . . . . . .
Materials and Methods . . . . . . .. ... ... ... ...

5.2.1
522
523

Sensor Array Design and Fabrication. . . . . . .. .. ..
Sensor Array Characterization . . . . ... ... ... ..

Data Analysis . . . . . . . . ...

Sensor Array Development Framework . . . . . .. .. ... ...
Same Metal, Different Loads . . . . . . ... ... ... .....

54.1
542
543

CNT Thin-Films at Percolation Threshold . . . . . . . ..
CNT Thin-Films at Higher Thicknesses . . . . . .. . ..

Functionalized Sensor Arrays at Optimum Film Thickness

Simulation of Virtual Sensor Arrays . . . . . . ... .. ... ...

Fabrication of the Optimum Sensor Array . . . . . . ... .. ...

5.6.1
5.6.2
5.6.3

Optimum Sensor Array on Silicon . . . . ... ... ...
Characterization towards Gas Mixture . . . . . .. .. ..

Sensor Array on Kapton . . . . .. ... ... ... ...

34
36
36
37
37
39

41
42
44
44
45
45
46
49
50
52
55
57
62

65
65
67
67
68
69
69
71
71
77

82
83
83
87
89



Contents

57 Summary . . ... e e 89

6 Impedance Spectroscopy Measurements 93
6.1 Complex Impedance Characterization Overview . . . . . ... .. 94

6.2 Materialsand Methods . . . . . . . ... ... oL 96

6.2.1  Fabrication Process . . . . . . ... ... ... ...... 96

6.2.2  Characterization Procedure . . . . . .. .. ... ... .. 96

6.3 Complex Impedance Characterization Framework . . . . . . . .. 97

6.4  CNT Thin-Films Resistive Networks . . . . . .. ... .. .. .. 97

6.5 CNT Thin-Films Based Gas Sensors . . . . . ... ... ...... 100

6.6  Sensor Response and Recovery Characteristics . . . . . .. .. .. 103

6.7 Summary . . . . ... 107

7  Conclusion and Outlook 109
A Transfer Process Recipe 113
A.1 Materials/Equipments . . . . . . .. ... ... ... 113

A.2  Substrate Preparation . . . . . . .. ... Lo 113

A3 ProcessSteps . . . . ... 113

B Gas Measurement Setup 115
C Principle Component Analysis 117
Bibliography 119

X1



Contents

XII



Chapter 1
Introduction

In the last few decades the technology of building electronic devices that can detect and
sense different smells have experienced great advances. Such devices are commonly
referred to as electronic nose or e-nose [1]. This technology was applied in wide range of
applications such as: grading of coffee blends or beans [2] [3], roasting level of coffee [4]
freshness of fish [2] [S]or meat [6], air-pollution monitoring [7] as well as industrial
applications [8]. The basic principle of the e-nose is to mimic the remarkable ability of
the human nose. The sense of smell has an important role in our daily live. In general,
everything we smell consists of volatile molecules, which are generally light, so they
can float through the nasal passage and attach to a patch of neurons (receptors). These
neurons are unique and they have hair-like projections called cilia that increase their
surface area. When an odor molecule attaches to these cilia, it triggers the neurons
which results in perceiving the smell !. From an electrical point of view, such system
is equivalent to a sensor array and pattern recognition system. Incorporating both in
one device (e-nose) results in a system that has the functionality of the human nose.The
recent advances in electronic sensing was able to outclass the human nose by detecting

odorless and toxic vapors [9] [10]as well.

For instance, in the field of robotics, one of the greatest challenge is the capability of
robots to navigate in natural environments autonomously [11] . Although an e-nose in
robots has a reduced importance, they can take advantage from such a feature when it
comes to perform chemical tasks such as follow odor tracks or find sources of odor like

gas leaks, drugs, explosives, landmines, etc. [11]

Electronic noses can be manufactured based on inorganic or organic technology. The for-

mer is the conventional semiconductor technology which is used in fabricating electronic

! According to the book Molecular Biology of the cell, Humans can distinguish more than 10,000 different
smell which are detected by specialized olfactory neurons lining the nose
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devices since the beginning of the last century. The latter has paved the way to variety of
applications [12] [13] [14] [15] [16] [17] since the discovery of conducting polymers in
1970s. By the discovery of carbon nanotubes CNTs in 1991, the field of organic electron-
ics, in particular CNT-based devices, has gained an increasing importance, as organic

materials can be used as an alternative for conventional inorganic semiconductors.

The main attractiveness of such technology is their promise to deliver low-cost devices
that can be fabricated on large scale. This technology allows the manufacturing of
the different electronic components on flexible substrates based on simple coating or
printing techniques, which has several substantial ecological and economical advantages.
Utilizing such technology in fabricating e-noses/gas sensors > opens new horizons in
the field of flexible, cost-effective and scalable electronic device. Nevertheless, in order
to commercialize gas sensors based on organic or/and CNT materials, several factors
has to be targeted and optimized. In the following some of these important factors are

summarized:
e Material life time
e Large area and high throughput manufacturing process
e High sensitivity and selectivity
e Fast response and recovery period

The main aim of this work is to show the potential of utilizing CNTs in delivering
highly sensitive, selective and flexible gas sensors. In that context, we target two of the
main obstacles that prevent CNT-based gas sensors from successful commercialization,
high-throughput manufacturing process and high selectivity in detecting different gases.
Plenty of research has been conducted proposing solutions for the drawbacks of organic
materials in general. However, the processing technology enabling industrial-scale and
large area manufacturing has been largely neglected in literature. In the past 15 years,
CNTs have been reported as a highly sensitive material for detecting different organic
and inorganic gases. It is commonly known as well that pristine CNTs lack the selectivity
when it detects pure or mixture of gases. Hence, most research conducted has been
driven to overcome this problem. Nevertheless, providing a solution that employ scalable
manufacturing process and deliver highly sensitive and selective CNT-based gas sensors,
was rarely achieved. It is only through targeting those two factors simultaneously, rapid

product commercialization can be obtained.

From this point on, we will use the technical term gas sensor instead of e-nose



In chapter 2 we give an overview on the different technologies employed to fabricate
gas sensors. We highlight the three common gas sensor technologies based on electrical
variation of the sensing element upon gas exposure, metal semiconducting, polymers and
CNTs. Then, we focus on the different techniques utilized to deposit CNT thin-film, spin
coating, dip coating, vacuum filtration and spray coating. we introduce as well different

approaches to enhance the selectivity of the CN'T-based gas sensors.

We demonstrate the fabrication of high quality CNT-thin films through a reliable, repro-
ducible and scalable spray deposition techniques in chapter 3. We spray deposit CNT
on glass as well as plastic substrate. The different preparation methods for the solution-
based CNTs and their effect on the performance of the deposited film is investigated.
Additionally, we introduce transfer printing process for depositing CNT thin-films on
any substrate. We compare as well between CNT thin-films deposited on glass and on

plastic substrates using both techniques, spray deposition and transfer printing.

After optimizing the spray deposition parameters to fabricate high performance CNT
thin-films, in chapter 4 we employ this technique in fabricating CNT-based gas sensors
with exceptional as well as immediate response towards different test gases. Moreover,
we show that metallic nanoparticles (NPs) alter the performance of the gas sensor and
some kind of metals enhance the sensitivity of the sensor towards all test gases. We
investigated the change introduced on the surface of the CNT due to the deposition of
Au and Ag NPs with different loads.

In chapter 5, we present the development of selective CN'T-based gas sensor array on
rigid and flexible substrates. We utilize different metal NPs at different loads to alter
the performance of the different sensing elements on the array. Based on the knowledge
obtained by functionalizing single CN'T-based gas sensors in chapter 4, we developed
strategy framework for finding the optimized combination of metallic loads that can
discriminate between various test gases. In this chapter as well, we present the fabrication
of CNT-based gas sensor array on Kapton. Such sensor array is able to discriminate NH3

from the other test gases.

The possibility of obtaining selective CN'T-based gas sensor by performing advanced
characterization techniques is presented in chapter 6. In this chapter we present the
complex impedance characterization technique, where we characterize CNT thin-films
and CNT based gas sensors in a frequency 20 Hz-2MHz. We show that the frequency
response is highly dependent on the resistance of the CNT layer. By extracting the recov-
ery time for CNT-based gas sensors towards different test gases at different frequencies,

we are able to categorize the different gases into pre-defined classes.
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We present in chapter 7 conclusion and outlook on future work, where the important
findings of this work are highlighted. We introduce as well some novel ideas relevant to
the continuation of this work. Figure 1.1 shows a simplified chart for the outline of the

thesis and the sequence of the topics discussed.

Chapter 2
Overview of Gas Sensors Technology

Chapter 3
CNT Thin-Film Technology: Spray
Deposition and Transfer Printing

Fabrication Process
optimization

/ CNT-Based Gas Sensors: Development and Optimization \

e R
Chapter 4
Functionalization of CNT-Based Gas Sensors
> <
Chapter 5

CNT-Based Gas Sensor Array
\_ ~

Chapter 6 Advanced
Complex Impedance Characterization of Characterization
CNT-Based Gas Sensors Techniques
Chapter 7
Conclusion and Outlook

Figure 1.1: Chart shows the outline of the work presented here.



Chapter 2
Gas Sensors Technology and Development

In this chapter, we give an overview on the development in manufacturing gas sensor
devices. In this context, we present briefly three main gas sensor technologies based
on electrical variation of the sensing element upon gas exposure, while highlighting the
technology developed and utilized in this work, CNTs. An evaluation scheme is proposed
to compare between the different approaches available to overcome the problems facing
the development of CNT based gas sensors. We discuss as well the different techniques
used to prepare CNTs thin-films based on processable solution onto different substrates,
spin-coating, dip-coating, vacuum filtration and spray deposition. By comparing between
the different techniques, we show that spray deposition is most promising technique to
be utilized in fabricating CNT based gas sensors. Due to the fact that spray deposition
is capable of fulfilling the requirement of low-cost, flexible, reproducible and scalable
CNT-based gas sensors. Finally, we present the process development framework utilized

to fabricate and characterize devices presented in this work.

2.1 Gas Sensing Technologies

The development in gas monitoring becomes an essential aspect with the progressive
industrialization of the society. Gas detection is highly required in the domestic as well
as the industrial life. These kinds of sensors can be applied in wide range of applica-
tions such as combustion process, environmental monitoring and medical application.
Incorporating features like, low weight and flexibility enables gas sensors to be applied

in smart packaging application as well.

In principle gas sensors are devices, which are capable of detecting the presence of
a certain gas in a certain area. Several technologies have been employed to fabricate
high performance and reproducible gas sensors. The common detection procedure

usually depends on the variation of the electrical or the optical properties of the sensing
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material upon gas exposure. Other methods for gas detection have been reported as well
such as: acoustic method [18] [19] , gas chromatography [20] [21] and colorimetric
methods [22] [23]. Here, we focus on the gas detection based on the electrical variation
of the sensing material. Three main technologies are used to fabricate gas sensors
based on such a method, metal oxide semiconductors, polymers and CNTs. In order to
evaluate the advantages and disadvantage of each technology, we identified an evaluation
scheme, which is based on seven criteria, sensitivity, selectivity, response time, energy

consumption, recovery time, adsorptive capacity and fabrication cost.

2.1.1 Metal Oxide Semiconductor Gas Sensors

Metal oxide semiconductors (MOS) are the most commonly used sensing materials
[24] [25] [26]. It was firstly demsontrated in 1962 that the adsorption or desorption of a
gas on the surface of zinc oxide thin film layers results in changes in its conductivity [27].
Several materials have been used as the active layer in fabricating metal oxide semicon-
ductors gas sensors such as Cr,O03, Mn,;03, Co304, NiO, CuO, SrO, In,03, WO3, TiO;,
V5,03, Fe; O3, GeO,, Nb,Os, M0oO3, Ta, 05, La, O3, CeO,, Nd, O3 [28]. The selection
of a certain material for the gas sensing application depends on the electronic structure
of the material. Due to the fact that the range of electronic structures of oxides is so
wide, metal oxides can be divided into two main categories, transition-metal oxides and
non-transition-metal oxides. The difference between the two categories depends mainly

on the size of the band gap of the materials in each category.

Gas sensing in the metal oxide semiconductors is originated from redox reactions between
the target gases and the oxide surface [29]. The redox reaction occurs when O™ distributed
on the surface of the materials would react with molecules of target gases leading to
an electronic variation of the oxide surface. Such variation is then transduced into an

electrical resistance variation of the sensors [30].

MOS gas sensors are characterized by their low cost and high sensitivity. However, this
high sensitivity is mainly based on high operating temperature. The main reason of the
high temperature is the reaction temperature of O™. In order to increase the probability of
adsorbing a certain molecule onto the surface of the active layer, it should be pre-heated

at an elevated temperature.

SnO, is among the most popular sensing materials used in MOS gas sensors mainly
because of its high sensitivity. The working temperature of SnO, based sensors varies
from 25 °C to 500 °C. The best sensing temperature is different from one gas to the

other, which render such material as ideal selective material. If the difference between

6



2.1 Gas Sensing Technologies

the optimal temperature for detecting two different gases is large, a single sensor could
be also designed to detect two kinds of target gases at the same time [31]. Nevertheless,
the selectivity of the MOS gas sensors is still rather low. Selectivity could be improved
by doping the active layer with a suitable catalyst material [32] [33]. Another common
method to improve the selectivity of gas sensors in general is using sensor array based

on different sensing elements [34] [35].

The main disadvantage of the MOS gas sensors is their high-energy consumption. In
order to obtain high sensitivity it is always required to heat up the sensing element at a
certain elevated temperature, which is dependent on the target gas. Such a criteria restricts
the development for MOS gas sensors for certain application where the operation at room
temperature is highly demanded. Additionally, this kind of gas sensors is characterized
by long recovery time after each gas exposure, which restricts employing these kinds of

sensors in applications where the concentration of the gases change rapidly.

2.1.2 Polymer Gas Sensors

Utilizing organic polymers as the sensing material in gas sensors has been demonstrated

since the early 1980s [36]. Organic polymers can be classified into two groups:
e Conducting polymers
e Non-conducting polymers

In this discussion we focus on the first group, which is conducting polymers due to
its high relevance to the results presented in this work. Conducting polymers such as
polypyrrole (PPy), polyaniline (Pani), polythiophene (PTh) and their derivatives showed
improved characteristics when compared to metal oxides. They are characterized by
short response time, high sensitivities and operate at room temperature rather than an
elevated temperature. The detection procedure in polymers-based gas sensors is either by
a change in the physical (e.g. volume changes upon exposure) or chemical (e.g. oxidation
state) properties [37]. The interaction between gas molecules and conducting polymer

films are multiform and can be divided into two main categories as follow:
e Chemical reaction between analytes and conducting polymers
e Weak interaction between analytes and conducting polymers

The former category depends on the change in the physical properties of the active
material upon gas exposure. Conductive polymers are strongly dependent on their doping

levels. Nevertheless, the doping levels can be easily altered when exposed to different

7
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gaseous analytes by chemical reaction at room temperature. Changing the doping level
results in electron transfer from/to the analytes, which subsequently cause change in the
resistance or the work function of the polymer. The latter category relies on the weak
interaction between many organic analytes, such as benzene, toluene and other volatile
organic compounds (VOCs), and the conductive material at room temperature. Detection
of such analytes by their chemical reaction is quite difficult. However, they influence
the properties of the active layer since they involve absorbing or swelling the polymer

matrix.

Conductive polymer based gas sensor can be realized in two main configurations. The first
configuration, which is commonly used, is chemiresistors, where the electric resistance
of the sensing material is sensitive to changes in the chemical environment. The second
configuration is based on a transistor, commonly using organic thin-film transistors
(OTFTs). In that case, the gas detection procedure is quantified by changes in the transfer

characteristics of the transistor.

In general, polymer based gas sensors show poor selectivity towards the different gaseous
analytes. Nevertheless, one approach to improve such behavior is by applying alternating
(AC) signal to the chemiresistor, which results in measuring not only the resistance but
also the capacitance and the inductance upon gas exposure. Due to the fact that the value
of dissipation factor (resistance/absolute value of reactance) changes with the current
frequency, and the peak in the dissipation-frequency curve shifts when the sensor is
exposed to different gases [30]. The peak position is unique for different gases and useful
in distinguishing them [38] [39].

Another main disadvantage of such kind of gas sensors is its long-term instability as well
as its poor recovery. Moreover, the response of the polymer based gas sensors are highly
affected by the working environment. Although, polymer based gas sensors deliver
several advantages, further research and development are required in order to render
them as a strong candidate to replace the commonly used metal oxide semiconductors

based gas sensors.

2.1.3 CNT Gas Sensors

Random Carbon nanotube (CNT) networks have attracted a broad community of re-
searchers since their discovery by [jima in 1991 [40]. Their impressive structural, mechan-
ical and electronic properties have been exploited in wide range of applications in science

and engineering [14] [15] [37] [41]. The inherently reduced dimensionality and, hence,
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high surface-to-volume ratio, which, together with outstanding gas adsorption capabili-
ties, renders CNTs as ideal candidate for environmental sensing applications. In general,
CNTs could be classified into single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs). Devices incorporating both kinds of CNTs have
been repeatedly proposed as sensors for a variety of gases [42] [43] [44] [45] [46] [47].

CNTs show p-type conduction under ambient conditions [48], adsorption of electron-
donating molecules results in an increase of charge carrier recombination and hence a
decrease in conductance. The adsorption of electron-withdrawing molecules on the other
hand will result in an increase of the hole concentration and hence an increase in device
conductance [42]. Sensing in CNT films could be attributed to the contribution of two
mechanisms, charge transfer causing intra-tube modulation and inter-tube modulation by
gas adsorption [49]. Intra-tube modulation involves charge transfer in individual nan-
otubes, where as the inter-tube modulation it occurs at the nanotube-nanotube junctions.
Nevertheless, the complete sensing mechanism of CNT based gas sensors is not yet fully

understood and the theories explaining it are sometimes quite controversial.

CNT-based gas sensors are potentially flexible, low-weight and low-cost devices, thereby
being attractive for single use applications as well as portable applications such as smart
packaging and environmental monitoring. They showed high sensitivity to wide range
of gases such as NH3, CO, NO,, CO, and O; in addition to the detection of volatile
organic compounds (VOC) such as acetone, methanol, ethanol, benzene and toluene.
Similar to polymer based gas sensors, these kind of gas sensors can be realized in two
main configurations, chemiresistor [5S0] [51] and based on field effect transistor (FET),
commonly called chemFET [52] [53]. The gas detection process in the former realization
1s measured by the change occurs in the resistance of the deposited CNT thin-film upon
gas exposure, while the latter measures the change in the transfer characteristics of
the transistor upon gas exposure. It is worth noting here that chemFET provide more
parameters for measurement, which results in more insights on the semiconducting nature
of the CNT sensing materials. Additionally, the signal amplification of the transistor
provides more detection limit relative to the chemiresistors. Nevertheless, the fabrication
process of the chemFET is rather complex. Figure 2.1 illustrates a schematic for the

chemFet and the chemiresistor architechture

Short response and recovery time are the main characteristics of CNT based gas sensors,
which differentiate them from the other technologies. Moreover, different target gases
result in different response and recovery time. Employing such a feature could result in

obtaining selective CNT based gas sensors, as we will show in chapter 6. Furthermore,

9
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(a) (b)

CNT Thin-Film

Source Electrodes

Substrate

Silicon

Figure 2.1: Schematic drawing for the common architectures of the CNT based gas
sensors, ChemFET (a) and Chemiresistor (b)

CNT based gas sensors outperform conventional sensing materials in term of their great
adsorptive capacity [30]. Their gas detection procedure operates at room temperature

which eliminates the need for additional heater to operate normally.

Although, the existence of several methods that tries to enhance the selectivity of the CNT
based gas sensors, selectivity is considered one of the main drawbacks of these kind of
sensors. In the upcoming sections we discuss such methods in more details and evaluate
their performance as well. The fabrication cost of CNT based gas sensors are relatively
higher than other gas sensors based on materials like metal oxide semiconductors. This
can be attributed mainly to the fact that metal oxide materials are produced in larger scale,
which decrease the total fabrication cost. In order to decrease the cost of the CNT-based
gas sensors, it is necessary to achieve high-throughput, low cost production technique
onto a wide variety of substrate material. Employing a fabrication technology such as
spray deposition is capable to fulfill such requirements. Different technologies used in

fabricating CNT layers will be discussed in details later in next section.

Figure 2.2 summarizes evaluation scheme we used to compare between the three com-

monly used technologies for the fabrication gas sensors based on electrical variation of

10
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the sensing material. The technology utilized in this work is highlighted as well as its

main disadvantage, which is our main focus.

2.2 CNT Thin-Film Deposition Technologies

CNTs have been produced by three major methods; arc-discharge, laser ablation and
chemical vapor deposition (CVD), where the latter is the most common method for
direct growth of CNT thin-films. CVD process involves catalyst nanoparticles acting
as seeds for the growth of the CNTs. Although CVD produces high quality films, the
high vacuum/temperature requirement for the growth process is not suitable for several
applications where low-cost and flexible substrates are required. CNTs can be as well
processed from solution of well-dispersed nanotubes. Solution-based process has several
advantages when compared to the direct growth methods. It is a low temperature process,

which results in depositing CNTs on rigid as well as flexible substrates. Additionally,

GCQQQOCI
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Figure 2.2: Chart summarizes the evaluation scheme for the three common technologies
used in fabricating gas sensors while highlighting the technology used in
this work which is CNT.
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it doesn’t require high-vacuum system, which reduces the fabrication cost significantly.
Our focus in this work is on the solution-based CNTs. In the following discussion, we
will present several common techniques used to coat solution-based CNTs onto different

substrates, which are vacuum filtration, dip-coating, spin-coating and spray deposition.

