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ABSTRACT 

As a one dimensional material, a Single-walled Carbon Nanotube (SWNT) is made of 

a rolled up graphene sheet. With a diameter of 1~2 nm, the SWNTs exhibit many unique 

properties, such as high aspect ratios, ballistic carrier transport, high mechanical strength 

and thermal stability. These properties enable SWNTs to have superior performances in 

various applications including electronics and sensors. SWNT based sensors are 

extremely sensitive to slight electrostatic changes in their environment and have a fast 

response where conductance of an SWNT is observed to change in less than 2 sec upon 

exposure. In addition, SWNT sensors have size advantage over traditional sensors. Hence, 

SWNTs have been widely explored as active sensing elements for chemical and 

biomolecule detection. 

Despite high sensitivities observed from nanotube sensors, one drawback is their lack 

of selectivity. The conductance of SWNTs is susceptible to many gas molecules in air, 

including oxygen and moisture which are abundantly present in the ambient environment. 

Due to this nonspecificity, the presence of any type of gas vapors can possibly interfere 

with the induced signals from the target gas vapors and hence reduce S/N ratio during 

detection. To minimize the effects of undesirable interference signals from the 

environment, several functionalization methods have been developed to customize the 

affinities of SWNTs to specific targets, including metal nano particles, conducting 

polymers and biomolecules. 

The objective of this thesis is to utilize SWNTs in environmental applications. The 

proposed research topics include: investigating the sensing characteristics of RNA 

oligomers on carbon nanotubes; analyzing the sensing characteristics of DNA with 



different sequence lengths on carbon nanotubes; integration of DNA decorated SWNTs 

onto CMOS chip for toxic and explosive gas monitoring; building nanosensor array based 

on multi-functionalized SWNTs for air quality monitoring and exploring the sensing 

mechanism of DNA decorated SWNTs; integration of SWNTs inside microfluidic 

channels for water quality monitoring. The essential procedures are composed of device 

fabrication (post CMOS and zincation process for CMOS chip; photolithography for 

silicon chip), SWNTs assembly, functionalization of SWNTs by DNA or RNA molecules, 

building setup for signal acquisition and processing and the measurement of sensing 

response to gases and liquids. These investigations will pave the way toward remote-

controlled sensing arrays made of functionalized SWNTs for air and water quality 

monitoring. Finally a nanotube based electronic device embedded in flexible and 

stretchable polymer thin films is demonstrated which shows great potential to encapsulate 

SWNT based sensors inside flexible and stretchable substrates for structural health 

monitoring. 
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CHAPTER 1                       
INTRODUCTION 

 

 

In the past few years, carbon nanotubes (CNTs) have attracted intensive interests from researchers in 

a wide variety of scientific fields. As a one dimensional nanomaterial, carbon nanotubes exhibit 

remarkable mechanical strength, unique electrical properties and efficient thermal conductivity. These 

inherent properties of CNTs, together with their high aspect ratio, miniature size and ability to be 

incorporated onto electronic devices, make them potentially useful in many applications including 

nanotechnology, electronics, optics and sensors. Here, I will mainly focus on the sensing applications of 

CNTs; especially carbon nanotube based chemical sensors and biosensors. In this chapter, the historical 

background, the synthesis methods of CNTs as well as their unique properties will be described. Based on 

those properties, various types of CNT sensors that have been developed will be introduced in the 

following paragraph. One drawback of SWNTs in gas sensing and biosensing applications is the lack of 

selectivity due to nonspecific binding. Biomolecules, such as DNA, are utilized to enhance the surface 

affinities of SWNTs to certain molecules. The interactions between DNA and CNTs as well as their 

sensing applications are introduced. Then the motivation and outlines of this thesis are introduced. 
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1.1 INTRODUCTION TO CARBON NANOTUBES 

1.1.1 THE HISTORY OF CARBON NANOTUBES 

Carbon Nanotubes was first discovered by Sumio Iijima by high resolution transmission electron 

microscopy in 1991, while he was studying the byproducts of fullerenes synthesized by arc discharge 

method. The so called multiwalled carbon nanotubes (MWNTs) were imaged as shown in Figure 1.1 [1]. 

Prior to that, the existence of carbon nanotubes (tubular fullerene) has been predicted by Smalley and 

Dresselhaus in 1990 and 1991, respectively [2, 3]. In 1993, Iijima and Ichihashi at NEC [4] and Bethune 

et. al. at IBM [5] simultaneously and independently reported SWNTs. These carbon nanotubes with a 

single atomic layer were synthesized in an arc discharge chamber as MWNTs but with a small piece of 

catalyst coevaporated with carbon. The observed diameter of SWNTs was about 1.2 nm. Following these 

pioneering discoveries, carbon nanotubes have been the leading research area in nanotechnology and 

significant amount of papers about carbon nanotubes were published.  