2.2.1 Vacuum Filtration

Vacuum filtration is considered the most common method in fabricating CNT thin-films,
due to its simplicity and processing consistency [54]. The filtration method involves
vacuum filtering a dilute suspension of CNTs in a solvent over a porous filter membrane
with pore size id 20-200 nm [15]. As the solution sifts through the membrane filter,
CNTs are collected on the surface, forming an interconnected network. After filtration,
the film is washed with copious amount of water to remove residual surfactant absorbed
on the CNT surface. Filtration leads to highly uniform and reproducible films. Filtration
is a scalable method under the condition of providing large filters. Fabricating CNT
thin-films using this method provides extreme precise control over the film density. Such
a property renders this method to be used in studying and investigating the different
characteristics of CNTs. Its main disadvantage is that the fabricated films are deposited
onto filter substrates, which is not an ideal substrates for wide range of applications. In
order to overcome such a drawback, typically vacuum filtration technique is employed
in transfer printing process, where CNT thin-films are firstly deposited onto the filter

substrate and then transferred to other target substrate [55].

2.2.2 Dip-Coating

Dip Coating is a reliable technique in obtaining thin, uniform and partially aligned CNT
films [56] [57]. The process scalability, cost effectiveness and its feasibility to be applied
in roll to roll printing gives it several advantage over vacuum filtration technique[15].
The quality of the produced films is dependent on the solution viscosity, the interaction
between the substrate and the solution as well as the coating speed. The process works
as follow; the substrate is immersed in the CNT solution for 2 minutes and then it is
withdrawn with a constant speed and left to dry in ambient nitrogen. After drying, this
step is repeated until the required thickness and sheet resistances are obtained. With
every additional coating the thickness of the film increases, thus the sheet resistance
and the transmittance decrease. The thickness of the film can be controlled as well by
changing the concentration of the CNT material in the prepared solution. Given that

CNTs are intrinsically hydrophobic, it results in poor film adhesion with the substrate.
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2.2 CNT Thin-Film Deposition Technologies

Typically, 3-Aminopropyltriethoxysilan (APTES) treatment is applied to the substrate to
facilitate uniform nanotube bonding. It is worth mentioning that one main disadvantage
of the dip coating method is that both sides of the substrates are coated, which may not be
preferred for certain applications and cause excessive waste in the solution. A schematic

illustrating the dip-coating process is shown in fig. 2.3

2.2.3 Spin-Coating

Spin Coating is a common process that is used to apply uniform thin-films to flat sub-
strates [58]. It is a highly reproducible process that is widely used in the microelectronics
industry during the application of photo-resists on silicon wafers. Typically, such pro-
cess involves dropping a small amount of the solution onto the substrate to be coated,
which is subsequently rotates at high speeds producing centrifugal forces that spread
the solution uniformly over the surface. Several factor influence the thickness and the
surface topography of the produced film such as; rotational speed, solution concentration
and solution viscosity. The thickness of the film is controlled through the rotating speed

of the substrate. Increasing the speed decreases the thickness. It can be also controlled

(a) (b) (c)

Substrate

CNT Solution

Figure 2.3: A schematic drawing showing the different steps of the dip-coating process,
immersing the substrate in the CNT solution (a), pulling-out the substrate at
a constant velocity (b) and drying the substrate (c)

13



Chapter 2 Gas Sensors Technology and Development

through the number of times the spin coated layer is allowed to dry to allow a successive
layer to be coated on the top of it. The main disadvantage of the spin coating technique
is the non-uniformity of CNT distribution along the radial direction, which results in
severe problems when trying to scale up the process. Moreover, roughly 90% of the
ejected material is wasted during the process. In general, this method shows successful
reproducible results when applied in small-scale (e.g. research laboratories) but not in
the industrial level. A schematic illustrating the spin-coating process is shown in fig.
24

2.2.4 Spray Deposition

Spray technology has been used in wide range of application including surface coating,
combustion and humidification. The concept of the spray process is simple: a colloidal
suspension is sprayed uniformly over a substrate and the dispersing fluid is evaporated
by heating, thus leaving the colloidal deposit to form the coating. Spray deposition is the
process of forming liquid droplets onto the target substrate. Breaking up the bulk liquid
into droplets (mist) is often referred to as atomization. A spray gun or atomizer nozzle is
the device which perform the atomization process. Such process is usually performed
by an atomizer nozzle (spray gun). Typically, the liquid jet or sheet is disintegrated
using the kinetic energy of the liquid itself. Several methods can be applied to perform
the atomization process. Accordingly, spray nozzles can be classified into three main

technologies, air-assisted, ultrasonic and aerosol jet.

Substrate —> CNT Droplets

<>

Figure 2.4: A schematic drawing showing the spin-coating process
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2.2 CNT Thin-Film Deposition Technologies

In air-assisted nozzles, often called air spray nozzle, atomization is produced by relying
on a high-speed air stream or gas, typically N,. The fluid is fed to the material nozzle
by gravity and mixed into the gas stream. The energy of the gas disrupts the fluid into
droplets causing atomization. Ultrasonic nozzle works with entirely different principle.
Piezoelectric transducer, driven by an electronic power generator, produces waves at
ultrasonic frequencies, which causes vibration in the nozzle body. The formed liquid film
at the vibrating surface, which is fed through the liquid passage, becomes unstable causing
the ejection of mist of small droplets from the surface. In that case, the disintegration of
the liquid is performed without applying any pressure. The frequency of these kind of
nozzles are typically between 25 kHz and 130 kHz.

The performance of the air-assisted and ultrasonic spray nozzles is strongly dependent on
different parameters, the size and geometry of the nozzle itself in addition to the physical
properties of the liquid being atomized as well as the gaseous medium surrounding the
droplets. Density, viscosity and surface tension are among the most important fluid
properties. The variation in these properties affects directly the droplet size as well as
the spray angle. For instance higher viscosity, which is equivalent to greater attraction
between the liquid molecules, results in increased resistance for molecules to move away
from each other. This consequently delays the disintegration process and increases the
average size of the droplet. For the fabrication of all the devices presented in this work,
we utilized an air-assisted spray nozzle. These kinds of nozzles, along with the ultrasonic
spray nozzles, provide a fine degree of atomization [59], which in turns results in a more

uniform and homogenous film.

Unlike air-assisted and ultrasonic nozzles, aerosol jet process, which is a concept intro-
duced and patented by the company OPTOMEC, can deposit with feature sizes down
to 10 microns and high placement accuracy. Such a process does not only disintegrate
the fluid causing atomization, it also uses aerodynamic focusing for the high-resolution
deposition of the fluid. The aerosol jet system consists mainly of two components.
The first one which is the droplet generator where the atomization process takes place.
Atomization can be performed using air-assisted or ultrasonic atomizer. The second
module is for focusing the aerosol and depositing the droplets. Aerosol jet technology
enables the possibility of patterning directly onto different substrates without the need
for masks or resists. Nevertheless, when compared to the former methods, aerosol jet

technology is relatively more expensive.

Typically, CNT solutions are sprayed through an air gun onto a heated substrate. The

temperature of the substrate depends on the solvent and the surfactant used to disperse the
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CNTs. Besides influencing the surface topography; the spraying parameters have a direct
impact on the optical and electrical characteristics of the fabricated films. Figure 2.5
shows a schematic for the spray deposition process indicating the different parameters of
the system. Further discussion on the effect of these parameters on the deposited film is

performed in chapter 3.

Spray deposition was shown recently to be the best choice when low cost and large
scalability films are required [59] [60] [61]. It guarantees efficient material usage at
the cost of higher surface roughness when compared to spin-coating or dip-coating
techniques. In spite of the effectiveness and the high quality films obtained from the latter
techniques, they lack several aspects, which are essential for producing large-scale films.
One additional advantage of spray deposition over the other techniques is its applicability

to rough or patterned surfaces.

Figure 2.6 illustrates the comparison between the different deposition techniques, where
it evaluates the performance of each technique according the criteria, scalability, film-

roughness, thickness control, substrate choice and material usage.

@(— Nozzle

&— Spray Beam

Sample-to-Nozzle Distance

Substrate

<—— Hot Plate

Figure 2.5: A schematic drawing for spray setup indicating the different spray parameters
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Scalability

Material Usage Film-Roughness

Substrate Choice Thickness Control

Spray-Coating Good

Vacuum Filtration

Satisfactory
Spin-Coating

Dip-Coating D Poor

Figure 2.6: A comparison between the common techniques used in preparing CNT thin-
films, spray deposition, spin-coating, dip-coating and vacuum filteration.
The evaluation criteria of the different techniques is based on the discussion
presented here

2.3 Techniques for Selective CNT Gas Sensors

As we discussed earlier, the main aspect that is still lacking in CN'T-based gas sensors
is there ability to differentiate between different gas analytes. Adding such a feature
to the outstanding properties of CNTs render them as the ideal candidate for low cost,
low weight and high performance gas sensing application. We can define two main
approaches in order to fulfill the requirements of obtaining selective CNT based gas
sensors. The first approach is related to the fabrication process, where additional steps
are involved in the fabrication process of the CNT gas sensors. The second approach is

related to the characterization procedure, where advanced characterization techniques are
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performed on the CNT based gas sensors. In order to evaluate the different approaches,
we define four main aspects for the evaluation process; accuracy, total cost, life time and

practicality.

2.3.1 Fabrication Approach

Performing this alternative requires changes or modifications in the fabrication process
of the CNT gas sensors. Changes in the fabrication process could result in changes
in the characterization procedure or in the data processing as well. Nevertheless, the
core change remains in the fabrication process of the CNT gas sensors. In this context,
changes in the fabrication process means building an array of sensors for gas detection
rather than a single sensor. A gas sensor array is made up with two or more sensing
elements in order to detect targeted gas with data of higher dimension. Such step requires
integrating several sensors on the substrate while keeping the total area of the array as
minimum as possible, otherwise one main feature of the CNT based gas sensors could
be lost, which is the possibility in miniaturization for portable applications. Moreover,
in order to achieve the expected results from the sensor array, the response of each
individual sensor in the array should be altered in a certain manner towards the different
analytes. This is an additive fabrication step, which is performed after the deposition of
the CNT layer.

Several methods can be deployed in order to alter the response of the CNT layer of each
sensor in the array. Here we highlight and discuss three common techniques which are
metallic nanoparticles (NPs) deposition, polymer coating and building the sensor array
based on different kinds of CNTs rather than a single kind.

2.3.1.1 Metallic NPs Deposition

Deposition of metallic NPs is the most common method and widely used among many
researchers [37]. The main attraction of such technique is its selective capability but also
because it extremely enhances the sensitivity of the single CNT gas sensors. Materials
such as Au, Pd, Pt, Cr, Rh, Al and Ag are previously reported to deliver a selective
behavior from the CN'T-based gas sensors [51] [62] [63] [64] [65]. Several techniques
are used in order to functionalize CNT layer with metallic NPs such as thermal evapora-
tion [66] [67], sputtering [64] and electrochemical deposition [68]. Many influencing
factors affect the performance of the sensor after the functionalization process, such as

the shape, size and the load of the deposited NP and thus decide the response towards the
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different gases. Controlling such parameters is essential in order to obtain the expected

results. Such effects are covered in details in chapter 4.

In principle, deposition of different metallic NPs on top of the different sensors in
the array deliver quite accurate results in terms of the obtained distinction between the
different analytes. The main problem facing such a technique is lacking the understanding
of the sensing mechanism of the CNT after the functionalization process. Subsequently,
finding the optimum combination of metals to be deposited on the same array is not an
easy task. Understanding the interaction between the deposited NPs and the CNT layer

is the corner stone in order to build high performance CNT gas sensor array.

Due to the fact that metallic functionalization usually depend on expensive materials
such as Au and Pt, the fabrication cost of such technique is considered to be high relative
to the other techniques. On the other side, this method has a longer operating life time

when compared to polymer coating for example.

2.3.1.2 Polymer Coating

Recently, enhanced gas sensing by combining CNTs with organic polymers has been
demonstrated [37]. Polymer coating is another type of functionalization, which also
aim to modify the surface of the CNT layer but using polymers rather than metals.
Spin-coating, spray deposition, dip-coating and drop-coating are among the common

processes to coat the surface of the CNT with polymers.

Unlike metallic NPs, certain polymer such as polyethylenimine (PEI) can alter the
properties of the CNT layer from p-type to n-type. Such a transformation is with a
great benefit in blocking certain analytes while bonding with others. For instance,
such functionalization on CNT chemFET resulted in detection of less than 1 ppb NO,
while being insensitive towards NH3 [69]. On the other hand, the same group showed
that functionalization with Nafion (a polymeric perfluorinated sulfonic acid ionomer)
results in gas sensors insensitive to NO, while exhibiting a good sensitivity towards
NH3;. Similar to conductive polymer based gas sensors, such functionalization technique
suffers from the short life time of the device. In general, devices and applications based
on polymers usually requires encapsulation step after the fabrication process to increase
its life time but such step is quite difficult to perform in an application like gas sensing.
Additionally, defining the exact area to be coated on the array is a rather complex step
with the commonly used techniques. This results in limiting the application of this
technique to single CNT based gas sensors rather than array which affects the whole

performance of the device negatively. The main advantage of polymer coating is its
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low cost, nevertheless such an advantage is not sufficient to depend on that technique in

delivering accurate and high performance CNT based gas sensor array.

2.3.1.3 Different Kinds of CNTs

Fabrication of gas sensor array based on different kinds of CNTs rather than a single kind
is a technique, which shows high potential, yet not fully explored. The difference between
the CNT could be in the tube length (short or long), the percentage of semiconducting
tubes (67% or 90%), type of CNTs (single-walled or multi-walled) and functionalization
(COOH or OH). The advantage of such technique that it does not require any additive
fabrication process, it includes only the deposition of the different layers of CNTs which
render such technique to be the cheapest relative to the others. One more advantage of
such technique as well is its durability; the degradation in the sensitivity of the CNT

layer is rather low.

The main problem faces such technique is the accuracy in differentiation. Due to the
fact that all the sensors in the array depends more or less on the sensitivity of the CNT
layer, the performance of the CNT gas sensor array is not expected to be the highest.
Nevertheless, in applications where accuracy is not as important as low cost and long

lifetime, such technique could be ideal.

2.3.2 Characterization Approach

Discrimination can be also achieved by obtaining different recovery or response time
for the CNT film towards the different gases. Such a kind of measurement investigate
the adsorption dynamics of the different gases at the CNT films. Hafaiedh et al [70]
reported the possibility of obtaining discrimination between different VOCs based on their
response time. Our group as well showed similar comparison between four gases (NHs,
ethanol, CO and CO,) in terms of their recovery time and showed also the possibility to

discriminate between at room temperature [71].

Such kind of characterization can be further performed at different frequencies not only
at DC, which could deliver better discrimination between the gases and gives more
insight on the sensing mechanism of the CNT film. In order to monitor the response
and recovery time at different frequencies, we have first to understand the behavior of
the CNT layer under different frequencies in terms of the changes that occur to the
resistance and the reactance of the film. Such kind of investigation is discussed in chapter

6. This advanced characterization technique is often called impedance spectroscopy
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measurement, which is a well-known technique commonly used to understand and gain

insights on any electrical system [72].

The advantage of such a characterization technique is mainly its low cost, due to the fact
that no changes occur to the fabrication process of the single CNT gas sensor. On the
other hand, there is a lot of disadvantages for such technique. This technique is highly
dependent on the experimental and environmental conditions. It is highly sensitive to
small changes in the temperature or the humidity of the environment, which affects
directly its repeatability. In crucial applications like toxic gas detection, depending on the
recovery time of the sensor to identify the nature of the gas is unpractical. Such criteria
limits the application where such technique can be applied. Nevertheless, applying
this kind of characterization gives a lot of insights on the behavior of the CNT layer
in general, which can be helpful in developing new methods to discriminate between
different analytes. Figure. 2.7 summarizes the evaluation scheme for the proposed

approaches as well as highlighting the techniques utilized and developed in this work.

Accuracy
Total Cost
Life Time

Practicality

Techniques for Selective CNT gas sensors

Fabrication Metal NPs
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Functionalized Sensor Polymer Coating
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Figure 2.7: Chart summarizes the evaluation scheme for the proposed alternatives to
achieve a selective CNT based gas sensors. The three techniques utilized and
developed in this work are highlighted
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2.4 Process Development Framework

In this section, we present the process development framework utilized for manufacturing
of the different CNT based devices presented in this work. Figure 2.8 summarizes the
different steps of the process development framework utilized for the manufacturing of
the different CNT devices presented in this work. Developing and optimizing the process
of producing CNT based devices involves four major steps. The choice of the application
is the corner stone that the whole process development is built upon. In this work three
kind of application are utilized, CNT thin-films for conductive electrodes, CNT based

gas sensor and CNT based gas sensor array.

According to the application choice, the appropriate substrate is chosen. For instance,
CNT thin-films for conductive electrodes are typically deposited on glass or plastic
substrates rather than Si substrates. The material of the substrate influences the different

parameters in the fabrication process as well. Subsequently, the fabrication processes in-
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Figure 2.8: Chart summarizes the process development framework utilized in this work
for the fabrication of the different CNT based devices
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volved in the development process is dependent on the choices of the former steps. CNT
thin-films for conductive electrodes require only spray deposition then post-deposition
treatment. On the other hand, the process of fabricating CNT based gas sensor arrays in-
volve several fabrication steps, photo-lithography, thermal evaporation, spray deposition

and finally metal functionalization.

Calibrating and optimizing the different processing parameters is an integral part of
the process development. In order to collect the feedback of the performance of the

fabricated device, different characterization techniques are required.

The characterization techniques can be divided into two main parts, basic characteri-
zation and advanced characterization. Basic characterization involves sheet resistance
measurement, optical transmission measurement and surface topography. These kinds of
measurement are applied to CNT thin-films for conductive electrodes as will be discussed
in chapter 3. Advanced characterization involves complex impedance characterization,
which monitor the behavior of the device within a certain frequency range as well as
modeling that behavior with an equivalent circuit. Such kind of characterization is

applied to CNT based gas sensors, which will be discussed in chapter 6.

2.5 Summary

In this chapter, we presented an overview for the different technologies utilized as gas
sensors based on the electrical variation of the sensing material. We evaluated the perfor-
mance of the three commonly used technologies, metal oxide semiconductors, polymers
and CNT, according to certain criteria. We presented as well the four commonly used
techniques to prepare CNT thin-films, vacuum filtration, dip-coating, spin-coating and
spray deposition. While highlighting spray deposition technique, which the technology
utilized in this work, we evaluated these different techniques according to a proposed
scheme. Finally, we showed the process development framework used for fabricating the

devices presented in this work.
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Chapter 3

CNT Thin-Film Technology: Spray Deposition

and Transfer Printing

One step towards the realization of flexible electronics devices based on CNTs, is
mastering and optimizing the different fabrication techniques of CNT networks on
flexible substrates. In this chapter, we demonstrate the fabrication of high quality CNT
thin-films through a reliable, reproducible and low cost spray deposition technique. CNT
solutions were prepared using carboxymethyl cellulose (CMC) and sodium dodecyl
sulfate (SDS) as dispersive agents. We investigated the effect of using each dispersive
agent on the performance of the fabricated layer in terms of surface morphology, optical
and electrical characteristics. CNT thin-films with an average surface roughness of 5 nm
with a sheet resistance of 170 €)/sq at a thickness of 50 nm , are presented. Furthermore,
transmittance of 86 % at a wavelength of 550 nm with a sheet resistance of 250 €)/sq is

achieved.

We introduce as well a transfer printing process for the fabrication of CNT thin-films
on plastic. CNT thin-films are firstly deposited on glass using spray deposition process
and then through a low temperature and reproducible process is transferred to plastic. By
comparing the performance of the CNT thin-films before and after the transfer printing
process, we reached almost a similar quality in terms of surface morphology, Raman
spectrum, optical and electrical characteristics. The transfer printing process results in
CNT thin-films on plastic with lower surface roughness when compared to the directly

spray deposited on plastic.