 

              

 

 

 

 

 

 

 

Fig. 1.1: (a) Transmission electron micrographs (TEM) of Multiwalled carbon nanotubes observed by 
Iijima in 1991[1]. (b) TEM image of one single-walled carbon nanotube [5]. 

 

 

(a)  (b)
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1.1.2 GROWTH METHODS 

Nowadays, MWNTs are prepared in large quantities by the chemical vapor deposition process. 

SWNTs can be prepared in reasonably high yields by Arc-discharge, Laser Ablation and Chemical Vapor 

Deposition. The first two methods require high temperature (close to the melting temperature of graphite, 

3000 ºC - 4000 ºC) to generate carbon atoms evaporated from solid carbon sources. Experimental setup of 

these three growth methods can be illustrated in Figure 1.2 [6]. 

 

Fig. 1.2: Schematic illustration of the growth setup for carbon nanotubes. a) Arc-discharge. b) Laser 
ablation. c) Chemical vapor deposition [6]. 

 

In Arc-discharge, plasma of helium gas is generated by current passing through the carbon anode and 

cathode which evaporate carbon atoms. This method can fabricate high quality multi-walled carbon 

nanotubes as well as single-walled carbon nanotubes. The key parameters are the inert gas pressure inside 

the chamber and the arcing current [7]. Smalley and coworkers utilized laser ablation (laser oven) to grow 
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high quality SWNTs at 1-10 scale [8]. A carbon target containing 0.5 atomic percent of nickel and cobalt 

is placed in a tube-furnace oven heated to 1200 ºC. Intense laser pulses ablate carbon atoms from the 

target source. The grown nanotubes inside the chamber are carried by a flow of inert gas to a cold finger. 

Chemical Vapor Deposition (CVD) uses hydrocarbon gases as sources for carbon atoms and metal 

catalyst particles are used as the seeds to grow CNTs. The reaction temperature (500 ºC - 1000 ºC) is 

relatively lower compared to arc-discharge and laser ablation. However, the quality and structure of 

carbon nanotubes are not as good as those grown by other methods. The growth process of CVD involves 

heating a catalyst material to high temperature (typically 850 ºC) in a tube furnace and flowing a 

hydrocarbon gas through the tube reactor for some time. The grown nanotubes are collected after cooling 

the system to room temperature. The key parameters are the vapor pressure of hydrocarbons, the catalysts 

and growth temperature. The active catalytic species are typically transition metal nanoparticles [6]. In 

these growth methods, iron, cobalt and nickel are favored catalytic metals. However, other types of metal 

particles including copper and various noble metals can also produce SWNTs when their sizes become 1-

3nm [9]. The schematic mode for CVD growth of SWNTs is shown in Figure 1.3. 

 

 
 

Fig. 1.3: Growth mode of chemical vapor deposition. Carbon atoms are precipitated from saturated 
metal nanoparticles and form tubular carbon solids in sp2 structure [6].  
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1.1.3 STRUCTURE AND PROPERTIES 

The interest on carbon nanotubes was triggered by their unique properties and potential applications 

in many areas. The fundamental properties of nanotubes are determined by their structures. A SWNT is 

made of a rolled up graphene sheet and the way that the graphene is rolled effect the properties of CNT 

significantly. The structure and properties (including electrical, optical, mechanical, chemical, thermal 

properties) of CNTs will be introduced in the following paragraph.  

As illustrated in Figure 1.4a, SWNT is formed by rolling a graphene sheet into a cylinder along an 

lattice vector (m, n) in the graphene plane [10]. The m and n indices determine the diameter and chirality 

of nanotubes. The chiral angle θ = tan-1 [√3(n/(2m + n))] separates carbon nanotubes into three classes: 

armchair (n = m, θ = 30˚), zig-zag (m = 0, n > 0, θ = 0˚), and chiral (0 < |m| < n, 0 < θ < 30˚) (Figure 1.4). 

 

Fig. 1.4: (a) schematic illustration of hexagonal structure of graphene layer. Single walled carbon 
nanotube is folded by the sheet along lattice directions. (b) armchair structure formed by folding graphene 
sheet in (8,8), (c) zigzag folded in (8,0), (d) chiral folded in (10,-2) [10]. 

 

1.1.3.1 ELECTRIC PROPERTIES 

The electrical properties of CNT and their interplay with mechanical and chemical properties have 

attracted lots of attention among researchers. SWNT can be metallic, semiconducting and semi-metallic 

wires depending on two structural parameters, chirality and diameter. Armchair carbon nanotubes are 

metallic (a degenerate semi-metal with zero band gap). While Zig-zag and chiral nanotubes can be semi-

metallic if the band gap is finite (n-m = 3N, N is an integer) or semiconducting in all other cases. For 
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semiconducting nanotubes with the same chirality, the band gap is inversely proportional to the diameter. 

Thus each SWNT could exhibit distinct electrical properties. The energy gap of semiconducting 

nanotubes is approximately 0.5 eV [11]. SWNTs grown by CVD on supported catalyst are basically 

semiconducting in nature and roughly two-thirds of them are expected to be semiconducting [12], while 

the rest of them are metallic.  

With the diameter of about 1 nm and high aspect ratio, SWNT is a one dimensional material which 

exhibits many unique electronic properties. Electrons in a 1D nanotube can only move forwards or 

backwards, so that there is no scattering of electrons in different directions. Backscattering and scattering 

from defect are the major causes of resistivity in CNTs. For metallic nanotubes, backscattering of 

electrons has been found to be almost absent. For high quality metallic carbon nanotubes with few defects, 

the resistance at low bias is mainly caused by acoustic phonons, which is a weak type of scattering [13]. 

Thus high quality metallic nanotubes are ballistic conductors at low bias (less than 200 meV) [14]. The 

electrons can travel several micrometers without collision at room temperature. In a conventional 

conductor, such as copper, the electrons can only travel for about 40 nm before scattering [15]. 

Semiconducting nanotubes can also exhibit ballistic conduction on the scale of several hundred 

nanometers [16]. 

Electrical properties of carbon nanotubes can undergo dramatic changes in the presence of trace 

amount of gases, mechanical deformations or variations in operating conditions such as temperature. The 

optical, mechanical, chemical and thermal properties of CNT and their correlation with electrical 

properties of CNT will be introduced next. 

1.1.3.2 OPTICAL PROPERTIES 

High quality nanotubes, especially SWNTs, have direct band gap and well defined band and subband 

structure. These make individual SWNT or SWNT ropes ideal for photoluminescence and optoelectronic 

applications. Various optical instruments have been utilized to investigate the optical properties of carbon 

nanotubes. Rao and collaborators studied Raman scattering from vibrational modes of SWNT ropes with 
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laser excitation [17]. Numerous Raman peaks were observed and identified with the vibrational modes of 

armchair SWNTs. They found that different diameter tubes with different mode frequencies could be 

coupled with different frequencies to the laser field. Spectrofluorimetric measurements were used to 

differentiate semiconducting nanotubes by electronic adsorption and emission transitions [18]. Combining 

the fluorimetric spectra with resonance Raman measurements, the lattice structure (m, n) of carbon 

nanotubes can be detected therefore the tube diameter and chiral angle can be obtained. Optical 

spectroscopy is capable to determine the detailed composition of bulk SWNT samples [18]. Adsorption 

spectroscopy from the ultraviolet to the near infrared regions (UV-VIS-NIR) was utilized to investigate 

the electronic excitations of specific carbon nanotubes. The adsorption spectra were correlated with lattice 

structure (m, n) and interband transitions of specific tube types. The spectral features can be used to 

screen sample compositions during SWNT synthesis [19]. Hartschuh et. al. measured the electronic 

structure of individual SWNTs using single-molecular photoluminescence spectroscopy coupled with 

Raman scattering. They found that individual SWNT with identical structures have different emission 

energies and linewidths in fluorescence spectra which might be due to defects or difference in the local 

environment of carbon nanotubes. Photoluminescence was observed from individual SWNT incased in a 

cylindrical micelle by laser excitation. The characteristic luminescence lifetime was found to be less than 

2 ns in the near infrared range and the quantum yield was estimated to be on the order of 10-3. Thus this 

luminescence was classified as fluorescence which is spin-allowed emission from singlet excitation [20]. 

Photoconductivity of a single CNT incorporated on an ambipolar field-effect transistor (FET) has been 

observed upon infrared laser illumination [21]. The photocurrent depends on the wavelength and 

polarization of infrared laser. The photon energy which produces the maximum current agrees well with 

the second excitation state of the semiconducting nanotubes. In addition, the maximum current has been 

generated with light polarized along the nanotube axis. These indicate that the electron-hole pairs 

produced in SWNT are generated by the decay of electrons from the excitation state. On the other hand, 

polarized infrared optical emission has been observed from a SWNT ambipolar FET device under 

electrical bias [22]. The optical emission was generated from radiative recombination of electrons and 
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holes that were simultaneously injected into the nanotubes. 