Chapter 3 CNT Thin-Film Technology: Spray Deposition and Transfer Printing

3.1 Overview on CNT Thin-Films on Different Sub-

strates

The discovery of CNTs was seen as a possibility of revolutionizing the electronic research
as CNTs show superior performance because of their impressive structural, mechanical
and electronic properties [15] [73] [74]. Initially, a lot of work was concentrated on
the electronic, optoelectronic and sensing behavior of individual CNTs [73]. More
recently, the attention has shifted towards assemblies of CNTs, rather than single ones.
One of the most common applications of CNT films involves electrodes for solar cell,
photo detectors or organic transistors [15] [74]. CNT thin-films with density close
to the percolation threshold show semiconducting behavior and can be used as an
active layer in thin film transistors [75][76]. Additionally, CNT thin-films exhibit high
optical transparency, which renders them as an ideal candidate to replace the relatively
expensive ITO [77]. The main advantage of CNTs over ITO is their capability to be
fabricated on flexible substrates [78]. Despite of the great potential of CNTs in the field
of flexible electronics, there are still a lot of problems facing this new rising technology.
Several techniques were reported for the deposition of CNT films on plastic. Direct
deposition using spray coating or spin coating produced films with lower conductivity
when compared to ITO [61]. Spin coating has the further disadvantage of limited film
thickness [79]. Chandra et al. [80] reported the fabrication of CNT transistor on flexible
substrates. CNT was directly deposited on pre-fabricated bottom-gated TFT structures on
flexible substrate using surface functionalization. Moreover, Rogers et al. [81] reported
a medium scale integrated circuit on flexible substrate composed of up to nearly 100
transistors. Zhang et al. [41] adopted a vacuum filtration method to prepare CNT films
and transfer them to a flexible substrate using PDMS stamps. PDMS stamp is used to
peel the film off the filtration membrane and release it onto the desired substrate, but this
transfer process requires constant heating at 100 °C in order to improve the adhesion of

the target substrate.

Zhou et al. [55] reported a similar method for transferring CNT thin films to flexible
or glass substrate using also vacuum filtration process. They also succeeded to pattern
the film during the transfer process, but again the process requires a relatively high
temperature. Liu et al. [82] made use of the self-releasing feature that occurs to SDS
based CNT films. They succeeded in transferring CNT films to other substrates without
using PDMS. The technique depends on allowing the ultra-thin CNT films to non-
destructively self-release into freestanding films on the water surface. Then, it could

be easily transferred to the substrate of interest while retaining their original sizes and
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network structures. Although this technique results in high quality CNT films, it requires

delicate handling to the deposited layer in order to be reproducible.

Here, we investigate the performance of CNT thin-film layer deposited by spray-coating
technique. A comparison between the SDS and CMC based CNT thin-films is presented
as well. SDS based CNT thin-film is deposited on flexible substrates by a reproducible
and simple transfer printing process. The results achieved from such process is compared

with the directly sprayed layers on the same substrate.

3.2 Materials and Methods

3.2.1 Solution preparation

CNT solution-based spray deposition is a low temperature process that has several ad-
vantages when compared to direct growth methods. Several factors are affecting the
solution-based deposition process: CNT material quality, degree of CNT dispersion,
choice of surface treatment and activation of substrates and removal of dispersing aids
after deposition. CNTs are intrinsically subject to strong van der Waals forces [15]. Over-
coming these forces and consequently breaking up the CNT bundles is the first challenge
towards the preparation of CNT solutions. With the aid of high power sonication such
as probe sonicator or bath sonication, purified CNTs in powder form can be dispersed
into solvent for further solution processing. Two common approaches are pursued in
dispersing CNTs: dispersion in organic solvents and surfactant based aqueous dispersion

[79]. In this work, all the experiments are based on CNT aqueous solutions.

Most surfactants are water soluble and are capable of individualizing CNTs at high con-
centration. Additionally, they can be rinsed off in subsequent washing of the film. Triton
X-100, sodium dodecyl sulfate (SDS) and CMC are the most widely used surfactants.
The mechanism of the surfactant works as follows: The hydrophobic end of the surfactant
attaches to CNTs, while the hydrophilic end helps pulling the CNTs into water [83]. The
interaction between the surfactants and CNTs depends on the chemical characteristics
of CNTs, the surfactant itself and the solvent. Sonication helps in breaking the van der

Waals forces between the nanotube and in turn attaching the surfactant to the tube.

In our work, SDS or CMC were dissolved in distilled water to make 0.5 wt% aqueous
solution. It should be mentioned that increasing the amount of the surfactant increases the
viscosity of the solution, which later affects the deposition process. The CMC solution is

stirred overnight in order to uniformly dissolve the surfactant in water. After that, 5 mg
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of CNTs are added in 10 g of 0.5 wt% CMC-aqueous solution to make 0.05 wt% CMC
based aqueous CNT solution. Sonication of the CMC based solution is performed for
20 minutes using probe sonicator at 50% power (~ 48 Watt). On the other hand, SDS
dissolves in water after only one hour of stirring. Sonication of the SDS based solution
is performed for 30 minutes using probe sonicator at 50% power (~ 48 Watt). Solutions
are centrifuged for 90 minutes at 15000 rpm and 80% of the centrifuged solution is taken

from top to be used for the deposition.

3.2.2 Substrate preparation

Substrate surface treatment is required in order to achieve a uniform, homogeneous and
stable CNT film. The substrate should be cleaned from any contaminants. This is done
by immersing the substrates into acetone and subjecting it to an ultrasonic bath for 10
minutes and then repeating the step with isopropanol instead of acetone. In preparing
plastic substrates the acetone step is skipped due to the degradation that acetone causes
to plastic. Plasma cleaning is followed in order to convert the substrate surface from
hydrophobic to hydrophilic. This step enhances the surface adhesion and allows the
deposition of uniform surface coating. Plasma cleaning conditions varies depending on
the substrate used. In case of glass, plasma cleaning was done for 1 minute. Plastic
substrates require only 30 seconds at a lower power. CNT films are characterized by
their weak adhesion to the substrates [57] [84]. We noticed that plasma cleaning is

not sufficient to produce stable CNT films on glass, as the plasma effect vanishes after

Figure 3.1: Optical image of spray deposited layer of CMC solution at the dry (a) and
intermediate (b) regime
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few hours from the cleaning. Thus the CNT films can detach easily from the substrate
after the post treatment process and the removal of the surfactant. In order to enhance
the adhesion between the substrate surface and the CNT film an intermediate surface
treatment step has been introduced based on 3-Aminopropyltriethoxysilan (APTES) [15].
1 wt% of APTES was added to isopropanol solution and the substrates are soaked in the

solution for 15 minutes after the plasma cleaning.

3.2.3 Spray Deposition Process

A commercially available automatic air atomizing spray gun (Krautzberger GmbH,
Germany) was used in depositing CNT thin-films. The spray gun contains an internal
pneumatic control system which is activated by an electrochemical 3/2-way valve con-
nected to a timer for precise spray time adjustment. The performance of any kind spray
nozzle is strongly dependent on its size and geometry as well as the physical properties
of the liquid being atomized and the gaseous medium surrounding the droplets. Here, a
0.5 mm nozzle orifice diameter was chosen. Other spray gun settings that were varied
to obtain the desired spray characteristics are material flow rate, atomizing gas (N,)
pressure and nozzle-to-sample distance. Boiling point and vapor pressure of solvents
are of great influence to the drying behavior of droplets in spray and hence the layer

formation.

In all our experiments we kept the sample to nozzle distance at 27 cm. The other spray
parameters varied according to the type of the surfactant used and the material of the
substrate. In spraying CMC based CNT film on glass, the substrate temperature is set
to 80 °C and the atomizing gas pressure is kept below 1 bar. On the other hand, in
spraying SDS based film on glass or plastic, the hot plate temperature is set to 60°C and
the atomizing gas pressure is kept below 0.5 bars in order to achieve the low deposition

rate required in spraying SDS solutions.

We sprayed both SDS and CMC based CNT solution on glass substrates in order to
compare the results of both films with the state-of-the-art CNT films mentioned in
literature. Spray deposition can be performed in three different regimes: Dry regime,
intermediate regime and wet regime. The wet regime can be obtained by either decreasing
the hot plate temperature or decreasing the nozzle-to-sample distance. Such parameters
results in a layer with wet droplets on top of the substrate, which as a consequence
produce layers with non-uniform thickness distribution. The dry regime is obtained
through either increasing the nozzle-to-sample distance or increasing the hot plate

temperature. Such arrangement allows the solvent to evaporate before reaching the
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substrate, which results in non-homogeneous and non-overlapping layers of CNT thin-
film, thus can be easily de-laminated in the post treatment process. The intermediate
regime is the one more suitable for depositing CNT thin-films. Such regime results in
uniform and homogeneous layers where good overlapping between the droplets and
precise control of the film thickness is achieved. Figure 3.1 shows an optical image
comparing between a spray deposited layer of CMC at the intermediate and dry regimes.
Due to the fact that the solution properties is more dependent on the surfactant properties
rather than the CNTs, we calibrated the spray process parameters by depositing the
surfactant solution (without CNT) on the target substrate.. Such a strategy is very

efficient and can be generalized for any newly used surfactant.

Both surfactants were sprayed at the intermediate regime. CMC based solutions were
sprayed at temperature of 80 °C in order to deposit films of the desired characteristics.
SDS based solution on the other hand, was deposited on lower temperature of 60 °C,
lower air pressure and lower deposition rate. Due to the foam formation for the SDS
material, changing any of the mentioned parameters would change the spraying regime.
This results in the formation of irregular features in case of the wet regime and dark spots

at the interface of the droplets in case of the dry regime.

3.2.4 Post-Treatment Process

The post-treatment process is required in order to remove th surfactant from the deposited
CNT thin-films. CMC requires treatment for 16 hours in diluted HNO; (4M) while
SDS based solution requires only soaking the film in distilled water for 10 minutes. The
post-treatment process for CMC based CNT thin-films is highly sensitive to the amount
of the HNOj. Depositing thick CNT layers requires either higher acid concentration or
longer post-treatment time. The long post treatment process of CMC solution in HNO;
did not allow us to deposit it on other substrates rather than glass. We found that SDS
based films can be easily detached from the substrate directly after the post deposition
treatment which is not the case in CMC based films. This feature can be exploited in
transferring SDS based CNT films from one substrate to the other as will be shown in
the next section. Figure 3.2 summarizes all the steps included in the process of spraying
CNT thin films based on CMC as well as SDS.

3.2.5 Transfer Printing Process

Beside direct deposition, there are several alternative ways to obtain CNT films on

flexible substrates. One of the reported methods is based on the transfer of a CNT film
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Figure 3.2: Chart summarizing the main steps in using CMC and SDS based CNT thin-
films

on PDMS followed by the transfer from PDMS to the desired substrate. The original
film can be either directly grown on the original substrate [85] or deposited by vacuum
filtration technique[83]. In our case, the film is obtained via an optimized and highly

reproducible spray process on glass, which is described in the previous section.

Figure 3.3 shows the steps required for the transfer printing process. Transferring SDS
derived CNT film from glass to PDMS is achieved by sticking carefully the PDMS layer
on the glass substrate where the film is deposited making sure that no bubbles occurs at
the interface. This step is followed by immersing the stack in water for 30 seconds. Water
helps in dissolving the remaining SDS that binds the film to glass. The smooth surface
of the PDMS and its conformal contact makes it easier for the CNT layer to attach to
it. PDMS layer with the transferred CNT film on top of it is then placed carefully onto
the plastic substrate, which should has already been chemically treated with APTES for
15 minutes. The stack is placed on a hot plate adjusted at 65 °C for 5 minutes. Minimal
pressure is applied during this step. Then, the PDMS layer is removed carefully from the

plastic substrate.

Transferring the films from PDMS to the desired substrate depends mainly on how good
the PDMS conforms to the aimed substrate avoiding any air enclosure at the interface.

PDMS adhesion gets worse at high temperatures [86]. Thus, temperature is a key
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parameter in transferring CNT thin-films. When transferring to plastic substrates, e.g.
polyvinyl-chloride (PVC) or poly-ethylen-terephthalat (PET), temperature can also cause

deformation to the plastic material, therefore it has to be kept sufficiently low.

3.3 CNT Thin-Film Deposition on Glass Substrates

Figure 3.4 shows the relation between the sheet resistance and the optical transmittance of
spray deposited CNT thin-films on glass substrate. The square curve is CNTs with ~ 67%
semiconducting tubes and with average tube length of 1um dispersed in CMC solution,
while the triangle curve is the same type of CNTs but dispersed in SDS. Taking a close
look at the characteristics of SDS based films reveal reasonable performance in terms
of sheet resistance at any given transmittance, with the lowest data point corresponding
to 177 Q/sq at 78%. The results indicate comparable performance in terms of sheet
resistance and transmittance for the same type of CNTs and little effect due to the two
different dispersant employed. It’s worth mentioning here that the data points plotted for
CMC based films reach significantly lower values since the film thicknesses achieved are

higher.

Another method to quantify and compare transparent conductive thin films is via equa-
tion 3.1, where o, 1s the optical conductivity and Z, = 377 Q is the impedance of free

space [87].
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Figure 3.3: A schematic shows the steps for the transfer printing process
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Figure 3.4: Comparison of sheet resistance and optical transmission obtained for CNT
films deposited from SDS and CMC based dispersion.
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Figure 3.5: The relation between film thickness and surface roughness shows a nearly
linear behavior within the measured thickness for both SDS and CMC based
CNT films, where SDS based films exhibit higher surface roughness

This formula is generally applied to thin metal films where the absorption of the material
is significantly lower than the reflectance and the thickness is much smaller than the
wavelength of interest. Typically, the value for the optical conductivity of CNT thin-films
at 550 nm is chosen to be 200 S/cm, as determined by Ruzicka et al. [25]. Since the
optical conductivity is independent by the doping levels, this value is assumed to be
constant even among differently processed films. By fitting the data plotted in fig. 3.4
with this equation a value of 7.5 is obtained for the ratio y = g—;’p for CMC based films
and 8 for SDS based films. This ratio is often used as a figure of quantitative comparison

of CNT thin film performance.
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Figure 3.6: AFM images of two CNT films directly deposited on glass dispersed in CMC
(a) and SDS (b)

Figure 3.6 shows two AFM images for CNT films deposited on glass based on CMC
and SDS dispersive agents. Using CMC as a dispersive agent results in fewer number of
bundles in the deposited CNT film. This is due to the fact that CMC is a better dispersive
agent than SDS. Actually, achieving a completely de-bundled CNT solution is quite
complicated, since longer sonication process breaks down the nanotubes rather than de-
bundling them. Moreover, CMC based CNT thin-films showed lower surface roughness
than SDS based films with the same thickness as shown in fig. 3.5. As consequence
of the low deposition rate required in spraying SDS based solution, as described in the
experimental section, more spraying time is required to obtain the same film thickness
compared to the CMC based film.

3.4 CNT Thin-Film Deposition on Flexible Substrates

After achieving high performance CNT films on glass, we then sprayed the CNT solution
directly on plastic. Two kinds of plastics were used PVC and PET. Depositing CNT
directly onto plastic could be quite difficult especially in case of CMC surfactant. The
process of depositing CMC based films requires keeping the substrate at relatively high
temperature, which, in turn, might cause some deformation to some plastic substrates.
Moreover, the post deposition treatment is performed in HNO; for at least 24 hours,
which has a negative effect on the properties and the characteristics of plastic. We have
therefore concentrated on SDS-based CNT solution. Since the spraying parameters

developed for glass were kept, we can assume that the obtained film thickness remains
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unchanged as long as we apply the same spraying time. Figure 3.7 shows the relation
between optical transmission and sheet resistance for both PET and PVC films before
doping. PVC shows lower sheet resistance at the same transmission, which could be
attributed to the smoother PVC surface with respect to PET. The samples were soaked
in concentrated nitric acid for 1 hour. The sheet resistance decreased largely after the
doping reading comparable results as for the glass case as shown in fig. 3.8 . It is worth
mentioning that doping plastic in nitric acid could affect the substrate negatively, thus

the doping time should be optimized with caution.
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Figure 3.7: Relation between sheet resistance and optical transmission for CNT films
deposited on different plastic substrates (PET and PVC)
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Figure 3.8: Comparison of the sheet resistance of films deposited on glass as well as
PVC with respect to the thickness of the film
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3.5 Transfer Printing of CNT Thin-Films

3.5.1 Optical and Electrical Characteristics

The efficiency and the performance of the transfer process rely on how the conductivity
and the transmission of the film are affected by the process. Although, the performance
of films on PVC was better than those on PET, we found that PVC cannot sustain the
temperature applied during the process and slightly deforms. In order to overcome this
deformation we decided to use an enhanced PET material, which is as thin as the PVC,
but it is more resistant to higher temperature. Films were deposited using CNTs with
average tube length of 10 um and with 67 % semiconducting tubes from Hanwha Inc.
Figure 3.9 shows that the sheet resistance of the film increases by 16 % from its original
value after the transfer while the inset picture shows the deposited film on PET. This
effect could originate from non-complete transfer for the CNT film. Such effect can be
compensated by soaking the film in concentrated HNO3 for 1 hour. The amount of time
spent in the acid depends mainly on the characteristics of the plastic substrate and it’s
chemically resistance to the acid treatment. Doping before the transfer process was not
possible in this case, since APTES treatment is not done and the film would simply detach
from the glass during doping. The characteristics of the transferred CNT films on PET are
compared to the directly deposited films on PET and also with films deposited on glass
substrate as shown in fig. 3.10. Transferred films shows lower sheet resistance values
than those directly deposited on PET. The transferred films were originally deposited on

glass where they have lower sheet resistance. The reduced roughness of the glass with
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Figure 3.9: Comparison of the sheet resistance of CNT films before and after the transfer
process. Inset picture is the fabricated CNT film on PET substrate
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respect to the plastic substrate and the transfer of the film from one substrate to the other

are responsible for the difference in performance.

3.5.2 Surface Morphology

Figure 3.11 shows the surface topography of the CNT film transferred to plastic. When
comparing it to fig. 3.6b we can notice that there is no significant change in the film
morphology. Transferred films shows slightly lower surface roughness than those directly
deposited on plastic, since, they were originally deposited on glass which inherently

produces films with lower surface roughness than plastic.

3.5.3 Raman Spectroscopy Measurement

Another way of evaluating the quality of the transferred CNT film is the Raman spec-
troscopy measurement. Figure 3.12 shows the Raman spectra of CNT films; 1) directly
deposited on glass, ii) directly deposited on PET and iii) transferred from glass to PET.
By taking a closer look at the curves, one can notice a small D-band (1340 cm™!) is
obtained for the CNT films deposited on glass which implies the presence of few defects
in the fabricated film [88]. The corresponding G/D ratio for that film is ~ 21. In fig. 3.12b
and 3.12c, the fact that PET consists of carbon molecules introduced new peaks beside
the normal carbon nanotube peaks [89]. This is indicated by the blue curves in both
figures. Moreover due to the large defects that are inherently present in PET [90] [91], we
can notice the high D-band in both figures. Since the defects in PET were the dominant
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Figure 3.10: Comparison of the sheet resistance of the CNT film deposited on glass (blue
squares), deposited on PET (red triangles) and deposited on glass and then
transferred to PET (black circles) with respect to the film thickness
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Figure 3.11: An AFM image for a CNT layer transferred onto a plastic substrate

effects in the measurement, it was hard to evaluate the defects present in the carbon
nanotube. Although the G/D ratio calculation was quite difficult due to the mentioned
PET defects, it points to relatively small defects in the carbon nanotubes which agrees

with the results obtained for films deposited on glass.
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Figure 3.12: Raman spectra for CNT films directly deposited on glass (a), transferred to
PET (b) and directly deposited on PET (c). The blue curves in (b) and (c)

show the Raman spectra for PET only.
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3.6 Summary

We fabricated CNT thin-films on different substrates and with different dispersive agents.
We presented two techniques for fabricating CNT film on flexible substrates: direct spray
deposition on plastic and transfer printing of already deposited film from glass onto
plastic. SDS based CNT solution was utilized in both techniques. CNT films transferred
to plastic showed superior performance with respect to the others which are directly
deposited on the same substrate. Moreover, we compared between SDS and CMC in
terms of process parameters as well as film characteristics. The new optimized low
cost and low temperature transfer printing process introduced in this chapter opens a
new horizon in the flexible electronics field. The performance of the fabricated films
could be improved by employing higher quality plastic substrates that can sustain higher

temperature and further fabrication steps.
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Chapter 4

CNT-Based Gas Sensors: Pristine and Func-

tionalized

We report the fabrication and characterization of CNT-based gas sensors with an excep-
tional as well as immediate response towards different test gases at room temperature.
The response of the CNT gas sensors towards gases such as NH3, CO, CO, and ethanol
is examined. Testing towards such gases enable the fabricated sensors to cover different
areas of applications such as environmental monitoring, toxic gases detection as well
as the food packaging industry. In order to fully exploit the potential of such sensors,
it is necessary to achieve high-throughput, low-cost production onto a wide range of
substrates materials. One promising technology capable of fulfilling such requirements
is spray deposition. Spray deposition technique is deployed for the preparation of all the

samples characterized in this chapter

We present as well CNT gas sensors functionalized with metallic nanoparticles (NPs)
which enhance the response of the sensor vastly. The sensors are functionalized with Au,
Pd and Ag at different loads. The NPs were deposited by a thermal evaporation process.
It is shown that metal functionalization of the CNT layer can alter the performance of the
sensor towards different test gases, and hence can enable differentiation between different
gases. Au functionalization results in exceptional response to NH3, CO and ethanol,
while Pd functionalization improves the sensor response to CO, exposure. We recorded
a sensitivity of CNT sensor functionalized with 1.5 nm of Au up to 92%, 32% and 22%
when exposed to NH3; with concentration of 100 ppm, ethanol with concentration of 100
ppm and CO with concentration of 50 ppm respectively. The normalized response for Pd
functionalization CNT layer with a nominal thickness of 0.5 nm reached 3%, 6%, 12%
and 17% under concentrations of 500 ppm, 1000 ppm, 2500 ppm and 5000 ppm of CO,

respectively.
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In order to understand the interaction between the different types of NPs and the CNT
layer several characterization techniques should be held. We investigated the change in
the optical properties of the CNT layer after the deposition metallic NPs. Au and Ag
introduce surface Plasmon (SP) on the surface. The frequency of the SP is dependent
on the nominal thickness of the deposited metal as well as the size of the formed NPs.
Upon thermal annealing a shift occurs in the frequency of the induced SP on the CNT
surface due to the changes in the surface morphology. We found that thermal annealing
affects the response of the CNT based gas sensor as well. Additionally, we show that
depositing Au NPs on top of the CNT layer introduce changes in the work function of
the formed layer.

4.1 CNT-Based Gas Sensors Overview

Kong et al were among the first to demonstrate fast and sensitive ChemFETs employing
a single semiconducting CNT working under ambient conditions [42]. Their system
exhibited p-type transistor characteristics and significant change in conductance could be
measured upon exposure to NO, abd NH3. ChemFET sensors based on a random network
of SWNTs were successfully used by Novak et al. [92] for the detection of dimethyl
methyl phosphonate, a simulant for the nerve agent Sarin. Sub-ppb concentration levels
were detectable and fast recovery of the sensor could be achieved by applying a positive
gate bias. On the other hand, chemiresistive sensors based on random CNT networks,
deposited by plasma-enhanced chemical vapor deposition, were fabricated by Valentinin
et al. [93]. Their sensor was capable of detecting NO, concentrations as low as 10 ppb
at an operating temperature of 165 °C. The utilization of CNT networks in both device
types, ChemFETSs and chemiresistors, can be considered a simple approach to overcome

limitations in reproducibility and manufacturing scalability of single CNT devices.

Despite their high sensitivity with respect to several gases, pristine CNT films lack the
capability to differentiate between different gas molecules. The lack of selectivity of the
CNT based sensors can be partially overcame by metal functionalization of the CNT
surface [51] [94] or by polymer coatings [95]. Several methods were used in order to
deposit metallic NPs on top of the CNT network such as thermal evaporation [66] [67],
sputtering [64] and electrochemical deposition [68].

Penza et al. employed sputtering technique to deposit Pt nanoclusters at tuned loading
of 8, 15 and 30 nm [64]. The sensors were exposed to different gases such as NO,,
NHj3, CO, and CH4. CNT sensors with Pt load of 8 nm showed the highest normalized

response in case of NO, and CH,4 while CNT sensors with Pt load of 15 nm showed
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the best normalized response in case of CO, and NH3. The main drawback is that
the operating temperature of the sensors was 120 °C. The same group also reported
CNT sensors functionalized with Au nanoclusters [63]. The highest response obtained
was 10%, 16% and 14% for 10 ppm concentration of NO,, 1000 ppm concentration of
NHj; and 10 ppm concentration of H,S respectively. These results were obtained at an
operating temperature of 200 °C. Similarly, Zenolli et al. fabricated CNTs based sensors
functionalized with Au NPs and oxygen plasma and exposed them to different pollutants
such as NO,, CO and CgHg [96]. They showed that Au functionalization results in better
sensing abilities towards the detection of specific gases (NO, and CO) while in the case
of CcHg Au NPs do not seem to play a crucial role in the sensing process when compared

to pristine CNTs functionalized with oxygen plasma.

Although the formation of metal NPs on top of the CNT film improves greatly the
response of the sensor towards different gases, the interaction between the metal NPs and
CNT film is still not fully understood. Kim et al. were among the first to demonstrate the
formation of nano-Schottky barrier (also referred to as 'non-traditional Schottky barrier’)
at the interface between the deposited Al NPs and the CNT film [97], which in turn
modulates the molecular adsorption. Moreover, Kauffmann et al. reported that upon
electrochemical growth of Au NPs on top of CNT film, an electron transfer occurs from
CNT to the NP species. Transfer of electronic density accompanies the adsorption of CO
molecules on the NP surface back into CNTs [98]. They also reported that the magnitude
of electron transfer into the CNT valence band scaled with the work function of the
functionalization metal [99]. Mubeen et al. also reported the formation of nano-Schottky
barrier at the Au NPs CNT interface which is modulated upon the exposure of H,S [68].
Furthermore, they stated that the sensitivity of the sensor is strongly dependent on the

number and the size of the Au NPs but the sensing mechanism is independent of it.

Another series of studies concentrated on physical changes induced on a given surface
by metal NPs. Serrano et al. discussed for instance the surface plasmon resonance (SPR)
in Au films deposited onto glass substrates and annealed in air at different temperatures
[100]. They showed that the resonant absorption of extended surface plasmons of the
deposited Au films depends on the thickness of the film. Moreover, the morphology
of the film and its optical properties is dependent on the film’s initial thickness which
can be altered according to the annealing temperatures. Sun et al. reached the same
conclusion by investigating the temperature dependence of morphological evolution and
the corresponding SPR properties variation of Au films with nominal thicknesses of 5 nm
upon rapid thermal annealing for 180s at different temperatures ranging from 100 to 700

°C [101]. Gingery et al. reported the evaporation of Au NPs on top of multiwall carbon
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nanotubes (MWCNTs), which are grown by chemical vapor deposition [67]. They stated
that the size and the distribution of the NPs are affected only by the nominal thickness
deposited, with no influence of the evaporation rate or the substrate temperature during

the evaporation process.

In this chapter, we present the fabrication and characterization of pristine as well as
functionalized CNT-based gas sensors. All the fabricated sensors we examined towards
four different test gases, NHs, ethanol, CO and CO’,. We functionalized the CNT layer in
order to alter the response of the sensor and enhance its sensitivity. Different metallic NPs
were used to functionalize the CNT layer. The functionalization process was performed
by thermal evaporation. we investigated as well the interaction between the deposited
NPs and the CNT layer in term of surface morphology, optical transmission and work

function measurements.

4.2 Materials and Methods

The samples fabricated in this chapter are based on spray coating technique, where CNT
solutions are sprayed through an air gun onto a heated substrate. The temperature of the
substrate is a process parameter that depends on the solvent and the surfactant used to
disperse the CNTs. Besides influencing the surface topography; the spraying parameters
have a direct impact on the optical and electrical characteristics of the fabricated films.
The deposited CNT layers were sprayed by air atomizing nozzle. These kinds of nozzles,
as well as the ultrasonic spray nozzles, provide a fine degree of atomization [59], which in
turn results in a more uniform and homogenous film. A commercially available automatic
air atomizing spray gun (Krautzberger GmbH, Germany) was used in depositing the
CNT films. The samples fabricated in this chapter followed the same spraying regimes

discussed in chapter 3.

4.2.1 Solution preparation

The CNT network is composed of commercially available unsorted Single Wall Nan-
otubes (SWNT), which are 33% metallic and 67% semiconducting. In order to dissolve
CNTs in an aqueous solution, a high molecular weight cellulose derivative, sodium
carboxymethyl cellulose (CMC), is used. This kind of surfactant has been reported previ-
ously as an excellent agent for dispersing CNTs in water [102]. Further discussion about
the effect of different kinds of surfactants on the prepared CNT solution was presented
previously in chapter (Transfer). CMC is dissolved in distilled water to make 0.5 wt%

aqueous solution. The solution is stirred overnight in order to uniformly dissolve the
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surfactant in water. After this, 5 mg of CNTs are added in 10 g of 0.5 wt% CMC aqueous
solution to make 0.05 wt% CMC based aqueous CNT solution. Sonication of the CMC
based solution is performed for 20 minutes using a probe sonicator at 50% power (~ 48
Watt). Solution is centrifuged for 90 minutes at 15000 rpm and 80% of the centrifuged

solution is taken from top to be used for the deposition.

4.2.2 Sensor Fabrication

Si wafers with 200 nm of thermally grown Si0; are used as substrates. An inter-digitated
electrode structure (IDES) consisting of a 5 nm thick Cr layer, which promotes Au
adhesion on Si0O;, followed by a 40 nm Au layer is evaporated on top of the SiO,. 100
um is chosen to be the spacing formed between the two electrodes of the inter-digitated
structure. The substrates are exposed to oxygen plasma for further cleaning and then they
were immersed in 1 wt% of APTES in isopropanol solution since APTES acts as adhesion
promoter. On top of the IDES a CNT film is spray deposited in order to form the resistive
network for the gas sensing. Figure 4.1 shows a schematic for the sensor structure and
an AFM image for the typical CNT layer deposited on top. Chemical post-deposition
treatment is required to remove the CMC-matrix embedding the CNTs, thus converting
the network behavior from insulating to conducting. To this purpose, the samples are
soaked in 4M HNOj solutions for > 12 hours at room temperature for complete removal
of the surfactant, rinsed in DI water and then dried. For the functionalizing CNT network,
metallic NPs are deposited by thermal evaporation process from a tungsten boat. Au
with an equivalent nominal thickness of 1.0 nm, 1.5 nm and 2.5 nm is evaporated over
the entire structure coated by CNTs, while Pd was evaporated with nominal thickness
of 0.5 nm, 1.0 nm and 1.5 nm. Note that all metals were evaporated with the minimum

evaporation rate which is 0.1 A/s.

4.2.3 Sensor Characterization

The complete sensor module is composed of the CNT sensor, mounted on a carrier glass
together with a Peltier heating element for temperature control and a Pt100 sensor for
in-situ temperature monitoring. The heating element is located beneath the glass carrier,
while the Pt100 sensor is placed next to the CNT sensor on top of the glass carrier. Figure
4.2 shows a schematic for the module used in characterizing the gas sensors fabricated in
this chapter. This arrangement allows precise determination of the actual temperature
reached by the CNT sensor and enabling heating the sensing element during gas exposure

and/or recovery cycles up to 150 °C. Sensor performance was investigated by exposure
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Figure 4.1: (a) Schematic of the sensor architecture showing the IDES structure (b)
AFM image of a typical low density CNT layer deposited on top of the IDES
structure.

to different concentrations of the test gas (NHjz, CO,, CO and ethanol). The desired
concentration is achieved by dilution of the test gas with a carrier gas while maintaining
the total gas flux constant. Pure nitrogen is used as the carrier gas for NH3;, CO and
ethanol while air is used as the carrier gas for CO,. The duration of the exposure cycle
was chosen to be 100 s for all test gases. The exposure cycle is followed by an active
recovery cycle for 900 s. In this cycle we heat up the sensor up to 80°C in order to desorb
all the gas molecules before the next exposure cycle. It is worth mentioning here that
passive recovery (no heat applied) can be also applied but longer time is required for
complete gas desorption. Passive recovery is used to investigate the intrinsic recovery
time for the gas sensor towards different test gases . Such kind of characterization will

be presented in more details in chapter 6.

4.3 Characterization of Pristine CNT-Based Gas Sen-

SOors

When using CNT films for gas sensing, the network density is one of the critical param-
eters affecting the device performance [71]. The gas sensors presented in this chapter
utilize CNT films with rather low tube densities. At such densities, the film operates
near its percolation threshold, thereby reducing the amount of metallic pathways in the

network and amplifying the contribution of semiconducting pathways.
Figure 4.3 shows the variation in the resistance with time for the pristine CNT gas sensor
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Figure 4.2: A schematic for the sensor module and its different components.

towards the four test gases. Concentrations between 10 and 100 ppm for NH3 and ethanol
and between 5 and 50 ppm for CO have been considered. These concentrations are
achieved by diluting the test gas with pure N, as carrier gas. For CO,, the concentrations
tested cover a range between 500 and 5000 ppm and is achieved by diluting the test
gas with normal air as carrier gas. Note that in case of CO, measurement, normal air
used as carrier gas typically contains 390 ppm of CO,, which is the reason for the high
concentration range covered in our tests. Each cycle consists of an exposure interval
followed by a recovery interval. During exposure, the test gas enters the chamber along
with the carrier gas at room temperature at a constant flux of 200 ml/min for the desired
duration. We chose 100 s exposure time for all test gases, which is to our knowledge

shorter than the usual exposure intervals reported in literature.

Recovery is then introduced by heating the sensor module to 80 °C and increasing the
carrier gas flux to 1000 ml/min for 300 s, after which heating is stopped. The high flux is
maintained for another 300 s to accelerate cooling of the sensor and purge any residual
test gas molecules out of the chamber. Recovery is then completed by a final 300 s
interval under sensing conditions to restore the initial resistance. The increase in thermal
energy during the heating cycle is necessary to enhance desorption of gas molecules
attached to the CNT film and enable full recovery.

The main figure of merit used to evaluate the sensor performance is the normalized
response, defined in Eq. 4.1, as the relative change in resistance, where R; and Ry are the

initial and the final resistance value of the exposure cycle, respectively.

47



Chapter 4 CNT-Based Gas Sensors: Pristine and Functionalized

(a)
4000
a NH ‘ ‘ " 50 ppm T T00ppm T
[0]
S 3000 .
S
@
1]
o 2000 b
o Il Il Il Il Il
0 1000 2000 3000 4000 5000 6000
Time (s)
(b)
— T T T 100 m T
& 2000 Ethanol 50 ppm PP i
[0]
o
C
& 1500 1
‘@
]
o 1000 L L L L L
0 1000 2000 3000 4000 5000 6000
Time (s)
(c)
2600 T T T T T
= 5000 ppm
% oa00l  CO2 1000 ppm 2500 ppm .
S 2200 500 ppm .
% 2000 1
1]
o 1800 i
o 1600 L L L L L
0 1000 2000 3000 4000 5000 6000
Time (s)
(d)
— T T T T 50 m T
@ 2000 CO 25 ppm PP .
g 5 ppm 10 ppm
£ 1500 1
‘@
]
o 1000 L L L L L
0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 4.3: Plot of the measured sensor resistance over time. Each graph is divided into
four segments which corresponds to the different exposure cycles. The four
test gases are NHj (a), ethanol (b), CO, (c) and CO (d).
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Plotting the normalized response of each gas versus its corresponding concentrations as
shown in fig 4.4, we can notice that the normalized response enhances with increasing
the concentration of the gas , at least within the concentration range shown here. We
found as well that the normalized response has rather a logarithmic dependence on
the concentration , but differs between gases and depends on the concentration range
recorded. The response towards NH3 reached 15% to a concentration as low as 10 ppm.

We can consider the normalized response towards NHj is exceptional, taking into account
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4.4 Characterization of Functionalized CNT Thin-Films

the short exposure intervals of 100 s. Further enhancement in the normalized response
towards the different gases can be achieved by functionalizing the CNT network with
metallic NPs, which will be discussed in the following sections. For the rest of this
chapter as well as the following chapter, the pristine CNT layer will be reffered as bare
CNT layer.

4.4 Characterization of Functionalized CNT Thin-Films

In order to achieve better understanding of the modifications introduced by depositing
the NPs on top of the CNT networks, we investigated first the characteristics of the
functionalized CNT thin-films in terms of surface morphology, optical transmittance
and work function. Such kind of characterization enabled us to identify the changes that
are introduced to the CNT layer after the functionalization with different metallic NPs.
Most of the discussion in this chapter focuses on the modification introduced by Au to
the surface of the CNT layer. This is primarily attributed to the fact that Au introduce a
lot of changes to the surface optically and electrically , moreover it achieves the highest

enhancement in the sensitivity of the sensor when compared to the other metals.

@ ‘ )

Ethanol

N
o

40+ 0

w
o

30t o~

N
o
\

201 v

—_
o
\

Normalized Response (%)
\

Normalized Hesponse (%)
\
\

10

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Concentration (ppm) Concentration (ppm)

30 30

CcO
25} :
20} =
20 Phe
15' //

10t ©
101 s

Normalized Response (%)
\
\ 4
Normalized Hesponse (%)
®

n n n n n 5 n n n n n
0 1000 2000 3000 4000 5000 6000 0 10 20 30 40 50 60
Concentration (ppm) Concentration (ppm)

Figure 4.4: Relation between the normalized response and the concentration of different
test gases NH3 (a), ethanol (b), CO; (c), CO (d) for a CNT-based gas sensor.
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4.4.1 Surface Morphology

Before depositing NPs on top of the CNT network, we investigated the formation of Au
and Pd NPs directly on glass. Figure 4.5 shows an AFM image for Au and Pd with the
same nominal thickness deposited on glass substrate. The formation of the NPs for both
metals is completely different in terms of the clustering of the NPs as well as the distance
between them. This could be attributed to the difference in stress distribution during the
evaporation process of each metal. Such difference in the formation of the NPs has a
direct effect on the performance of the CNT thin-film as well as the response of the gas

sensor as we will show in the next section.

The morphology of the metal NPs on the substrates depends on the initial thickness of
the film and the integrated stresses built at the interface between the substrate and the
coating material [100]. The stress introduced during the evaporation of thin metal films
has been studied for a long time [103] [104]. Briefly, the stress introduced in the film
is composed of thermal stress, which is due to the difference in the thermal expansion
coefficient between the substrate and the evaporated metal, and intrinsic stress, which
is due to the accumulated flaws, which are built on the surface during the deposition
process. Which effect plays the dominant role depends on the physical properties of the
material and the evaporation conditions. In general, stress between the substrate material
and the coating material result in stress distribution at the interface, which promotes the
migration of the film away from the stressed areas upon heating. The relaxation of the
film is a non-uniform process and leads to inhomogeneous nucleation on the surface.

11.3 nm

(@) Au 1.5 nm (b) Pd 1.5 nm

(—44.2 nm

9.0 nm
0 —35.4nm

6.8nm . —26.5nm

4.5nm || F17.70m

2.3nm |l 88nm

I~0.0 nm

Figure 4.5: AFM images for the formation of Au (a) and Pd (b) NPs with the same
nominal thickness (1.5 nm) on glass substrates.
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4.4 Characterization of Functionalized CNT Thin-Films

This result in the formation of metal islands which tend to modify their shapes upon

annealing, mostly becomes more rounded in order to decrease their surface energy.

Due to the fact that the films deposited in all the experiments in this chapter utilize
CNT layers with rather low-tube densities, as described in the experimental section,
the material of the substrate plays an important role in the formation and clustering of
the NPs. Figure 4.6 shows the scanning tunneling microscopy images for a CNT layer
functionalized with 0.5 nm of Au fabricated on Si substrate. The image shows that the
formation of the Au NPs is uniform on the substrate. The deposited NPs tends to form

round shaped in order to reduce the surface energy as discussed.

Thermal treatment is an important process step to stabilize and to de-dope the CNT
network before gas exposure [63]. On the other hand, performing thermal treatment
to functionalized CNT sensors, affects directly the NPs evaporated on top of the CNT
films, thus affects the sensor performance. In order to investigate the effect of the thermal
treatment process on functionalized CNT network, CNT thin films utilized in sensor
fabrication were spray deposited on glass substrate with the same process steps described
earlier and subsequently functionalized via thermal evaporation. The nominal thicknesses
for Au deposition were 0.5 nm, 1.0 nm, 1.5 nm and 2.5 nm, respectively. The samples
were thermally treated in air at 100 °C for 1h. Figure 4.7 a and b show the morphological
change that occurs to the Au NPs at different loads after thermal treatment. Au NPs tend
to form isolated islands of large particle instead of relatively small particles distributed

on the whole surface after the thermal treatment.

By looking at the AFM images we can identify three parameters for the metal islands:

1) height ii) size and iii) relative distance between them. Before annealing only the

100 nm EHT=1500kV  Signal A =InLens StageatT= 0.0° Date :12 Nov 2013 20 nm EHT=1500kv  Signal A= InLens StageatT= 0.0° Date :12 Nov 2013

WD=63mm  Mag=3921KX  TitCorn.=Off = 0.0° Time :11:47:21 WD=63mm  Mag=19444KX  TitCorm.=Off = 00° Time :11:39:28

Figure 4.6: An SEM image of a spray deposited CNT thin-film onto Si substrate func-
tionalized with 0.5 nm of Au along with a zoom-in acquired within the same
area
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Chapter 4 CNT-Based Gas Sensors: Pristine and Functionalized

CNT film 1s dominating the features of the image since the thickness of the CNT bundle
diameter was higher than the nominal thickness of the evaporated Au. After annealing,
the CNT film almost disappears underneath the formed metal islands. The max height of
the formed metal islands becomes 128 nm, 133 nm, 101 nm and 87 nm for samples that
had nominal thicknesses of 0.5, 1, 1.5, 2.5 nm, respectively. Moreover, the size of the
islands and the distance between them decrease with increasing nominal thickness. The
migration of the film from the stressed area to more relaxed ones is easier for thinner
metal layer because a smaller amount of material needs to be displaced to create the

metal island.

4.4.2 Optical Transmission Characteristics

The optical transmittance measurement shows the existence of SP in the fabricated
samples within the visible range after the deposition of Au NPs. Au samples evaporated
on top of the CNT films showed drop in the intensity of the optical transmission as shown

in fig. 4.8. For Au with nominal thickness of 2.5 nm, the drop in intensity occurs around
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Figure 4.7: AFM images of CNT thin-films deposited on glass and functionalized with
different loads of Au (0.5 nm, 1.0 nm, 1.5 nm and 2.5 nm). (a) As fabricated
(b) Annealed continuously for 1 h at 100 °C (c) Annealed for 1 h in intervals
of 10 minutes.
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590 nm. A blue shift of ~ 50 nm can be observed upon annealing the samples for 1h at
100 °C. Qualitatively the same behavior is observed for the other samples. The variation
in the optical transmission is dependent on the size of the metal islands which are formed
after the thermal treatment and their distribution density as well. This agrees with the
AFM analysis which showed the migration of the films from the stressed areas and the

formation of metal islands upon thermal treatment.