1.1.3.3 MECHANICAL PROPERTIES 

Carbon nanotubes, which are essentially rolled up graphene sheets, exhibit remarkable mechanical 

properties. The tensile strength of nanotubes is higher than any other known materials [23]. Besides, 

nanotubes are extremely elastic and can reversibly bend to very large angles [24]. Unlike graphite which 

is brittle, some SWNTs exhibit an impressive elongation range (up to 50%). This ductile behavior is 

attributed to vacancy defects within nanotubes [16]. Mechanical properties of SWNTs and MWNTs are 

significantly different. The radial Young’s modulus of MWNTs strongly decreases with increasing radius 

[25]. For nanotubes with 2 nm external radii, the Young’s modulus is about 400 GPa. However, for 

nanotube with 4 nm external radii, the Young’s modulus drops off to an asymptotic value with the 

magnitude lower than 30 GPa. Sensors based on mechanical properties or electromechanical properties of 

CNTs should use homogeneous nanotubes with the same type (SWNTs or MWNTs) and same radius.  

Due to the large tensile strength of nanotubes, they have been widely investigated for target 

components of nanoscale fiber-reinforced composites for mechanical applications. They have either been 

dispersed individually or incorporated as filamentary bundles or ropes. Epoxy thin films with 0.1 wt % 

MWNTs showed a 20% increase in elastic modulus compared to net resin thin film [26]. CNT reinforced 

Aluminum composites exhibit an increase in relative microhardness [27]. It has been observed that 

nanotube composite carbon fibers increased its tensile strength by 90% and its modulus by 150%, after 

adding 5% SWNTs [28].  

Due to potential application of CNTs in electromechanical devices, such as strain sensors, the effect 

of mechanical deformation on electrical properties of CNTs have been investigated. Researches in this 

area mainly used metallic CNTs because basically the conductance of metallic nanotubes changed when a 

deformation is applied. Tombler and colleagues investigated the effect of local probe manipulation on the 

electrical properties of CNTs [29]. An AFM tip was applied to bend a metallic SWNT suspended between 

two metal electrodes. The middle part of the SWNT was suspended over a trench etched into the SiO2 
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surface. The AFM tip was located over the middle of suspended SWNT to apply a force to bend the 

nanotube. In the meantime, the conductance of the nanotube was recorded by the electrodes. The 

experimental setup and measured deflection and conductance of SWNT are illustrated in Figure 1.5. From 

the image, the conductance of nanotube decreased with increased bending and this electrical response to 

mechanical deformation was reversible and repeatable. This indicated that the change in conductance was 

purely due to mechanical deformation of the nanotube caused by the tip. In addition, the change in 

conductance increased with deformation angle. For small bending angle (< 5º), the conductance decreased 

slowly with bending angle; at higher bending angle (> 5º), the conductance decreased much faster with 

bending angle.   

 

Fig. 1.5: Experimental setup for bending SWNT suspended between two electrodes by AFM tip. (a) 
Top view of the device. (b) Bottom view of the experiment. (c) Deflection of the cantilever and 
conductance of carbon nanotube during repeated cycles of bending the suspended SWNT [29].   
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Cao et. al. investigated the electromechanical properties of metallic, quasimetallic and 

semiconducting carbon nanotubes under stretching [30]. They found that small band-gap semiconducting 

(or quasimetallic) nanotubes exhibited the largest resistance change and piezoresistive gauge factors 

(600~1000) under axial strains, while metallic nanotubes showed the least but nonzero sensitivity to 

tensile stretching.  

1.1.3.4 CHEMICAL PROPERTIES 

High aspect ratio, large surface area and σ-π rehybridization make CNTs have great potential in 

chemical and biological sensing applications due to their high sensitivity to chemical and environmental 

conditions. Thus the study of chemical properties of nanotubes including surface reactivity, wetting, 

filling properties, adsorption, charge transfer and ionic chemistry (doping) has been of keen interest.  

 

Fig. 1.6: Diagram of SWNT with end cap. The structure of end cap is a hemispherical fullerene.  