We evaporated Ag NPs as well on top of CNT films sprayed on glass with nominal
thicknesses of 1.0 nm, 1.5 nm and 2.5 nm, respectively using the same procedure
described for Au. The change that occurs to the Ag NPs upon annealing is not that
significant with respect to what occurred to the Au NPs. The maximum height of the
metal islands for all Ag samples after annealing reached ~ 50 nm. The size of the
Ag NPs increase and their shape became more rounded. The different load of the Ag

samples did not have a significant effect on the morphological feature of the surface
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Figure 4.8: Optical transmission measurements for CNT networks functionalized with
Au with loads of 0.5 nm (a), 1.0 nm (b), 1.5 nm (c) and 2.5 nm (d). Each
graph shows the measurement for the as fabricated samples (red), annealed
continuously for 1 h at 100 °C (blue) and annealed for 1 h at 100 °C in
intervals of 10 minutes (black).
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after the annealing. This implies that the Ag layers were more relaxed on top of the
CNT than the Au layer. The difference in the physical properties between both metals
could be one of the main reasons for this difference in behavior. The density and the
melting point of the material directly affect the value of the built thermal stress during
the evaporation process. Ag samples showed the same behavior as the Au samples but
at different wavelength. A drop in the intensity of the optical transmission occurred at
~ 450 nm. Upon annealing at 100 °C for 1h, one can notice a small blue shift of ~ 10
nm of the SPR curve as shown in fig. 4.9. This confirms that the morphological features

of the Ag NPs do not change dramatically upon annealing for this amount of annealing
time at the given temperature.

The effect of the thermal treatment on the Au NPs was analyzed also using a different
process. Instead of annealing the samples for 1h continuously, we divided the annealing
process into intervals of 10 minutes. This process is repeated for 6 cycles and after

each cycle the surfaces changes are monitored via AFM and optical transmission mea-
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Figure 4.9: Optical transmission measurement within the visible range for CNT networks
functionalized with Ag with loads of 1.0 nm (a), 1.5 nm( b), and 2.5 nm (c).

Each graph shows the measurement for the samples before (blue) and after
annealing (red).
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surements. Figure 4.7 ¢ shows that after of the stepwise annealing no dramatic change
occurred to the surface. The morphological features as well as the optical transmission
remained basically unchanged (fig. 4.7 a). The shift in the SPR curve is considerably
smaller than that observed when the annealing was done continuously for 1h. A small
blue shift of ~ 35 nm occurred. It is worth mentioning that this shift occurred after the
first 10 minutes of annealing, while after that the optical transmission curve remained
almost the same. The change in the optical transmission curve measured after each
cycle is shown in fig. 4.10. As we will see later, the insensitivity of the functionalized
APTES treatment has been shown to improve the adhesion between the glass substrates
and the metal layer [1] by strengthening the film-to- substrate bond. The stronger the
film-to-substrate bond, the stronger its capability to withstand the forces produced by
the integrated stress throughout the film. Thus, when Au NPs evaporated on an APTES-
treated glass are subjected to the same thermal treatment as when they are evaporated
on a CNT film, no significant change occurred to the surface morphology. The different
behavior with respect to the Au deposition on the CNT film is most likely attributable
to the hydrophobic nature of the CNT film [57] [84], which causes a weak bond to be

formed with the Au evaporated film and in turn a higher stress at the interface.

The different morphology of the Au NPs when directly deposited on APTES treated glass
is reflected in the frequency of the SP that occurs at the interface. Figure 4.11 shows the
optical transmission measurement of Au NPs on glass. The morphology of the Au NPs
on APTES treated glass is different than those evaporated on top of the CNT film.

4.4.3 Work Function Measurement

Another critorion used to investigate the modification introduced to the surface by
depositing NPs on top of the CNT layer is measuring the change occur to the work
function w/o functionalization. We fabricated four new samples where CNT network is
spray deposited on glass substrates and then we functionalized three of them with Au
with loads of 1.0 nm, 1.5 nm and 2.5 nm, while the fourth sample is kept bare. Using a
Kelvin probe force microscope, we measured the work function for all the samples and

the obtained results are shown in fig. 4.12.

We recorded a value of 4.785 eV for the bare CNT layer which agrees with the work
function value for CNT reported in literature [105]. The work function of the network
decreases to 4.516 eV, 4.5495 eV and 4.5598 eV at functionalization load of 1.0 nm, 1.5
nm and 2.5 nm respectively. This implies that Au functionalization does not only change

the surface morphology and the optical characteristics of the CNT network but also its
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Figure 4.10: Optical transmission measurement within the visible range for CNT net-
works deposited on glass and functionalized with Au with loads of 0.5 nm
(a),1.0 nm (b), 1.5 nm(c), and 2.5 nm (d). Each graph shows the change that
occurs to the optical transmittance upon annealing in steps of 10 minutes.
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Figure 4.11: Optical transmission measurement within the visible range for Au NPs
deposited on glass substrate before (blue) and after (red) annealing.

electrical characteristics. Taking a closer look at fig. 4.12, we can notice as well that by

increasing the functionalization load the work function tend to increase by a small value.
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Figure 4.12: Plot of the measured work function for bare CNT layer and Au functional-
ized layer with loads of 1.0 nm, 1.5 nm and 2.5 nm.

Such behavior could be only due to the error in the measurement represented by the error
bar in the plot. Nevertheless, it could be the case that by increasing the Au load the work
function tend to approach the work function of bulk gold. At higher functionalization
load, higher surface coverage by the NPs is obtained and hence, the NPs dominate the

characteristics of the surface rather than the CNT layer.

4.5 Characterization of Functionalized CNT-based Gas
Sensors

Metal functionalization of CNT network causes a slight decrease in the film resistance,
which is in turn dependent on the load of the functionalization metal. Increasing the
metal functionalization will tend to create a complete film on top of the CNT network,
which will quench the sensitivity of the overall system. The change in resistance of the
CNT gas sensors upon exposure to different gas species has been studied by several
authors [106], [71], [107]. It has been attributed to two main reasons; i) Charge transfer
between the adsorbed gas molecule and the CNT, and/or ii) modulation induced by the
gas species at the Schottky barrier at the CNT/metal contacts (Au electrodes) interface. It
has been previously shown that metal functionalization (especially Au) enhances greatly
the response of the CNT gas sensors. Such effects was attributed to the catalytic action
of the deposited layer which boosts the gas sensitivity of the CNT film[63].

It is well known that the adhesion between Au particles and CNT film is weak due to
the hydrophobic nature of the CNT [48]. In our case, the post-deposition process in
diluted HNOj can introduce defect sites and surface oxidization to CNT film [108],
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thus allowing Au to bind to the CNT film via the carboxylic groups introduced on the

surface.

The deposition of Au NPs on top of the CNT film cause the formation of "non-traditional
Schottky barrier’ at the interface between the semiconducting tubes and the metal NP
[98], [99]. One reason for the enhancement in the sensor response after the Au decoration
could be the increase in the sites of CN'T/metal Schottky barriers, which can be further
modulated upon gas exposure. In case of NHj3, it coordinates with the formed Au NPs
[109], hence charge transfer can take place through the formed NPs towards the CNT
film. Possibly the Au NPs help in binding more than one NH; molecule to the same
defect site instead of binding only one in case of pristine CNT film. The amount of
charge transfer decreases with the increased size of the Au NPs because the catalytic
activity of Au NPs diminishes considerably as the particle size exceeds a certain limit
[110].

Upon annealing, Au NPs tend to migrate and form new nucleation sites in order to reduce
the surface energy as we discussed earlier. This leads to two main effects 1) increase in
the film conductivity because the formed Au islands acts like a parallel metallic path to
the CNT film, ii) partial uncovering of the CNT film which can interact directly with
the exposed gas species. Which of the two effects is dominant depends mainly on the

nominal thickness of the evaporated Au NPs.

Heating the sensor for small intervals doesn’t affect the morphology of the metal NPs
formed on top of the CNT film, as we discussed earlier. Nevertheless, we examined the
effect of thermal treatment of 1 h at 100 ° C on the response of the functionalized CNT
gas sensor. Figure 4.13 shows the effect of such thermal treatment on the resistance of
the CNT sensors functionalized with Au at loads of 1.0 nm and 2.5 nm. Upon thermal
treatment, a noticeable increase in the conductance is obtained. Larger effect is obtained
for the CNT sensors functionalized with 2.5 nm Au nominal thickness. The plot shows
that after annealing the resistance is dropped to almost one third of its value before the

annealing. The effect of the annealing is not linear with the size of the NPs.

Figure 4.14 shows the effect of the thermal treatment on the response to NHj3 of both
sensors. A considerably enhancement in the sensor response is obtained after the thermal
treatment in the case of 1.0 nm Au coverage while the sensor response remained almost
unchanged in the case of 2.5 nm of Au. This could be attributed to the different size of

the Au NPs obtained after annealing.
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Figure 4.13: The change in resistance of CNT-based gas sensors functionalized with
1.0 nm and 2.5 nm of Au when exposed to different concentrations of NH3
before and after annealing.

The functionalized CNT based gas sensors are examined towards the four test gas
(NH3, ethanol, CO and CO,) with the same concentrations mentioned previously. The
measurement setup remained unchanged and the active recovery is applied for 900 s after

each exposure cycle.

Figure 4.15 shows the response to four different test gases obtained for the CNT gas
sensors functionalized with Au and Pd with different nominal thicknesses. Taking a
close look at the graphs, one can immediately notice that Au (1.0 nm) shows superior
performance for NHs, CO and ethanol. On the other hand Pd (1.0 nm) has the best
response to CO;.

CNT sensors functionalized with Au (1.0 nm) reaches a normalized response of 92%, 22%
and 30% when exposed to 100 ppm of NH3 and ethanol and 50 ppm of CO, respectively.
CNT sensors functionalized with Pd (1.0 nm) reaches a normalized response of 17%
when exposed to 5000 ppm of CO, and the normalized response is 2.1% with CO,

concentration as low as 500 ppm.
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Figure 4.14: The relation between the concentration and the normalized response of
CNT-based gas sensors functionalized with Au with loads of 1.0 nm (a) and
2.5 nm (b) when exposed to NHs. Each graph shows the response before
(blue) and after annealing (red).

Sensor response is found to have a rather logarithmic dependence on concentration. As
expected, higher functionalization load does not result in higher sensor response, since
the contribution of semiconducting CNT paths tend to decrease as a complete metallic
film is formed. Each metal can achieve a maximum normalized response within a certain
range of surface coverage. Figure 4.16 shows the relation between the functionalization
load and its corresponding normalized response towards different concentrations of
NH; for Au and Pd functionalization. The optimal range for Au functionalization is
between 0.5 nm and 2.5 nm, while for Pd it is found to be between 0.5 nm and 1.5 nm.
Although Au and Pd have quite similar work functions, which is reported previously
to be a dominant effect in the formation of the potential barrier at the interface of the
NP-CNT and also the response of the gas sensors [99], they behave differently when they

are used for CNT sensors functionalization. This could be attributed to the difference in
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Figure 4.15: The relation between the concentration and the normalized response of
functionalized CNT-based gas sensors when exposed to NH; (a), CO (b),
CO; (c) and ethanol (d). Each graph plots the responses of the CNT-based
gas sensors when functionalized with Au with loads 1.0 nm, 1.5 nm and 2.5
nm, and Pd with loads 0.5 nm, 1.0 nm and 1.5 nm.

stress distribution during the evaporation of each metal as discussed earlier.

Furthermore we fabricated CNT based sensors functionalized with Ag NPSs with loads
1.0 nm, 1.5 nm, and 2.5 nm. The sensors showed very weak response towards all test
gases at all loads. The response towards the 4 test gases is shown in figure 4.17. One
reason for this weak response could be that we chose the wrong working range of Ag
functionalizations. The performance of the gas sensors was also investigated at different
operating temperatures. Figure 4.18 shows the normalized response of a bare CNT gas
sensor and a Au functionalized CNT gas sensor with a load of 1.0 nm. The exposure of
the NH3 gas was performed at two temperatures 50 °C (fig. 4.18 a) and 80 °C (fig. 4.18
b). Taking a close look at the graph, it becomes clear that the performance of the sensor
deteriorates when compared to the results obtained in fig. 4.15 a. This could be mainly
attributed to the increase in the gas desorption rate which increases with the increase in
temperature. In other words, high operating temperature means that gas exposure and

active recovery process are applied at the same time.
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Figure 4.16: The relation between the functionalization load and the corresponding nor-
malized response for CNT-based gas sensors functionalized with different
loads of Au (a) and Pd (b).

4.6 Summary

We reported on the successful implementation of CNT based gas sensors with excep-
tionally high as well as immediate sensor response to four test gases (NH3, CO,, CO
and ethanol). CNT films were prepared using a reliable and reproducible low cost
spray process technique. We showed as well the importance of the functionalization
process in order to enhance the response of the CNT layer. CNT gas sensors were
functionalized by Au and Pd NPs through an thermal evaporation process. CNT based
gas sensor functionalized with 1.0 nm of Au reached values of 25% for concentration
as low as 10 ppm and 92% for concentration of 100 ppm under NH3 exposure. Taking
into consideration the short exposure time, which is 100 s, the values obtained for NH3

can be considered exceptional. We also analyzed the effect of the thermal treatment
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Figure 4.17: The relation between the concentration and the normalized response of
CNT-based gas sensors functionalized with different loads of Ag (1.0 nm,
1.5 nm and 2.5 nm) under the exposure of NH3 (a), ethanol (b), CO (c) and
CO; (d).

on the performance of the Au functionalized CNT based gas sensors when exposed
to NHj. In case of Au with nominal thickness of 1.0 nm the sensor response can be
as high as 120% with 100 ppm concentration of NH3 after thermal treatment. On the
contrary, for CNT based gas sensors functionalized with 2.5 nm of Au the response is
not significantly affected by the thermal treatment. We investigated as well the changes
that occur to the surface morphology, optical characteristics as well as the change in the
work function of the CNT thin-film due to the deposition of NPs. Functionalization of
CNT films deposited on glass with Au and Ag showed surface plasmon resonance effects
that are dependent on the nominal thickness of the functionalization layer. Furthermore,
morphological modifications occurred upon annealing lead to change in the optical and
electrical characteristics of the functionalized CNT thin-films.
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Chapter 5

CNT-Based Gas Sensor Array

Functionalization of pristine CNT-based gas sensors enabled to tune the sensors’ sensitiv-
ity towards different gas analytes. Nevertheless, achieving a clear distinction between the
different analytes is still not reachable by depending on the response of a single sensing
element. Such a criteria is highly required in certain applications like environmental
monitoring, where the type of the detected analyte as well as its concentration are of great
interest. In this chapter, we present the development of selective CN'T-based gas sensor
arrays on rigid as well as flexible substrate, which is capable of differentiating between
four test gases (NHj3, ethanol, CO and CO,). Different metals are utilized in order to alter
the response of each sensing element towards the different gas analytes. We discuss as
well the different possibilities and different combinations of metal functionalization for
the sensors in the array. We present an efficient and quick framework strategy to achieve
the optimum combination of the metal functionalization on the sensor array, that results

in a clear distinction between the different gases.

CNT-based gas sensor array were fabricated as well on flexible substrate, where we
functionalized the sensors with Au at different loads. The response of such array showed
a clear distinction of NH3 compared to the other gases. Furthermore, we investigate the
response of the fabricated CNT sensor array towards a mixture of two gases. Such kind
of characterization was performed by exposing the sensor array to a mixture of (NHs,

ethanol) and (NH3, CO) at different ratios for each mixture.

5.1 CNT-based Gas Sensor Array Development
Overview

Sensor array is a commonly used technique to enhance the selectivity of gas sensors in
general. This technique was applied in metal oxide semiconducting [111] [112] as well as

polymer-based gas sensors [113]. In principle, sensor array is a device that is composed
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of several sensing elements. Each sensing element has a certain functionalization that
provides a specific interaction with analytes in varying degrees. The combined response
of all the sensing elements results in a unique pattern for each specific gas analyte.
Pattern recognition techniques are required to discriminate between the different analytes.
Several techniques have been reported to perform the pattern recognition process such
as: discriminant function analysis [2] [4] least partial square regression (PLS) [2] [114]
and principle component analysis (PCA) [2] [115] [116] [117] [118]. The latter is the
technique employed for analyzing the data generated from the CNT-based gas sensor
array presented in this work and it will be discussed in details in the next section. Star et
al [119] were among the first to demonstrate the design, fabrication and testing for sensor
arrays based on metal decorated CNT layers which were grown by CVD on Si/SiO,. They
fabricated FETSs utilizing a CNT network as a channel decorated with different metal
NPs. Metal decoration was done by thermal and electron-beam evaporation. They were
able to distinguish between CO, H,, H,S, NH; and NO,. Conductance response showed
dependency on the type of the metal NP decorating the CNT. Lu et al [120] showed
the fabrication of CNT based gas sensor array that consists of 32 sensing element. The
sensing elements were pristine CNT, CNT loaded with metal clusters and CNT coated
with polymers. Combining different kinds of functionalization enabled the fabricated
sensor array to discriminate between different gases and vapors such as: NO,, HCN, HCI,
Cl,, acetone and benzene. All sensors were detected in the ppm concentration levels in
dry air. CNT-based gas sensor arrays are capable as well to be employed in the detection
of lung cancer bio-markers. Peng et al [115] were able to detect simulated patterns of
lung cancer bio-markers by CNT coated with non-polymeric organic materials. The
sensor array showed excellent discrimination between VOCs found in the breath of

patients with lung cancer relative to healthy controls.

In this chapter, we present the design, fabrication and characterization of a selective
CNT-based gas sensor array functionalized with different types of metallic NPs. Such
sensor array is capable to generate unique patterns for each test gas. The data analysis is
performed by the mathematical tool principle component analysis. During the process
of developing such sensor array, we investigate the relation between the stability of the
film and its resistance from one side and the achieved sensitivity of the sensor from the
other side. We present as well CN'T-based gas sensor array on Kapton functionalized
with different loads of Au NPs, which is able to discriminate between NH3 and the other
test gases. Based on the insights and understanding we obtained by functionalizing
single CNT-based gas sensors, we developed a quick and efficient strategy framework for

fabricating an optimum CNT-based gas sensor array. Finally, we investigate the response
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of the fabricated sensor array upon exposure to a mixture of two different gases at the

same time.

5.2 Materials and Methods

5.2.1 Sensor Array Design and Fabrication

The basic layout of the sensor array is shown in fig. 5.1. It consists of four sensors, with
an active area of 3 x 3 mm each, which is the same area deployed for the single sensor in
the previous chapter. Si wafers with 200 nm thermally grown SiO, and polyimide foils
(Kapton 300 HN, 75 um) are used as substrates. An inter-digitated electrode structure
of 5 nm thick Cr layer and 40 nm Au layer is evaporated on top of the substrate. The
inter-digitated structure has a spacing of 100 um between the electrodes . The four
sensors are connected to a common ground pad and another pad for each sensor, which
make them five contacts in total. Note that the area of the whole sensor array (1 x 1 cm)
was kept as the area of the single sensor layout introduced previously. This was intended

for two different reason:

¢ In order to compare the response of each sensing element to the results obtained

previously for the single gas sensors.
e Due to the limited size of the chamber used for gas testing.

The solution is prepared according to the method provided in the last chapter. For
depositing the CNT layers for the experiments in this chapter we used dynamic spray
system rather than static one. An automated spray system which consists of an industrial
air atomizing spray valve (Nordson EFD, USA) in combination with an overhead motion
platform (Precision Valve and Automation, USA) is used. Several parameters has to be
adjusted in the spraying process in order to achieve the desired characteristics of the CNT
layer. These parameters are material flow rate, atomizing gas pressure, nozzle-to-sample
distance, substrate temperature and motion speed. The most significant dimension in
air-assisted nozzles is the diameter of the orifice. For the used setup, the diameter of the
nozzle is 0.3 mm. We used the same approach for spraying as introduced in chapter 3, in
which we spray in the intermediate regime while heating up the substrate to the proper
temperature. Such adjustment speeds up the drying process of the droplets arriving at the

substrate and consequently results in uniform, homogenous and reproducible layers.

Functionalization of the CNT layer was performed via thermal evaporation process. PET

mask that has one opening with the same size of the single sensor is used. This mask is
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Figure 5.1: The design of the CNT-based gas sensor array fabricated in this chapter. The
different color on each individual sensor indicates the different metallic NPs
functionalization.

rotated three times for the different functionalization loads on each sensor in the array.
The evaporation rate for all metals was kept at the lowest possible value (0.1 A/s). Slow
evaporation rate for the NPs, enhance and enables clustering of the metal on the CNT

surface rather than forming a continuous layer.

5.2.2 Sensor Array Characterization

The sensor module had the same arrangement as the one used in the previous chapter in
terms of the different components of the module and the operating conditions. We took
one step further and we developed a new design for the sensor module to facilitate the
handling of the sensor array during several measurements. In the new design, the sample
is placed on a small piece of metal where the peltier element for temperature controlling

and the Pt100 sensor for in-situ temperature monitoring lies directly beneath it.