 

Perfect SWNT without any surface functional groups is a one dimensional cylindrical aromatic 

macromolecule (Figure 1.6) and is chemically inert. However, there are curvature-induced 

pyramidalization and misalignment of the π-orbitals of the carbon atoms which induces a local strain [31-

34]. Thus carbon nanotubes are expected to be more reactive than a flat graphene sheet. The nanotube end 

cap is more reactive than the sidewall due to the presence of pentagons and metallic catalysts sitting at the 

ends and its greater curvature. Many approaches have been developed to modified the ends of carbon 

nanotubes with various functional groups, while maintain their basic electronic structures. When sonicate 

CNTs in strong oxidizing agents, such as HNO3 or H2SO4, the ends of nanotubes can be functionalized 

with carboxyl groups [35]. Sonicating nanotubes in organic solvents produces dangling bonds in the 

SWNTs which can undergo further chemical reactions [36].  
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Nanotubes are hydrophobic and extremely resistant to wetting in most aqueous solvents. They 

normally exist as ropes or bundles with 10-25 nm diameter and a few micrometers long. The SWNT ropes 

are entangled together and form a dense, complex network. Nitric acid treated SWNTs with the end caps 

oxidized to carboxylic acid and other weakly acidic functionalities can be dispersed in various amid-types 

of organic solvents with the help of ultrasonication. However, the nitric acid treatment will introduce 

defects on the nanotube surfaces [37]. A carbon nanotube provides a capillary force which is inversely 

proportional to the tube diameter. Therefore, wetting agents of CNTs are able to fill inside the nanotubes 

by capillary force. For nonwetting agents, the filling can be assisted by applying wetting agents such as 

HNO3.  

Enhanced molecular adsorption and charge transfer make nanotubes a unique sensing material for 

chemicals and biomolecules. It has been observed that various gases and vapors could adsorb on CNTs 

and change their conductance [38]. Theoretical calculations using first principle approaches have been 

conducted to analyze the adsorption of various gases [39]. The gas adsorption and charge transfer 

capability are depended on the sites and type of gases. Normally the gas molecules tend to adsorb on the 

interstitial in tube bundles, groove above the gap between two neighboring tubes, nanopore inside a tube 

and surface of single tube [40, 41]. The adsorption and charge transfer capability are found to follow a 

decreasing order: 

Sites: Interstitial, groove, nanopore and surface 

Gas: C8N2O2Cl2, O2, C6H12, C6H6, NO2, H2O, NH3, CH4, CO2, N2, H2, Ar 

The calculated distance between the gas molecules and the nearest nanotubes after adsorption ranges 

from 0.193 nm for NO2 and 0.332 nm for Ar. The adsorption energy ranges from 30.6kJ/mol for 

C8N2O2Cl2 to 1kJ/mol for Ar. The partial charge of gas molecules ranges from 0.212 for C8N2O2Cl2 to 

0.01 for N2 [39]. Among these gases, C8N2O2Cl2, O2 and NO2 are electron acceptors which attract negative 

charge from the nanotubes after being adsorbed. Thus the resistance of CNTs will decrease due to more 

charge carriers (holes) been created, while other gases are electron donors which compensate the holes in 
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nanotubes and increase the resistance of CNTs.   

Boron and Nitrogen as substitutional dopants were used to make nanotubes p- and n- types. Adsorbed 

gas molecules can provide noncovalent doping to carbon nanotubes. For example, CNTs can be easily 

turned into p-type by oxygen or water adsorption, while n-type by C6H12 adsorption. Intercalation of 

alkali metals with nanotubes is used to enhance their metallic conductivity. Experimental observation and 

theoretical calculations indicate that these intercalating agents mainly enter intertube spaces or defects on 

nanotubes for enhanced electrochemical capability for charge transfer and storage [42].  

1.1.3.5 THERMAL PROPERTIES 

Graphite and diamond exhibit extraordinary heat capacity and thermal conductivity, carbon nanotubes 

are expected to have similar thermal properties at room or higher temperature but different behavior at 

low temperature due to the effects of phonon quantization. For T > 100K, a SWNT, SWNT rope and 

MWNT all follow or are almost close to specific heat relation of graphite (the measured specific heat of 

CNTs is very close to that of graphite at T > 100). However, at low temperature, CNTs exhibit quantum 

confinement effects [39]. Hone et. al. measured the thermal conductivity of crystalline ropes of SWNTs 

from 350K to 8K [43]. The thermal conductivity decreased smoothly with decreasing temperature and 

linearly depended on temperature below 30K (phonon confinement). Their results indicated that the 

thermal conductivity of SWNTs was dominated by phonon at all temperature rather than electrons and the 

intertube coupling of SWNT bundles was weak. Thermal conductivity of MWNTs of a few tens nm 

diameter was measured and found to linearly depend on temperature from 10 ~300K [44]. The interwall 

coupling of tubules was rather weak compared to graphite. Thus, a MWNT can be treated as a few 

decoupled single walled tubules.  