For consistent, systematic and reliable results, the four sensors of the sensor array should
be characterized simultaneously. In order to do so , the sensors read-out was performed
by a Digital Multi-Meter (Keithley 2707) with an embedded multiplexer module which
consists of 20 different channels. Such a setup, enabled us to multiplex between the four

sensors each second and recording the resistances simultaneously.
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The sensor array performance was investigated by exposure to different test gases with
different concentrations. The test gases used are NH3, ethanol, CO and CO,. The desired
concentration is achieved by diluting the test gas with the carrier gas. Pure N, is used as
the carrier gas for NH3, ethanol and CO while compressed air is the carrier gas for CO,.
Additionally, we investigated the performance of the sensor array upon the exposure to a
mixture of two gases. In such case, we only mixed between the gases that has N, as its

carrier gas.

5.2.3 Data Analysis

One of the most common methods for evaluating and analyzing the data generated by
characterizing the response of the sensor array under the exposure of different gases
is the Principle Component Analysis (PCA). PCA is a relatively simple mathematical
method to reduce complex data sets to a lower dimension. The basic idea of such method
is to express a given data set through another basis, which then allows the projection
of the data to a lower dimensionality [121]. A step by step calculation of the principle

components using the eigenvector decomposition can be found in appendix C.

In analyzing the data measured from the CNT-based gas sensor arrays fabricated in this
chapter, we built a Matlab code, which perform the PCA. Briefly, the code reads the
text files generated after measuring the response towards the four test gases, then built
the sensitivity matrix. This matrix consists of 4 columns and 16 rows. Each column
represents the response of one of the sensors in the array towards the four test gases with
the four different concentrations for each gas, hence the 16 rows. The PCA is performed

on that matrix after normalizing the data and subtracting its mean.

5.3 Sensor Array Development Framework

Functionalization of single CNT-based gas sensors with different metallic NPs gave us a
lot of insights on the effects of the different types of metals on the performance of the
gas sensors and the modifications that each metal introduce to the CNT surface. The
results obtained in that aspect showed that the sensor normalized response enhances
vastly towards all test gases. Nevertheless, single sensor functionalization does not result
in a selective sensor response. In order to achieve such feature, sensor array is required.
Such an array is composed of at least four sensors each is functionalized with different
metallic NPs at a specific load, which in turn modify the response towards the different

test gases. Thus, a selective pattern towards each gas could be achieved.

69



Chapter S CNT-Based Gas Sensor Array

The main issue that we faced while fabricating the sensor array was the choice of the
metal for each sensor as well as its corresponding load. In order to exploit such a
problem in a systematic and consistent manner, we developed a framework strategy for
the fabrication of the optimum CNT-based gas sensor array as shown in figure 5.2. The

frame work can be described in three main steps.
e Step I: Same Metal, Different Loads
e Step II: Simulation of Virtual Sensor Arrays
e Step III: Fabrication of the Optimum Sensor Array

In the first step, we fabricate sensor arrays according to the process described earlier and
functionalize each sensor in the array with the same metal but at different loads. For
example if we choose Au for the first array, we functionalize three sensors in the array
with loads 1.0 nm, 1.5 nm and 2.5 nm. The fourth sensor in the array was always kept
bare (no functionalization) as a reference. The same procedure is applied for Pd, Ag,
Ti and Cr. The load of the metal was chosen based on the knowledge we gained in the
last chapter about the optimum operating range for each metal. This phase enabled us
to have a general idea about the combined response of each metal towards the different
gases. Additionally, it helped us to collect the response of large amount of sensors with
different metal functionalization at different loads. The collected data were the corner

stone for the starting of step II.

There is an infinite number of possible combinations for the different metal function-
alization and the different loads that can be deposited on each individual sensor in the

sensor array. In order to decrease such complexity, in step II we simulate the response

Step | Step Il Step Il
Same Metal Functionalization Virtual Array Simulation Optimum Array Realization
Fabrication process Data Collection Fabrication process

DC Measurement & Build Virtual Array DC Measurement &
Gas Exposure l/ Gas Exposure

PCA Analysis PCA Analysis PCA Analysis

Figure 5.2: A chart summarize the different development steps of the CNT-based gas
Sensor array.
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of different combination. Simulation seemed to be the optimum solution to decrease
the development time. Different combinations of metals at different loads were used
to build virtual sensor arrays. We developed a Matlab code to simulate the results of
these different combinations. The choice of metals at different loads was based on the
modification that such functionalization can introduce to the film resistance, moreover
whether such metal at that specific load enhance or degrade the response towards one or
more test gas. The optimum case is having a certain combination, where each individual

sensor behaves completely different towards each one of the four test gases.

After different simulation iterations, we were able to reach the optimum combination of
different metals at specific loads that can select between the four test gases. Step III is the
fabrication and characterization of such combination as well as comparing the measured

data to the simulation results.

5.4 Same Metal, Different Loads

5.4.1 CNT Thin-Films at Percolation Threshold

Applying the development framework described in the last section, we fabricated the
first set of sensor arrays based on the fabrication procedure used in the last chapter. The
sensor arrays fabricated utilize CNT thin-films with rather low tube densities. At such
densities, the film operates near its percolation threshold, thereby reducing the number of
metallic pathways in the network and amplifying the contribution of the semiconducting
pathways. Such film density results in the highest possible sensor sensitivity towards the
four test gases. The resistances of the individual sensors at such density were ~ 8 kQ2

The metals used in this step with the corresponding load were as follows

e Au (1.0 nm, 1.5 nm, 2.5 nm)

Pd (0.2 nm, 0.5 nm, 1.0 nm)

Ag (0.2 nm, 0.5 nm, 1.0 nm)

Cr (0.2 nm, 0.5 nm, 1.0 nm)

Ti (0.2 nm, 0.5 nm, 1.0 nm)

Al (0.2 nm, 0.5 nm, 1.0 nm)

71



Chapter S CNT-Based Gas Sensor Array

(a)

0.081 : 'S
Au o NH,
0.06 - = ethanol
¢ ¢ CO
0.041
CO,
. LI . v 2
0.02r
[aV ¢ -
g o |
-0.02r oy .V
v ¥ ] °
-0.04r :
-0.06
-0.08 i i i i [ ] j
-1 -0.5 0 PCH 0.5 1 1.5
(b)
0.1r : e NH
Cr v . 8
= ethanol
v " ¢ CO
005’ B - v C()2
v
o v
g 0 "
¢
¢ *
-0.05[- : o
® °
°
-0.1 i i i i i
-1 -0.5 0 0.5 1 15
PC1

Figure 5.3: PCA for two CNT-based gas sensor arrays functionalized with different loads
of Au (a) and Cr (b).

An example for the result obtained from these set of experiments is shown in fig. 5.3,
which shows the PCA for two different arrays functionalized with Au and Cr. The sensor
functionalized with Au shows a slight separation of NH3 w.r.t the other gases. On the
other side the Cr sensor array separates NH; and CO, from ethanol and CO, which are
clustered in the midsection. One important figure of merit in evaluating the results of
the PCA is the influence of the different principle components, which is represented
by the variance percentage of the data in the direction of the principle component. In
the results shown, the highest percentage is usually in PC; (>99.5%). This is due the
fact that all the sensors respond in a similar way upon gas exposure (all functionalized
with the same metal), which means that the obtained data are highly correlated. In our
case the influence of the second and the third components is an important aspect for

obtaining better distinction between the test gases. Although the results presented seem
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promising, they are not reproducible. Figure 5.4 shows the variation in the results for
two identical sensor arrays functionalized with different Pd loads. Similar variation
in the results is obtained when repeating the fabrication process for the other metals
as well. One possible reason for such a problem could be that the sensors before the
functionalization process were not identical. By taking a closer look at the values of the
resistances for Pd 1 and Pd 2 as shown in table 5.1 before the functionalization process,
we can clearly see that the range of resistances for Pd 2 is almost double the values
obtained for Pd 1. Additionally, within the same array there is relatively large variation
between the resistances of the individual sensors. In order to investigate the effect of
such variation in the resistance on the PCA results, we characterized two bared sensor
arrays . The results obtained are shown in fig. 5.5 and the corresponding resistance of the
individual sensor in each array s shown in table 5.2. We can observe two main points

from the shown results:
e The results obtained from each array is not identical due to the difference range of

resistance of the individual sensors in each array. This is consistent with the results

Table 5.1: Resistance variation for two sensor arrays each functionalized with different
loads of Pd, where the CNT layer is deposited at percolation threshold

Indication Functionalization Resistance (before) Resistance (after)

Pd 1 Palladium 0.2 nm 2.0 kQ 2.0kQ
Palladium 0.5 nm 1.5 kQ 1.9 kQ
Palladium 1.0 nm 1.5 kQ 0.312 kQ

Bare 2.1 kQ 8.9 kQ

Pd 2 Palladium 0.2 nm 4.5kQ 2.7kQ
Palladium 0.5 nm 4.6 kQ 1.9 kQ
Palladium 1.0 nm 5.0kQ 0.447 kQ

Bare 4.3kQ 5.1kQ

Table 5.2: Resistance variation for bare CNT-based gas sensor arrays deposited at
percolation threshold

Indication Functionalization Resistance

Barel Bare 9.05 kQ
Bare 9.56 kQ
Bare 7.64 kQ
Bare 5.69 kQ
Bare2 Bare 10.8 kQ
Bare 8.93 kQ
Bare 7.58 kQ
Bare 8.74 kQ
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Figure 5.4: PCA plots for two CNT-based gas sensor arrays functionalized with Pd at
loads of 0.2 nm, 0.5 nm and 1.0 nm.

obtained for the functionalized sensor arrays introduced above.

e PCA plot for the sensor array represented in fig.5.5b shows separation of NHj,
which should not be the case since all the individual sensors in the array are
supposed to be "identical’. This implies that the difference in the resistance of the

individual sensors can result in separation in the PCA plot, hence gas selectivity

We further investigated the relation between the resistance of the individual sensors
during the successive measurements towards the different test gases and their normalized
response. In order to carry on that kind of investigation, we monitored the resistance
of the individual sensors in the array at the moment before gas exposure at each con-

centration of the different test gases. We will show here only the resistance before the
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Figure 5.5: PCA plots for two bare CNT-based gas sensor arrays sprayed at the percola-
tion threshold.

highest concentration, since we assume that most of the changes that occur during the

measurement is reflected in the last exposure cycle.

Figure 5.6 shows the normalized response of the sensor arrays Pd 1 and Pd 2 as well
as the resistances of the individual sensors at the chosen moments for the different
measurements. It can be clearly observed that the resistance of the bare sensor in Pd 2
is by far higher than the resistance of the other sensors for the measurements with NHj
and ethanol. The normalized response for these two measurements was also higher
than the other two sensors. The resistance of the sensor decreases drastically at the CO
and CO, measurements. Such a behavior could be one of the main reasons of having
inconsistent PCA results from one array to the other. On the other hand, in array Pd 2

the bare sensor had the highest resistance and the highest normalized response as well.
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The variation in the resistance of the CNT thin-film is one common feature when the
layers are deposited at percolation threshold. At such low density the deposited layers
are highly uniform but the resistance is highly sensitive to the number of deposited tubes.
Depositing thicker films could omit such a problem but it would result immediately in
decreasing the sensitivity of the sensor towards all test gases because of the domination
of the metallic tube in that case. This implies that we have to trade-off the sensitivity in

order to stabilize the resistance of the film.

[0}

2 1 . , . - [l o.2

% Pd1 I:|0.5

i o0

§ 05F I Bare

o

£

S 0

z NH3 Ethanol co co2
__10000 —o—02
c 05
8 ——1.0
§ 5000 I —v—Bare
O
o N

0
NH3 Ethanol CO C0O2
Gas
b
5 . _ O oz
§ Pd2 [os
¢ 10
505 I Bare
N
2
£
o 0
z NH3 Ethanol (ef0) Cc02
4

2 210 —o—02
= sl 0.5
g . w110
§ 1r —v— Bare
k7
805
[ang -

O,L

NH3 Ethanol CcO CcO2

(Rac

Figure 5.6: Comparison between two CNT-based gas sensor arrays functionalized with
Pd at loads of 0.2 nm, 0.5 nm and 1.0 nm in terms of the normalized response
towards the different test gases and the resistance of the individual sensors
after the successive measurements.
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5.4.2 CNT Thin-Films at Higher Thicknesses

Increasing the thickness of the sprayed sensors resulted in an average resistance of ~
1 kQ. In order to investigate the stability of the newly fabricated sensor arrays, we
characterized two ’identical’ bare sensor arrays as we did in the last section. Figure 5.7
shows the variation in the resistance during the measurement, the normalized response
of each individual sensor in the array to the four test gases as well as the PCA results. By
taking a closer look at the plots, we can clearly see that the resistance of each individual
sensor is stable from one measurement to the other. Nevertheless, one array (fig.5.7 a and
b ) still shows separation of NH3 and slight separation of ethanol from the other gases.
Such behavior can be attributed to the fact that two sensors has almost the same resistance
which is ~ 1.7 kQ and the other two has a resistance ~ 1.2 kQ. As aforementioned the
change in the resistance of the individual sensors within the sensor array could eventually

result in selectivity towards one or more test gas.

Further increase in the thickness of the CNT layer decreases the chances of obtaining

selective sensor array consists of only bare sensors but also it decreases the sensitivity
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Figure 5.7: Comparison between PCA plots, the normalized response and the resistance
of the individual sensors for two bare CNT-based gas sensor arrays.
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towards all the test gases drastically. Even though, PCA plots (not shown here) for such
high thickness CNT layers does not show any separation or clustering of the data points
and the individual sensor resistances are all ~ 240 Q, the sensitivity of all the individual

sensors towards the four test gases is very low (< 5%).

The entire measurements carried out with the bare sensor arrays are presented in figure 5.8.
The plot represents the relation between the resistance of the individual sensors and their
corresponding normalized response (the mean normalized response of the four test gases).
One can distinguish between three different film thicknesses: percolation threshold layer
(circles), intermediate film thickness (squares) and high film thickness (thombus). At the
percolation threshold, a large variation can be observed in the resistance of the individual
sensors as well as the corresponding normalized response. On the other hand, at the high
film thickness the resistance and the normalized response are highly stable. Nevertheless,
the obtained normalized response is very low towards all test gases, which in some cases
lower than the noise level. The intermediate film thickness is the one more suitable for
the sensor array fabrication. At such thickness the resistance of the film is relatively

stable and the normalized response is sufficient to detect different gases.

5.4.3 Functionalized Sensor Arrays at Optimum Film Thickness

The best compromise between the film stability and the corresponding normalized re-

sponse is achieved by depositing CNT layer at an intermediate thickness as we explained
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Figure 5.8: Relation between the resistance and the normalized response for the bare
CNT sensing element in all the fabricated sensor arrays which are sprayed at
different thicknesses: percolation threshold (circle), intermediate thickness
(square) and high thickness (rhombus).
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previously. We fabricated sensor arrays functionalized with Au, Pd and Cr according
to the new adjusted film thickness. Four sensor arrays functionalized with Au, four
sensor arrays functionalized with Pd and two sensor arrays functionalized with Cr were
produced to check the reproducibility of the adjusted film thickness. Sensor arrays func-
tionalized with the same metals revealed similar behavior in the resistance pattern during
the measurement as well as similar PCA results. The bare sensor in the Au sensor arrays
remains almost stable over all the measurement iterations. The normalized response
show similar pattern in the different arrays as well. PCA plots for the four sensor arrays
functionalized with different loads of Au are shown in fig. 5.9. Au functionalization
enhances greatly the normalized response, especially towards NH3; when compared to the
bare sensor as we discussed in the previous chapter. For the other three gases: ethanol,
CO and CO; the enhancement is not that noticeable as in the case of the NH3. This could
be the explanation for the separation of NHj in the PCA plots from the other test gases

in all the Au functionalized sensor arrays.
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Figure 5.9: PCA plots for four CNT-based gas sensor arrays functionalized with Au. In
each array three sensors are functionalized with loads of 1.0 nm, 1.5 nm and
2.5 nm while the fourth sensor in is kept without functionalization.
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Similarly, the Pd sensor arrays showed consistent and stable results regarding the variation
in the resistance during the successive measurements. The normalized response towards
the test gases and the PCA plots are shown in figure 5.10. The PCA plots of the Pd sensor
array showed all the same tendency in placing the CO, data points in the left part of the
plot followed by CO. While the data points for NH3 and are found to be close to each
other unveiling a bad distinction for these two gases. This agrees with the result obtained
in the last chapter for the Pd functionalized CNT-based gas sensors, which showed the
highest sensitivity towards CO, w.r.t to the other three gases. The fact that Pd sensor
array can separate CO; and CO from NHj and ethanol while Au sensor arrays separate
NH; from the other gases renders these two types of functionalization as promising

candidates for combination in one array as we will show later.

Cr sensor arrays showed as well consistent and stable performance. As shown in
figure 5.11, Cr sensor arrays separated NH3; from the rest of the test gases. PCA
results of Cr sensor arrays were quite similar to the response of the Pd sensor array in

terms of spreading and positioning the data points on the plot. Moreover, Cr (1.0 nm)
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Figure 5.10: PCA plots for four CNT-based gas sensor arrays functionalized with Pd. In
each array three sensors are functionalized with loads of 0.2 nm, 0.5 nm
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5.4 Same Metal, Different Loads

showed superior normalized response towards all gases except for CO,. Having higher
resistance in all the measurements except for CO, could be the reason for such higher
normalized response. It is worth mentioning here that Cr functionalization unveiled a
consistent and interesting feature. The resistance of the CNT network increases after
the functionalization process. Additionally, the higher the functionalization load, the
higher the over all resistance of the network. This implies that Cr interacts completely
different to the surface of the CNTs when compared to Au or Pd functionalization. Such

a property is beneficial when combining different metals in one sensor array.

01| o NH,
= ethanol v
0081 , o
0.06| v CO,
. .
0.04 v R
L [ )
O 0.02 .
O,
n
-0.02} v
[ ) [ ]
L4 . n
0041 5 .
~0.08, g 0.5 ‘ 05 1
- B P
(b)
0.151 . ° NHS
v 4 = gthanol
011 . ¢ CO
v v CO,
0.05 R
(oY)
(6]
o ]
0,
v ¢ n
v | |
-0.05¢ °
® °
Cr3 ° n
-0.1 i i i i
-1 -05 0.5 1

Figure 5.11: PCA plots for two CNT-based gas sensor arrays functionalized with Cr. In
each array three sensors are functionalized with loads of 0.2 nm, 0.5 nm
and 1.0 nm while the fourth sensor is kept without functionalization.
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5.5 Simulation of Virtual Sensor Arrays

Each sensor array fabricated till now consists of four sensors, three are functionalized
with the same metal at different loads and the fourth sensor was always kept bare.
Effectively, these sensor arrays consisted only of two types of sensors, as we assume
that each type of metal functionalization influences the CNT sensor in similar manner,

although the functionalization load might be different.

In step II, we use the data we collected for the entire previously measured sensor in
order to build a virtual sensor array to achieve the optimum combination of metal
functionalization and their corresponding loads that can separate and select between the
four test gases. In order to carry on such a step , we implemented a Matlab program that
simulates the PCA result of the virtual arrays to deliver in a quick and efficient way the

most promising combination.

PCA plots in the previous sections were always two-dimensional because in all the
discussed cases the third principle component almost had no influence on the outcome
result. Applying one type of functionalization results in sensors with correlated results in
the PCA plot, hence most of the information and the variance within the data is only the
first and the second PCs.

Since sensor arrays functionalized with Au, Pd and Cr delivered the most adequate and
diverse results in terms of stability as well as gas separation in the PCA plot, we chose
these three metals for the different combination in the virtual sensor array. After several
simulation iterations and building virtual sensor arrays with only two or three sensors
as well, we found that the best combination consists of an array of four sensors: first
sensor is bare, the second sensor is functionalized with Au (1.5 nm), the third sensor
is functionalized with Pd (0.2 nm) and the fourth sensor is functionalized with Cr (1.0

nm).

The superiority in the normalized response of Au functionalization towards NH3 and
for Pd towards CO, with Cr functionalization resulted in CNT sensor array that can
isolate NH3 in one plane, separate between CO, CO, and ethanol in the other two planes
as shown in fig. 5.12. The data are presented in two different angles to give a better
perspective of the 3D results. The simulated sensor array showed a strong influence
of the second and the third principle components, which resulted in better distinction

between the different gases.
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Figure 5.12: PCA plots for the simulated sensor array functionalized with 1.5 nm of Au,
0.2 nm of Pd, 1.0 nm of Cr and the fourth sensor is bare. The data are
presented in two different angles to give better perspective of the 3D plot.

5.6 Fabrication of the Optimum Sensor Array

5.6.1 Optimum Sensor Array on Silicon

In this step, we spray deposited CNT solution, which has 90% semiconducting tubes
instead of the intrinsic CNT solution (67% semiconducting tubes) that we used in
all the previous experiments. Using a semiconducting solution enabled us to deposit
significantly thick CNT layers far beyond the percolation threshold and obtaining stable
film resistances similar to the values obtained previously (~ 1 k). The higher network
density guarantees higher stability in the resistance, thus boost the reproducibility of the
sensor. For further confirmation on the stability of the used semiconducting solution, we

repeated the common procedure of fabricating one bare sensor array and evaluating its
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performance in terms of the resistance stability, normalized response and PCA results.
The results presented in fig. 5.13 shows the stability in the resistance during the successive
measurements. The normalized response is almost the same for the individual sensors
with each test gas and more importantly no clear distinction between the gases can be
observed in the PCA plot.