Thermal conductivity of nanotubes is one dimensional similar to their electrical conductivity. Thus, a 

broad range (200~6000 W/mK) of thermal conductivities have been observed by different researchers [43, 

44]. The measured conductivity is highly dependent on sample quality and alignment. Thermal 

conductivity of an individual MWNT was measured to be 3000 W/mK [45]. It has been observed that the 
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thermal conductivity of SWNTs was diameter dependent. SWNTs with the modest diameters exhibit the 

minimum conductivity. For most of SWNTs except the smallest diameter nanotubes, the thermal 

conductivity is smaller than that of graphene [46]. 

Thermoelectric electric power is defined by TEP = ΔV/ΔT. Here V is the thermoelectric voltage and 

T is the temperature. When a bias is applied on nanotubes, the temperature gradient will build up along 

the tube axis via Joule heating [39]. TEP for a single metallic or semiconducting tube linearly depends on 

temperature with positive (negative) slope for p-doped (n-doped) nanotube. At room temperature, TEP for 

a semiconducting SWNT is 280 µV/K [43] for a MWNT is 80 µV/K [44]. The measured thermal electric 

properties vary significantly from sample to sample.  

1.2 CARBON NANOTUBE BASED SENSORS  

As mentioned in the previous sections, carbon nanotubes have remarkable mechanical properties and 

unique electronic properties as well as high thermal stability and excellent heat conductions. Carbon 

nanotubes have attracted much attention from researchers for applications in nanoelectronics, field 

emissions and sensors. The diameter of SWNT is about 1 nm, while the length is up to several 

micrometers. Nanotubes have high surface-to-volume ratio and aspect ratio. Electrical properties of CNTs 

are extremely sensitive to chemical, mechanical and physical environment. In this section, applications of 

CNTs in chemical, biological, flow, force, thermal and mass sensors will be discussed. 

1.2.1 CHEMICAL SENSORS 

Chemical sensors based on individual SWNT have been demonstrated for detecting NO2 and NH3 at 

room temperature [47]. The conductivity of semiconducting carbon nanotubes changed dramatically over 

several orders of magnitude upon exposure. The response of SWNT sensor was extremely fast (10 sec for 

NO2 and 1~2 min for NH3), while the recovery was slow at ambient environment. The conductance of 

nanotube increased by three orders of magnitude after 200 ppm NO2 was introduced. After recovery from 

NO2, the same SWNT device was exposed to 1% NH3 flow, the conductance was observed to decrease 
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~100 folds. These responses of semiconducting SWNT were due to the charge transfer from the electron 

donating NH3 or electron accepting NO2 gas to p-type SWNT. Li et. al. developed a SWNT sensor on 

interdigitated electrodes and measured its response to NO2 and nitrotoluene at room temperature [38]. 

They used a SWNT network rather than individual SWNT as the sensing element. The response was 

linear for concentrations of sub ppm to hundreds of ppm. The reported detection limit was 44 ppb for NO2 

and 262 ppb for nitrotoluene. The recovery time was shortened to several minutes by using ultraviolet 

light illumination to decrease the desorption-energy barrier. SWNTs were integrated on a circular disc 

resonator for gas sensing [48]. Before testing, SWNTs were degassed by heating in a high vacuum 

chamber. The dielectric constant of SWNTs changed in the presence of various types of gases. The 

measured resonant frequency shifted by both polar (NH3 and CO) and nonpolar gases (He, Ar, N2 and O2). 

The reported sensitivity was about 100 ppm. The sensing characteristics of CNT sensors were 

summarized in table 1.1. 

In order to develop SWNT sensors with high selectivity and sensitivity, polymer functionalization has 

been utilized on carbon nanotubes. Qi and collaborators differentiated NO2 and NH3 using SWNTs coated 

with different polymers [49]. Polyethyleneimine (PEI) coating affords n-type nanotube devices which 

detect NO2 with the concentration as low as 1 ppb while is insensitive to NH3. PEI functionalized n-type 

semiconducting devices specifically respond to strong electron acceptors. No change in conductance was 

observed when PEI-SWNT sensor was exposed to other molecules such as CO, CO2, CH4, H2, O2. 