After successfully simulating the most promising combination of metal functionalization,
which consists of Au (1.5 nm), Pd (0.2 nm) and Cr (1.0 nm) and a bare sensor, we
fabricated and characterized such CNT sensor array. Three sensor arrays were fabricated:
Array 1, Array 2 and Array 3. Taking a closer look at the results obtained from character-
izing Array 1 in fig. 5.14, we can observe a stable resistance (~ 1 kQ) for the Au, Pd
and bare sensors during the successive measurements. The resistance of the Cr sensor (~

3.5 kQ) was almost stable for the first three measurements and then dropped to almost
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Figure 5.13: Comparison between sensor resistance, normalized response and PCA for
a bare sensor array fabricated with 90% semiconducting CNT solution.
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half of its value at the last measurement. This behavior is consistent with the result
obtained previously for the Cr (1.0 nm) in the Cr sensor array. The PCA plot showed
a clear separation of NH3 data points in one plane, while ethanol, CO and CO; remain
relatively in another plane. Nevertheless, ethanol is clearly separated from CO and CO,,
which are relatively clustered together. By comparing this result to the results obtained
from the simulated sensor array in the last section, we can clearly see the same pattern
and the same behavior for the different data points. Such results are remarkable due to the
fact that the data points used in the simulated version are extracted from measurements
performed in different time periods and at slightly different ambient conditions. This is a

strong evidence for the reproducibility of the sensors fabricated at that resistance range.

The results obtained from Array 2 and Array 3 were almost identical to each other but
relatively different to the results obtained from Array 1 as shown in fig. 5.15 and fig.

5.16 respectively.
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Figure 5.14: (a) The resistances of the individual sensors and their normalized response
towards the four test gases (NH3, ethanol, CO and CO,) for Array 1 which
is functionalized with Au 1.5 nm , Cr 1.0 nm and Pd 0.2 nm. (b) & (c) The
PCA plot for such CNT-based gas sensor array in 2D & 3D respectively.
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In Array 2 and Array 3, the separation between the gases still exists but is not as clear as
it is in the PCA plot of Array 1. The resistances of the individual sensors and its variation
behavior in the three arrays were almost the same during the different measurements.
Taking a closer look at the normalized response plots, we can point out that for Array 2
and Array 3 sensor functionalized with Cr (1.0 nm) had higher normalized response
than Pd (0.2 nm) under the exposure of NH3 and ethanol, which was not the case in
Array 1. Such minor change in the normalized response of one individual sensor affected
directly the separation and clustering of the data points in the PCA plots. Note that in
the previous discussions, we concentrated mainly on the stability of the resistance as
a crucial issue for the outcome of the sensor array. It is important to mention that the
outcome result is highly sensitive as well to any minor error in the lithography process,
which is the first step in the fabrication process. In general, the result of the sensor array
is highly sensitive to any minor changes in the fabrication process, which can be directly

reflected in the response of the sensors as well as the PCA plot.
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Figure 5.15: (a) The resistances of the individual sensors and their normalized response
towards the four test gases (NH3, ethanol, CO and CO,) for Array 2 which
is functionalized with Au 1.5 nm , Cr 1.0 nm and Pd 0.2 nm. (b) & (c) The
PCA plot for such CNT-based gas sensor array in 2D & 3D respectively.
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Figure 5.16: (a) The resistances of the individual sensors and their normalized response
towards the four test gases (NH3, ethanol, CO and CO,;) for Array 3 which
is functionalized with Au 1.5 nm , Cr 1.0 nm and Pd 0.2 nm. (b) & (c) The
PCA plot for such CNT-based gas sensor array in 2D & 3D respectively.

5.6.2 Characterization towards Gas Mixture

Another key aspect for the evaluation of the CN'T-based gas sensor array performance
is investigating its response towards mixture of two test gases simultaneously. Such a
characterization procedure is major step towards realizing CN'T-based gas sensor array in
wide range of applications where the detected analytes consists of different concentration
and of different gases rather than a single pure gas. In order to perform such a step, we
examined the response of the optimum CNT-based gas sensor array, described in the last

section, towards different mixtures of NH3; and CO as well as NH3; and ethanol.

To obtain a systematic and consistent results, we limited this type of characterization
only to the three test gases which has pure N, as a carrier gas (NH3, CO and ethanol).
Moreover, the total concentrations were always 10 ppm, 25 ppm, 50 ppm and 100 ppm
independent from the ratios of the two gases. Before characterizing the sensor array

towards the mixture, we measured first its response towards each gas separately.
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We chose aratios of 1:1, 1:2 and 2:1 between the NH; and ethanol as well as NH3; and CO
for such characterization procedure. Figure 5.17 shows the PCA plot for the CNT-based
gas sensor array towards NH3 and CO as well as the different mixtures between them.
The response towards equal ratios of the two gases lies almost in the middle between
the data points for each gas separately. By increasing the ratio of NH3; w.r.t CO, its data
points tends to move towards the NH3 data points and similarly vice versa. Investigating
the response of the sensor array towards different mixtures between NH3; and ethanol

reveals similar results as shown in figure 5.18.
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Figure 5.17: PCA plot for the a CNT sensor array functionalized with 1.5 nm of Au, 1.0
nm of Cr, 0.2 nm of Pd and a bare sensor under the exposure of NH3, CO
and three mixture between the two gases of ratios (1:1,1:2 and 2:1).
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Figure 5.18: PCA plot for the a CNT sensor array functionalized with 1.5 nm of Au,
1.0 nm of Cr, 0.2 nm of Pd and a bare sensor under the exposure of NHs,
ethanol and three mixture between the two gases of ratios (1:1,1:2 and 2:1).
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5.7 Summary

By achieving a separation between any two gases, the response towards a mixture of
those two gases should lie in the plane between the data points of each gas separately.
Such preliminary results indicate the possibility of identifying not only the type of the

different gases in the mixture but their concentrations as well.

5.6.3 Sensor Array on Kapton

Full utilization of the CN'T-based gas sensor arrays depends on the capability of fabri-
cating such device on flexible substrates. Such a step is very essential towards realizing
CNT-based gas sensor arrays in low cost applications. It is worth mentioning here,
that the substrate and the electrodes in CNT-based gas sensor arrays introduced in the
previous sections are the most expensive component of the total material cost. In addition
to the sensor array fabricated on Si0,/Si substrates, we fabricated CNT-based gas sensor
array on Kapton substrates. As a regular procedure, we fabricated a sensor array, which
consists only of bare CNT layers, to re-examine the stability of the resistance of the
CNT network on Kapton as well. Taking a look at figure 5.19, we can notice that the
PCA plot does not show any separation between the different test gases. The resistances
of the different sensors are almost stable from one measurement to the other. The nor-
malized response of the different sensors towards the different gases is rather low when
compared to its rigid counterpart on SiO,/Si. Note that, the overall fabrication process
and characterization procedure remained largely unchanged, thereby leaving space for
further optimization. We expect that such an optimization process will result in similar

responses between the sensor arrays fabricated on the rigid and the flexible substrates.

We chose Au metal for functionalizing the fabricated CNT sensor array on Kapton, due
to the fact that Au showed clear distinction between NH3 and the other test gases in all
the previous results. The PCA plot of the Au functionalized CNT-based gas sensor array
shows a clear separation of NHj as illustrated in figure 5.20. Furthermore, the resistance
of the different sensors remains almost the same from one measurement to the other. Such
results in principle, shows the possibility of obtaining a selective CN'T-based gas sensor
array fabricated on flexible substrates. Nevertheless, further systematic investigation and

optimization in the fabrication process still needs to be addressed.

5.7 Summary

We reported the complete development of a selective CN'T-based gas sensor array fab-

ricated on rigid as well as flexible substrates. We employed the principle component
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Figure 5.19: (a) The resistances of the individual sensors and their normalized response
towards the four test gases (NH3, ethanol, CO and CO,) for bare sensor
array fabricated on Kapton (b) The PCA plot for such CNT sensor array
does not show any distinction between the different test gases.

analysis method for analyzing the response of such sensor array. Reaching the selec-
tive CNT-based gas sensor array with optimum combinations of the metallic NPs was
done through a developed framework strategy. Such framework took advantage of the
knowledge we gained in the last chapter regarding the performance of the CNT network
functionalized with different metallic NPs. We adopted the concept of building and
simulating CNT virtual sensor arrays depending on the data collected from sensors
with different functionalization at different load. Such step played an important role in

decreasing the development time.

In order to achieve a selective pattern in the PCA plot, we modified the spraying parameter

to obtain a rather thicker layer of the CNT network. Such modification resulted in a
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Figure 5.20: (a) The resistances of the individual sensors and their normalized response
towards the four test gases (NH3, ethanol, CO and CO,) for sensor array
fabricated on Kapton functionalized with different loads of Au (1.0 nm, 1.5
nm and 2.5 nm) (b) The PCA plot for such CNT-based gas sensor array.

small sacrifice in the sensitivity of the sensors. Nevertheless, the achieved sensitivity
remains among the highest reported in literature. Taking into consideration the short
exposure interval used which is only 100 s for all test gases. The best combination of the
metallic functionalization was Au at a load of 1.5 nm, Cr at a load of 1.0 nm and Pd at a
load of 0.2 nm. The fourth sensor was kept bare. Such combination resulted in a clear
distinction between the four test gases (NH3, ethanol, CO and CO,) at an acceptable

response and a stable film resistance.

We took the characterization of CNT-based sensor array one step further where we
investigated its response towards a mixture of two gases simultaneously. The result

showed that the data points of the mixture lie on the plane between the data points of the
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each gas separately.

Finally, we showed the possibility of fabricating selective CNT sensor arrays on flexible
substrates. We used Kapton foil as the substrate to demonstrate such feature. The
fabricated CNT sensor array was functionalized with different loads of Au and it showed

a clear distinction between NH; and the other three gases in the PCA plot.

92



Chapter 6
Impedance Spectroscopy Measurements

In order to fully exploit the full potential of CNT thin-films based gas sensor, a complete
characterization of the performance of the sensor under different conditions is required.
One very common characterization technique on gas sensors in general, yet rarely
performed on CNT gas sensors, is the complex impedance characterization. In this
chapter, we introduce a detailed investigation on the performance of CNT thin films and
CNT networks based gas sensors using the complex impedance spectroscopy within a
frequency range between 20 Hz and 20 MHz. We show that the frequency response of
CNT thin-films is highly dependent on the resistance of the film, thus the film thickness.
We characterized four CNT films with different film thicknesses. By modeling the circuit
to an equivalent circuit, we can show the change that occur to both components of the
impedance (Re(Z) and Im(Z)) with frequency. We investigate the effect of the operating
temperature on the CNT thin-film and its effect on the frequency response. Due to the
fact that the temperature directly affect the resistance of the film, varying the operating

temperature resulted in a shift in the frequency response.

Incorporating such kind of characterization gives more insights and understanding of
the CNT thin-films based gas sensors. we exposed the CNT sensors to two test gases
(NH3 and CO) with different concentrations. The equivalent resistance and capacitance
of the CNT network under different gas concentration were extracted and fitted to a
1*" and 2"? order models. By plotting the nyquist plot of the sensor under different gas
concentrations as well as the behavior of the impedance components with frequency,
we prove that any change that occurs to the film response is only dependent on the film
impedance. The sensitivity of the sensors showed unusual behavior w.r.t the frequency.
Such behavior might suggest a change in the sensing mechanism at certain frequencies.
Finally, the feasibility of obtaining selective CNT gas sensors based on the sensor
recovery characteristics for three different gases (NH3, CO and ethanol) is demonstrated.

We extracted the sensor response and recovery time and fitted the acquired data to the
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logistic growth function for the former and to the exponential decaying function for the

latter.

6.1 Complex Impedance Characterization Overview

Complex impedance characterization or often called impedance spectroscopy (IS) is a
quite common technique used in analyzing and understanding the behavior of electrical
systems, where the overall system behavior is determined by a number of strongly
coupled processes, each proceeding at a different rates [72]. In devices such as chemical
sensors or living cells, the properties of the electrode-material system are assumed to be
time-invariant. The purpose of the complex impedance characterization is to determine
these properties, their interrelations and their dependencies on other different controllable
parameters (temperature, pressure, the applied current or voltage). One common and
standard approach to measure the impedance is by applying a single-frequency electrical
stimulus (a known voltage or current) at the interface (electrode-material) and measuring
the phase shift and amplitude, or real and imaginary parts of the response. Several
commercial instruments are available that perform that approach. The range of the

frequency can be as low as ImHz and reaches up to 2 MHz.

Researchers has applied such technique in investigating the properties of disordered
solids as well as the dependence of their conductance on the frequency for a long
time [122] [123] [124] [125] [126] [127]. The conductivity of such materials shows
frequency independent behavior at low frequencies, till the characteristic frequency w,,
afterwards the conductivity increases to the power of the frequency according to the

power law equation shown in 6.1,
Re{o(w)} a {0’} (6.1)

Typical value of the exponent s is 0.8 [122]. Power law frequency dependent conduc-
tivity has been observed in a wide variety of disordered solids, including amorphous

semiconductors, organic solids, and oxide glasses.

In general, complex impedance spectroscopy is a well-established technique always
used to characterize gas sensors in different configurations [128]. Labidi et al [129]
presented the ac characterization of WO3 sensors under ethanol vapors. The sensing
layer is modeled by a serial association of three parallel RC circuits. Through such
model, they showed that grains and the grain boundaries are the main involvement in

detecting ethanol vapor for these kind of sensors. Weimar et al [130] performed ac
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measurement as well on tin oxide gas sensor. Performing these measurements lead them
to detailed understanding of the sensing layer conduction mechanism. They showed
as well enhancement in the sensitivity of the sensor and selectivity can be achieved by

monitoring ac conductance for different gas components at specific frequencies.

Although the necessity of applying such characterization technique on CNT material
and CNT based devices, it is rarely performed. The main focus of the reported literature
was on the electrical behavior of the CNT layer at different frequencies, while other few

studies investigated the same behavior but for CNT based gas sensors.

Kilbride et al [131] studied the electrical properties of two composite systems
formed from a conjugated polymer poly(m-phenylenevinylene-co-2,5dioctyloxy-p-
phenylenevinylene) (PmPV and a nonconjugated polymer PVA, both filled with vari-
ous concentrations of multiwalled nanotubes. They showed a frequency independent
conductivity (o,) up to a critical frequency w,, followed by a region of increasing con-
ductivity. Similarly, Barrau et al [132] showed the same behavior for the conductivity
with the frequency for CNTs-polyepoxy composites. Khattari et al [133] investigated
the dielectric behavior of polymethyl methacrylate/multi-walled carbon nanocomposites
(PMMA/MWCNTsS) using IS technique. The study was performed in the frequency
range 10-10° Hz in a temperature range 30-110 °C at different content of MWCNTs.
They showed that the general behavior of the film impedance is similar to the impedance
of RC circuit in parallel and this was explained to be due to the presence of charge polar-
ization. The same group reported [134] similar behavior for CNT/ABS nanocomposites

as well.

Another few studies focused on the characterization of CN'T-based gas sensors. Varghese
et al [44] studied the gas sensing behavior of both capacitance and resistance gas sensors
employing MWCNTs. The cole-cole plots for both types of sensors showed semicircles,
which is the behavior of parallel RC circuit. Hefaiedh et al. [70] presented a MWCNTs
based gas sensor for the detection of volatile organic compounds. They performed
impedance characterization for the fabricated sensors at a resistance value of the 4192
Q. The film showed resistive behavior till 100 KHz. They demonstrated as well the
possibility of obtaining selective sensors between different organic compounds based on

the response time towards each compound.

In this chapter, we employ impedance spectroscopy to characterize CNT thin-films
and CNT-based gas sensors with the range 20 Hz-2 MHz. The frequency behavior
of CNT thin-films showed high dependence on the initial resistance of the film. We

show that any change occur in the resistance of the film due to different operating
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temperature or adsorption of gas results immediately in shift in the film cut-off frequency
(f.). Additionally, by analyzing the sensitivity of the CNT-based gas sensors with the
frequency upon the exposure to NHz and CO, large variation in the response is observed.
Finally, we show the possibility of achieving a selective CN'T-based gas sensor that
partially discriminate between NHj3, ethanol and CO, by extracting the recovery time (7)

for each gas at different frequencies.

6.2 Materials and Methods

6.2.1 Fabrication Process

Spray deposition of CNT films reported in this chapter is performed using an air-
atomizing nozzle. For our automated spray system, an industrial air atomizing spray
valve (Nordson EFD, USA) is used in combination with an overhead motion platform
(Precision Valve and Automation, USA). The calibration of the spray parameters is based
on an approach mentioned previously for the fabrication of the CNT thin-films and CNT-
based gas sensors. High molecular weight cellulose derivative, sodium carboxymethyl
cellulose (CMC), is used to dissolve CNTs in aqueous solution. The solution preparation
method is the same as we mentioned in the last chapters. After preparing the solution
with CNT and CMC it is sonicated using a probe sonicator for 20 minutes and then

centrifuged for 90 minutes afterward it is ready for deposition.

Si wafer with 200 nm of thermally grown Si0O; are used as substrates. An inter-digitated
electrode structure (IDES), with 100 um spacing, consisting of a Snm thick Cr layer
followed by a 40 nm Au layer is evaporated on top of the SiO,. The aqueous CNT
dispersion is spray deposited to form a transparent conductive film onto the IDES
structure. Post-deposition treatment is required to remove the majority of dispersant.
For this purpose samples are immersed in 4M HNOj; solutions for > 12 hours and
subsequently dried in air. Note that all steps involved in the CNT film fabrication are

performed entirely in ambient conditions.

6.2.2 Characterization Procedure

Agilent E4980A precision LCR meter was used for the complex impedance characteri-
zation in the frequency range between 20 Hz and 2 MHz. The measurement procedure
works as follow; we apply an input signal (current) at the required frequency and we mea-

sure the output voltage, with the help of the developed Labview program we can calculate
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the different components of the impedance. Two different measurement protocols were
performed for characterizing CNT thin-films and CNT-based gas sensors. The former
protocol is performed by changing the frequency every 5 seconds and calculating the
resistance and the reactance at each frequency. The latter is performed in four different
stages, where at each stage we keep the gas concentration constant and we change the
frequency after each exposure cycle. Each gas is measured at four concentration, hence
the 4 different stages. Due the fact that one gas exposure cycle takes up to 1000 s, the
latter protocol can last for almost 4 h for each gas concentration. Data modeling and data

analysis is performed with the aid of an implemented Matlab code.

6.3 Complex Impedance Characterization Framework

We developed a certain framework for proceeding with the impedance characterization
of the CNT layers. The working strategy is divided into two main steps as shown in fig.
6.1. The first step is characterizing the behavior of the CNT thin-film without any gas
exposure. Such step includes fabricating CNT thin-films with different thicknesses as
well as characterizing the performance of the film at different operating temperature as
well. The aim from such step is to know in advance the behavior of the CNT network
under different frequencies and to separate such behavior from the effect of the test
gas, which will be involved in the following step. The second step is investigating the
performance of the CNT based gas sensor under the exposure of the test gas within a
certain frequency range. Before sweeping the frequency, we characterized CNT gas
sensor at a single frequency in order to measure the normalized response due to the
change in the reactance. It served also in building the equivalent circuit for the CNT
network later on, since such step will show whether CNT sensors have capacitive or
inductive response. The frequency is swept between 20 Hz-2 MHz, we monitored the
change in Re(Z), Im(Z) as well as the normalized response with the frequency. By
measuring such components, we can quantify the behavior of the CNT based gas sensors

under different frequencies.

6.4 CNT Thin-Films Resistive Networks

Complex impedance characteristics are highly dependent on the resistance of the film.
One main parameter that define the frequency dependence of the film is the fall off
frequency (f.), which is defined as the frequency where Re(Z) drops by 3 dB below the
DC value in the log scale and corresponds to the maximum value of Im(Z). Figure 6.2

shows the frequency dependence of Re(Z) of four different films with resistances 100
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Step I: Characterization of CNT thin- Step II: Characterization of CNT based
films gas sensors
Film characterization at Re(Z) & Im(Z) variation with
different thicknesses frequency

Sensitivity variation with
frequency

v

Film characterization at Sensor recovery time at
different temperatures different frequencies

Figure 6.1: A chart shows the two steps for the complex impedance characterization
framework

kQ, 20 kQ, 3.5 kQ and 0.7 k€. By taking a closer look at the curve, we can notice
that fc shifts towards lower values by increasing the resistance of the CNT film. The
experimental data are modeled by an equivalent circuit, which consists of a resistor (R)

and capacitor (C) in parallel. According to the 1st order model used we can write the
Re(Z) and Im(Z) as follows,

R

Re(Z) = ———
ez 1 + (WRC)?