Another polymer, Nafion (a polymeric perfluorinated sulfonic acid ionomer) was coated on SWNTs to 

block NO2 and allow for selective sensing of NH3. Nafion is a polymer with a Teflon backbone and 

sulfonic acid side groups and is well known to be perm-selective (selectively permeate to certain 

molecules) to –OH-containing molecules such as NH3 which tends react with H2O in the environment to 

form NH4OH. Bekyarova et. al. covalently functionalized SWNTs with poly-(m-aminobenzene sulfonic 

acid) (PABS) and tested their response to NH3 [50]. PABS coating improved the response of pure 

SWNTs twice upon exposure to NH3. The sensor recovered in several minutes when exposed to nitrogen. 
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The detection limit is 5ppm. SWNT network electrochemically functionalized with polyaniline (PANi) 

was tested with NH3 [51]. The change in resistance of PANi-SWNTs was 60 times higher than that of 

intrinsic SWNTs. The sensing response was reversible and reproducible. A detection limit of 50 ppb was 

obtained at room temperature. The sensing characteristics of polymer functionalized CNT sensors were 

summarized in table 1.2. In addition, some metal nanoparticles were utilized to decorate CNTs for gas 

sensing and their performances were collected in table 1.3. It is well known that metal oxide gas sensors 

have high sensitivity, fast response and short recovery time to various pollutant gases. However, they 

have to be operated at high temperature to achieve high sensitivity, normally from 400-600°C. Gas 

sensors based on metal oxide/CNT composites have been developed and exhibit improved sensing 

properties at room temperature. Gas sensing performances of metal oxide modified CNT sensors were 

summarized in table 1.4. 
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Table 1.1: Summary of gas sensing performances of CNT sensors (N/A means not available). 

 

 

 

 

 

CNT s 
Sensor 

configuration 
Target 

analytes 
Detection 

limit 
Response 

time 
Recovery 

time 
Ref. 

Semi-SWNT FET NO2, NH3 
2ppm NO2; 
0.1% NH3 

< 10min 1h (200°C) [47] 

SWNTs Resistor 
NO2, 

Nitrotoluen
e 

44 ppb NO2; 
262 ppb 

Nitrotoluene 
10min 

10min 
(UV) 

[38] 

SWNTs Resistor NH3 5ppm 10min 
20min 
(80°C) 

[52] 

SWNTs Resistor NH3 5ppm 10min 
10min 
(70°C) 

[53] 

MWNTs 
Capacitor and 

resistor 
NH3 10ppm 2-3min 

Several 
days 

(100°C in 
vacuum) 

[54] 

MWNTs Resistor NH3 2500ppm N/A N/A [55] 

MWNTs FET NO2 50ppm 500s 
10min 

(10V bias 
potential) 

[56] 

MWNTs Resistor SO2, HF 
10ppm SO2; 

4ppm HF 
N/A N/A [57] 

MWNTs 
Electrochemical 

Gas Sensor 
Cl2 100ppm 150s 150s [58] 

Aligned 
CNTs 

Resistor NO2 10ppb 60min 60min 
(165°C 

[59] 

Aligned 
CNTs 

Resistor NO2 10ppm N/A N/A [60] 

Aligned 
CNTs 

Resistor NO, NO2 
2ppm NO; 
2ppm NO2 

N/A 
20min 

(150°C and 
UV) 

[61] 

Aligned 
CNTs 

Resistor NH3 ~ 0.1% N/A N/A [62] 

Aligned 
CNTs 

FET N2 50mTorr N/A N/A [63] 
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Table 1.2: Summary of sensing performances of polymer functionalized CNT sensors (N/A means not 
available). 

 

Polymer CNTs 
Sensor 

configuration 
Targeted 
analytes 

Detection 
limit 

Response 
time 

Recovery 
time 

Ref. 

PEI; 
Nafion 

SWNTs FET NO2, NH3 
100ppb 
NO2; 

1-2min N/A [49] 

PABS SWNTs Resistor NH3 5ppm 1-2min 
Several 

minutes in 
nitrogen 

[50] 

PANi SWNTs Resistor NH3 50ppb 10min 
a few 
hours 

[51] 

PABS SWNTs Resistor 
NO2, NH3, 

H2O 

20ppb 
NO2; 

100ppb 
NH3 

1-10min 
Several 
hours 

[64] 

PPy SWNTs FET NO2 N/A N/A 2h [65] 

PPy 
Semi-
SWNT 

FET NO2, NH3 
100ppm 

NO2; 
5ppm NH3 

N/A N/A [66] 

PDPA MWNTs 
Electro-

chemical gas 
sensor 

CO 0.01ppm 2s 3s [67] 

PMMA MWNTs Resistor 

Dichlorometh
ane; 

chloroform; 
acetone 

N/A 2-5s 10s [68] 

Poly (3-
methylthi
ophene) 

MWNTs Resistor 
CH2Cl2; 

CHCl3; CCl4; 
CH4 

N/A 60s 30-45s [69] 

Polystyre
ne 

MWNTs Resistor 
The good 

solvents of 
PS 

N/A < 4min 1min [70] 

PEG MWNTs Resistor Chloroform N/A < 1s N/A [71] 

POAS 
Aligned-

CNTs 
Resistor HCl 100ppm N/A N/A [72] 

Poly(vinyl
acetate); 
Polyisopr
ene, etc. 