(6.2)

S1 (~100 KQ)
S2 (~20 KQ)
S3 (~3.5 KQ)
S4 (~700 Q)

o o <

15! Order Model Fit

Real (Q)

Figure 6.2: The relation between Re(Z) and frequency for different sensors with different
resistances.
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R*wC
Im(Z) = ———— (6.3)
1+ (wRC)
therefore, we can deduct f. to be,
1
Jfe (6.4)

"~ 27VRC

We can notice that f, is inversely proportional to both the resistance (R) and the ca-
pacitance (C) of the network. Using the intrinsic CNT networks, which is two third
semiconducting and one third metallic, increasing the film thickness results in more
dominance of the metallic nanotubes and increase in the number of junctions as well.
The former results in decreasing the total resistance of the film while the latter results
in increasing the total capacitance of the film. Taking into consideration the increase
that occur to f. by decreasing the film resistance, implies that the change that occur
in the resistance by spraying thicker films is higher than the change that occur in the
capacitance. Thus, the effect of the resistance is more dominant on the shifting that
occurs to f.. Furthermore, the dependence of the temperature on the complex impedance
characteristics of the CNT network is investigated. Figure6.3 shows the Nyquist plot of a
CNT network with an initial resistance ~ 2 k€2 measured at temperatures of 25 °C, 40 °C,
60 °C, 80 °C and 100 °C. The increase in temperature results in semi-circles with smaller
radii in the Nyquist plot. It results in a shift in f, as well. This can be explained due to
the effect of the temperature on the resistance of the film. The higher the temperature,

the lower the resistance of the film, hence the shift in f,.

2000

—v—25°C

—A—40°C
60 °C
80 °C

—6—100°C

1500+

1000

—Ilmaginary (Q)

500}

i i i i poly BN
0 500 1000 1500 2000 2500 3000 3500 4000
Real (22)

0

Figure 6.3: Nyquist plot for CNT thin-film at different temperatures in a frequency range
between 20 Hz and 2 MHz.
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6.5 CNT Thin-Films Based Gas Sensors

As a first step to investigate the behavior of the CNT based gas sensor with a frequency
range, we characterized the sensor at single frequency. We choose an excitation signal
with a frequency of 1 KHz. By introducing the frequency as a new parameter we can
monitor not only the change in the resistance but the change in the reactance as well.
Figure shows the result obtained from such characterization in (a), we obtain the normal
behavior of the CNT gas sensor when exposed to different concentration of NH;. In
(b), the reactance of the sensor decreases upon gas exposure, this indicates a capacitive
behavior of the CNT network. The main figure of merit used to evaluate the sensor
performance is the normalized response, defined previously in equation 4.1. By plotting
the normalized response due to the change in reactance (circle), we can achieve a sensor
sensitivity up to 180% , which we consider as a remarkable value. The sensitivity
due to the change in the resistance (square) was up to 50%, which is consistent to the
values we reported in the previous chapters for the sensitivity of bare CNT-based gas
sensor towards NH3. After investigating the behavior of the CNT gas sensor at a certain
frequency, we then swept the frequency from 20 Hz to 2 MHz and monitored the change
in the real and imaginary components of the impedance. Figure 6.5 presents the Nyquist
plot of CNT based gas sensors with an initial resistance of ~ 20 k€ when exposed to
different concentrations of NH3 (10 ppm, 25 ppm, 50 ppm, 100 ppm). Each data point
corresponds to the final value of the resistance (Ry) at the end of the exposure cycle.
The experimental data are modeled with the 1°¢ order system (red curve) mentioned
earlier. Additionally, we modeled the experimental data also with an equivalent circuit,
which includes a parallel connection of a resistor (R;) and a capacitor (C;) in series
with another parallel connection of a resistor (R,) and a capacitor (C;). The second
order system (black curve), models the resistance and the capacitance of the bundle as
well as the junction connection of the CNTs. The value of the resistance is in general
directly proportional to the concentration of NH; and that explains the increase in the
semi circles radii in the Nyquist plot by increasing the concentration of the gas. As
mentioned previously, the change in the film resistance corresponds immediately to a
shift in the fall off frequency. Figure 6.7 shows the shift that occur to f,. with respect to
Im(Z) (a) and Re(Z) (b). The fall off frequency shifts from 9.2 KHz in the case of 0 ppm
concentration to 5.3 KHz in the case of 100 ppm concentration. The fall off frequency is
equivalent to the maximum point in the Im(Z). This value is shifted by the same amount

as Re(Z) by changing the concentration of the NHj3.
By plotting the normalized response, due to the change in the Re(Z) in that case, as
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Figure 6.4: Characterization of the CNT gas sensor when exposed to different concen-
tration of NH3 at 1 KHz. (a) The change of resistance during the different
exposure cycles. (b) The change in reactance during the different exposure
cycles. (c) The sensitivity due the change in resistance (square) and due to

the change in reactance (circle) with different concentrations of NH;.
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Figure 6.5: The relation between Im(Z) (a) and Re(Z) (b) with the frequency at different
concentrations of NHs.
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Figure 6.6: The relation between Im(Z) (a) and Re(Z) (b) with the frequency at different
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shown in fig. 6.6 we can identify three critical frequencies which are 20 Hz, 7 KHz and
35 KHz. The first point corresponds to the sensor-normalized response at DC, which
does not change till the frequency reaches 1 KHz. This shows the resistive behavior of the
film till it reaches f.. Afterwards the normalized response began to decrease dramatically.
The second point when the normalized response is almost zero and this occurs at the
same frequency for all concentrations. The third point is when the normalized response
reaches its maximum in the negative part. This suggests that at a certain frequency range
(7 KHz-35 KHz) the sensing mechanism of the CNT film is reversed towards NH3. This
frequency point is also the same for all gas concentrations. We hypothesize that these
points are dependent on the resistance of the CNT network (film thickness) and not
dependent on the gas exposure or its concentration. In order to prove this hypothesis, we
setup two different experiments. The first one is characterizing the same sensor with a
different gas. Thus, we exposed the CNT sensor to CO with concentrations of 5 ppm, 10
ppm , 25 ppm, 50 ppm. By taking a closer look at the results obtained shown in fig. 6.8,
we can observe that the critical frequency points occurs again at 20 Hz, 7KHz and 35
KHz as well. It’s worth mentioning here that the used equivalent circuit doesn’t fit exactly
at the high concentrations of CO. This could be due to the fact that the CNT sensitivity
towards CO saturates faster than the case towards NH;. Such saturation behavior is
not included in the model used. More complicated equivalent circuit can include such
behavior towards CO. The second experiment was exposing another CNT gas sensor,
which has lower resistance (~ 1.5 kQ), to the same concentrations of NH3. The result
obtained is illustrated in fig. 6.9. Increasing the film thickness results in increasing the
number of metallic pathways. This explains the decrease that occurs in the sensitivity at
20 Hz. The critical frequency points are shifted to higher values when compared to the
results obtained with the other sensor under the exposure of NH3 and CO. These results
validate our hypothesis that the frequency response of the CNT based gas sensor is not
dependent on the concentration or the nature of the test gas but rather on the thickness
and the resistance of the film itself. The shift that occurs in the frequency points can be

also correlated to the shift that occurs to the f. due to the change in the film thickness.

6.6 Sensor Response and Recovery Characteristics

Another criterion for characterizing CNT based gas sensors is by extracting the recovery
and response times with different gases at different frequencies. This kind of characteri-
zation gives more insight on the speed of the sensor as well as its transient behavior [71].
Figure 6.10 shows the characteristic time constant for a CNT sensor, which has an initial

resistance ~ 2 kQ, versus the frequency. The characteristic time constant is calculated by
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Figure 6.9: Plot of the extracted time constant (t) with frequency for NH5 (circle), CO
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fitting the data acquired during the passive recovery to the exponential decay function
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Figure 6.10: Plot of the extracted time constant (t) with frequency for NH3 (circle), CO
(square) and ethanol (triangle) at three different frequencies 100 Hz, 1 KHz
and 10 KHz.

shown below in equation 6.5,

frewvery(t) = ae? +b (6.5)

The concentration of the three test gases was kept at 50 ppm at the different frequencies.
At 10 KHz, there is a clear difference in the recovery time of the sensor to the different
gases. Although the results obtained show the possibility of gas selectivity at a certain
frequency, the results is not reproducible. By repeating this type of characterization on
another CNT sensor, which has a similar film resistance and produced with the same

fabrication process. The results obtained are illustrated in fig. 6.11. This time at 10
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i i J
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Figure 6.11: Plot of the extracted time constant (t) with frequency for NH3 (circle), CO

(square) and ethanol (triangle) in a frequency range between 1kHz and 10
KHz.
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Figure 6.12: Plot of the extracted response time with frequency for NHs (circle), CO
(square) and ethanol (triangle) in a frequency range between 1 KHz and 10
KHz.

KHz no clear distinction can be observed between the different gases, only NHs can
be separated from the other two gases. Moreover, in fig 6.10, the recovery time from
CO was the shortest while it was the longest with ethanol. In fig. 6.11, recovering from
NH; was the fastest while the longest time was still needed to recover from ethanol at all
frequencies. Such type of characterization is highly sensitive to the environment and the
change in the ambient conditions. This could be the main reason for the change in the
behavior from one sensor to the other. Similarly, we investigated the response time for
CNT gas sensors at different frequencies. The data acquired during the 100 seconds of

exposure are fitted to the logistic growth function defined below in equation 6.6,

Jresponse(t) = - < +b (6.6)
I+e~
The results obtained are presented in fig. 6.12. The response time towards CO was
the shortest and it was separated from NHj3 and ethanol at all frequencies, which gives
the possibility of selecting CO by such type of characterization. By repeating the
measurement, it was difficult to obtain the same result due to the same reason mentioned
before, which is the high sensitivity of such type of characterization to the change in the
environmental condition. Achieving selectivity based on the recovery or response time
of the sensor to the different test gases is possible under the condition of guaranteeing

the same ambient condition each time the measurement is held.
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6.7 Summary

We reported on the full characterization of CNT thin-films and CNT based gas sensor
using impedance spectroscopy within the range 20 Hz- 2MHz. The frequency response
of CNT thin-films showed clear dependence on the film resistance, hence the film
thickness. We presented as well the Nyquist plot for the CNT films under different
temperatures, which varied from one temperature to the other due the change introduced
in the resistance of the film under different temperatures. Under the exposure of different
concentrations of NHj3, the normalized response of the CNT based gas sensor showed
large variation with frequency. The same behavior is obtained when the CNT gas sensor
is exposed to CO. We reported as well a remarkable change in the normalized response
due the change in the reactance that reached 180 % when the sensor exposed to 100
ppm of NHj3. Finally, we showed the possibility of obtaining selective CNT based gas
sensors between NH3, CO and ethanol, by extracting the recovery time (1) for each gas

at different frequencies.
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Chapter 7
Conclusion and Outlook

In this thesis, we began by giving an overview on the gas sensors technology development
in general. In that context, we highlighted the three common technologies employed for
manufacturing gas sensors based on electrical variation, metal oxide semiconducting,
polymers and carbon nanotubes. We compared between the three technologies based on
a certain evaluation criteria, sensitivity, selectivity, response time, energy consumption,
reversibility, adsorptive capacity and fabrication cost. We focused further on the CNT
technology. We introduced different common techniques for depositing CNT thin-
films, vacuum filtration, spin-coating, dip-coating and spray-coating. The comparison
between the different techniques was performed according to the criteria, scalability,
film-roughness, thickness control, substrate choice and material usage. In order to tackle
the selectivity problem, we divided the common approaches for solving such a problem
into two categories; fabrication approach and characterization approach. We defined
the different methods that can be used in each approach. We compared as well between
these different methods according to the criteria, accuracy, total cost, life time and

practicality.

We demonstrated the fabrication of high quality CNT thin-films through a reliable,
scalable and reproducible spray deposition technique. We investigated the effect of using
two dispersive agents, CMC and SDS, in preparing CNT solution on the performance of
the deposited layer. The fabricated CN'T-thin films were spray deposited on glass as well
as plastic substrates. Additionally, we introduced transfer printing process for depositing
CNT thin-films on flexible substrates. We compared the performance of the CNT layer
before and after he transfer printing process. We achieved similar quality in temrs of
raman spectrum, electrical measurement, surface morphology and optical transmission
measurements. Independent from the employed substrate or the deposition technique,
we were able to report CNT thin-films with quality comparable to the state-of the-art

reported in literature.
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After optimizing the spray deposition technique for fabricating high performance CNT
thin-films, we employed such technique for producing CNT-based gas sensors with
exceptional as well as immediate response towards various test gases, NH3, ethanol, CO
and CO,. We presented as well CN'T-based gas sensors functionalized with metallic
NPs. Metallic NPs functionalization alter the performance of the gas sensor towards the
different gas analytes in a certain degree. This enhance the sensitivity of the gas sensor
as well as enabling the differentiation between the different gases. Metallic Nps such as
Au, Ag and Pd were deposited by thermal evaporation process where the evaporation
rate, the adjusted load and the target substrate plays an important role in the size and the
shape of the formed NPs. the We reported a sensitivity as high as 92 % for CN'T-based
gas sensor functionalized with 1.5 nm of Au under the exposure of 100 ppm of NHj.
Under the exposure of 5000 ppm of CO,, CNT-based gas sensors functionalized with 0.5
nm of Pd reach sensitivity as high as 17%. We examined as well the interaction between
the different types of NPs and the CNT layer. In that context, we investigated the changes
occur to the optical properties of the CNT layer after the deposition of the metallic NPs.
We showed that Au and Ag functionalization introduces SP on the CNT surface, where
the frequency of the SP is dependent on the nominal thickness of the deposited metal as
well as the size of the formed NP. Moreover, we showed the change occurs in the work

function of the CNT layer upon the deposition of different loads of Au NPs.

The development of selective CNT-based gas sensor array on rigid and flexible substrates
was successfully demonstrated. Different metal NPs functionalization was utilized to alter
the performance of the different sensing element in the sensor array. The development
process was based on a proposed strategy framework which take advantage of the
knowledge gained by functionalizing single CNT-based gas sensors. The strategy relies
on building and simulating virtual sensor arrays in order to decrease the total development
time. The optimized CNT based gas sensor array composed of four sensing elements,
where one is kept bare and the other three are functionalized with 1.5 nm of Au, 0.2 nm of
Pd and 1.0 nm of Cr respectively. Such a combination was able to discriminate between
NH3, ethanol, CO and CO,. Moreover, we showed the response of the CNT-based gas
sensor array under the exposure of mixture of two gases, NH3, ethanol and NHj3, CO.
The response towards equal ratios of the two test gases lies almost in the middle between
data points of each gas separately. Such preliminary results indicate the possibility of
identifying not only the concentration of the mixture but also the concentration of the
different gases in the mixture. By fabricating CNT-based as sensor array on flexible
substrate (Kapton), where the sensing elements were functionalized with different loads

of Au, we were able to differentiate between th NHj3 and the other 3 test gases.
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Finally, we discussed the possibility of achieving selective behavior from the CNT-based
gas sensors by characterizing the response towards different gases at different frequencies.
In that context, we introduced complex impedance characterization technique, where we
characterized CNT thin-films and CNT-based gas sensors in a frequency range 20Hz-
2MHz. We show that the frequency response of CNT thin-films is highly dependent on
the resistance of the film, thus the film thickness. Regarding CNT-based gas sensors,
sensitivity showed an unusual behavior with frequency. Such behavior suggest a change
in the sensing mechanism of the CNT layer at the different frequencies. we prove that
any change occur in the sensor response is dependent on the initial impedance of the
films rather than the nature of the test gas. Moreover, by extracting the recovery time for
the gas sensor towards different test gases at different frequencies, we can categorize the

different gases into pre-defined classes.

The performance of CNT thin-films produced in this work is acceptable to be utilized as
transparent electrodes but in order to substitute the existing electrodes dominating the
marker, ITO, higher performance should be achieved in terms of sheet resistance, optical
transmission and surface roughness. Employing thicker plastic substrates that is capable
to sustain higher temperatures could result in better performance in the transfer printing
process. Additionally, by depending on structured PDMS in the transfer printing process

patterned structure of CNT layers could be achieved.

Commercialization of CN'T-based gas sensors still requires further development and
optimization in the realization of the sensor array. For instance, employing sputtering or
e-beam deposition techniques for the functionalization process could result in more stable
devices and better control of the NPs sizes can be achieved. We presented CNT-based gas
sensor array which consists of four different sensing elements. Nevertheless, realizing
sensor arrays based on higher number of sensing elements (8,16,32) will result in better
discrimination between the various test gases. Studying the interaction between each
kind of metal and the CNT layer is essential to enhance the selectivty of the whole sensor
array. Employing other kind of functionalization (polymers) besides metallic NPs could

result better discrimination as well.

Complex impedance characterization is an essential step to understand the behavior of
the CNT thin-films not only the CNT- based gas sensor. In that context, performing such
advanced characterization of different kinds of CNTs could deliver better interpretation
for the performance of each kind under different conditions. Further investigation on the
behavior of the CNT-based gas sensors under different frequency ranges paves the way

for development and evaluation of different approaches for selectivity enhancement. One
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Chapter 7 Conclusion and Outlook

possibility is characterizing CNT-based gas sensors at very low frequency range («Hz),
such step will give more insights on the transient behavior of the gas sensor. Utilizing
more complex equivalent circuits could result as well in better understanding of the
sensing mechanism of the CNT layer under different frequencies. Figure 7.1 summarizes

our vision for the future outlook of the work presented here.

[ )

» Further process optimization

~
[ CNT Thin-Films » Employing higher quality plastic
) substrates

o )

K Employ other techniques for the \
functionalization process

\
» Utilize higher number of sensing
CNT-based Gas Sensors elements in the sensor array

Functionalization of polymers
besides metallic NPs /

.

A

Characterization of different CNT\

kinds
\ . . .
Advanced Characterization * Impedance characterization in
Techniques pHz range.
J
* Model by more complex

K equivalent circuits j

Figure 7.1: Chart summarizes the future outlook for the work presented here.
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Appendix A

Transfer Process Recipe

A.1 Materials/Equipments

CNT thin-film deposited on glass (original substrate), plastic substrate (target substrate),
Polydimethylsiloxane (PDMS), DI-Water, glass rod, hot Plate

A.2 Substrate Preparation
e 2.5x2.5 cm plastic substrate (e.g. PVC, PET, Kapton).
e (Clean substrate with Isopropanol for 10 min in ultrasonic cleaner.

e Substrate is placed in 1wt% 3-Aminopropyltriethoxysilan (APTES) solution in
isoprpanol for 15 minutes. APTES solution should be stirred for couple of minutes

before placing the substrates.

A.3 Process Steps
e Cut PDMS into pieces of size nearly equal to the plastic substrate

o Stick PDMS piece very carefully over the CNT thin-film deposited on glass. (Glass

rod could be gently used to remove any bubble at the interface)
o Place the stack of glass substrate and PDMS in DI-Water for 1 min.

e Take out the sample from water and carefully remove the PDMS layer which now
contains the CNT thin-film.

e Slowly blow the PDMS layer with nitrogen to dry it.

e Adjust the hot plate at 65° C



Appendix A Transfer Process Recipe

Carefully stick the PDMS layer on the plastic substrate. Make sure of removing all
the bubbles that might occur.

Place the stack of the PDMS layer and the target substrate on the hot plate, then

covered witha small glass baker and leave it on the hot plate for 5 minutes.

Remove the PDMS layer very carefully from the substrate.

Film is transferred to plastic and ready for doping or any further processing steps.
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Appendix B

Gas Measurement Setup

Gas Flow Control
Gas-In Gas Chamber Gas-Out
Gas 1 DUT 3
MFC1
N N AN A N
Gas 2 S1| S2| S3| S4
E— MFC2
Y V V N
Carrier Gas
MFC3 MUX Module A B
Keithley 2770 A A
N .
Sensor Array Keithley 2602A
eI Temperature Control

N

LabView Software |_

Automated
Measurement P2

Figure B.1: A chart summarizes the measurement setup utilized to characterize gas
sensors developed in this work



Appendix B Gas Measurement Setup
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Appendix C

Principle Component Analysis

PCA is the expression of the data in a different basis in order to allow representing them
graphically. This means searching for a transformation matrix P which converts the m X n

data matrix X according to equation C.1
Y =PX (C.1)

Y is the data matrix X expressed in the new basis. The new basis are set of orthogonal
vectors that represent the data along the dimensions where it is most widely spread.
In order to achieve this requirement we have to calculate the C which is obtained by

equation C.2
1
C=-AA" (C.2)
n

For an m X n matrix A in which m is the number of taken measurements and 7 is the
number of samples (in our case the number of sensors), the covariance matrix is a
symmetrical matrix with the dimension n. Its diagonal elements represent the variances
of each column of A, which display how wide the values are spread. The non diagonal
elements stand for the covariances of the single columns (here sensors) between each
other, showing how their values correlate. In order to maximize the variance for each
dimension of the new basis and minimize the correlation, the non-diagonal elements
of Cy should be zero, which means that the covariance matrix Cy has to be a diagonal
matrix as shown in equation C.3.

Cy=D (C.3)



Appendix C Principle Component Analysis

We use equation C.2 to relate the conversion matrix Cy to the raw data X.

1
Cy=-YY’
n

Lexyex)”
n

1

= —PXX"P’ (C4)
n

1
= P(-XX"P)X”"
n
Cy = PCy X"

In order to have a matrix P in a way that Cy is a diagonal matrix, Cxshould be an eigen-
vector matrix, where the n Eigen vectors are the principle components. The variances
of the raw data in the new basis is expressed by the eigenvalues of the matrix Cy , so to
select only the principle components with the biggest variance, their eigenvalues have
to be arranged in decreasing order. These are the steps to determine the transformation
matrix P and the data can now be transformed in the new basis according to equation C.1.
Reduction of dimensions is performed by eliminating the principle components with the

least influence (i.e the smallest variance).
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