Aligned-
CNTs 

Resistor 

Ethanol; 
cyclohexane; 
tetrahydrofur

an 

N/A < 2min < 2min [73] 
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Table 1.3: Summary of sensing performances of metal decorated CNT sensors (N/A means not available). 

Metal CNTs 
Sensor 

configuration 
Targeted 
analytes 

Detection 
limit 

Response 
time 

Recovery 
time 

Ref. 

Pd 
Semi-

SWNTs 
FET H2 < 40ppm 

5-10s 
(half 

resistance 
change) 

400s [74] 

Pd SWNTs Resistor H2 1000ppm N/A N/A [75] 
Pd SWNTs Resistor H2 100ppm 10min 20min [76] 

Pd SWNTs Resistor H2 100ppm 

3-60s 
(36.8% 

resistance 
change) 

5min [77] 

Pd SWNTs Resistor H2 10ppm < 10min < 30s [78] 

Pd 
Aligned-

CNTs 
Resistor H2 100ppm < 7min N/A [79] 

Pd SWNTs Resistor CH4 6ppm 2-4min N/A [80] 
Pd MWNTs Resistor CH4 2% 310s 176s [81] 
Pt MWNTs Resistor H2 N/A 10min 15min [82] 
Pd MWNTs Resistor H2 N/A 7min 7min [83] 

Pt MWNTs Resistor 
H2, NO2, 

H2O 
N/A 10min 14min [84] 

Au SWNTs Resistor NO2, NH3 
< 120 ppb 

NH3 
150s 200s [85] 

Au, Pt MWNTs Resistor NO2, NH3 
100 ppb 

NO2; 5ppm 
NH3 

N/A N/A [86] 

Au, Ag MWNTs Resistor NO2 
500 ppb 

NO2 
20min N/A [87] 

Pt, Pd, 
Sn, Rh 

SWNTs FET 

H2, CH4, 
CO, H2S, 

NO2, 
HCN, HCl 

N/A 5min N/A [88] 

Pd, Au SWNTs Resistor 
Cl2, 

acetone, 
benzene 

5ppm N/A N/A [89] 
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Table 1.4: Summary of sensing performances of metal oxide decorated CNT sensors (N/A means not 
available). 

Metal 
oxide 

CNTs 
Sensor 

configuration 
Targeted 
analytes 

Detection 
limit 

Response 
time 

Recovery 
time 

Ref. 

SnO2 SWNTs Resistor NO2 N/A 9 min 1.5min [90] 

SnO2 SWNTs Resistor H2 300ppm 
2-5s (200-

250°C) 
3-5s (200-

250°C) 
[91] 

SnO2 SWNTs Resistor NH3 10ppm 100s 3.2min [92] 

SnO2 MWNTs Resistor 
LPG; 

C2H5OH 
10ppm N/A N/A [93] 

SnO2 MWNTs Resistor C2H5OH 10ppm 
1s 

(300°C) 
10s 

(300°C) 
[94] 

SnO2 MWNTs Resistor NO2 100ppb N/A 
20min 

(150°C) 
[95] 

SnO2 MWNTs Resistor NH3 60ppm < 5min < 5min [96] 

SnO2 MWNTs Resistor formaldehyde 0.03 ppm 
100s 

(250°C) 
90s 

(250°C) 
[97] 

WO3 MWNTs Resistor 
NO2; CO; 

NH3 

500 ppb 
NO2; 

10ppm 
CO; 

10ppm 
NH3 

N/A N/A [98] 

TiO2 MWNTs Resistor 
Acetone; 

NH3 
N/A 

10-40s 
(acetone) 

10-300s 
(acetone) 

[99] 

TiO2 CNTs Resistor O2 10 ppm 
5-8min 
(350-

550°C) 

20min 
(350°C) 

[100] 

SnO2, 
TiO2 

MWNTs; 
SWNTs 

Resistor C2H5OH 100 ppm 
< 10s 
(210-

400°C) 

< 10s 
(210-

400°C) 
[101] 
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1.2.2 BIOSENSORS 

Biomolecules typically carry many ions and are expected to change the electronic properties of CNTs 

more dramatically than small molecules such as simple gases. Analytical applications of CNTs as 

biosensor have been partly reviewed by several researchers [102-104] Proteins can be directly attached on 

CNTs and the electrons can transfer between nanotubes and proteins. Immobilizing cytochrome C and 

hemoglobin have been reported [105, 106]. However, the interactions between proteins and carbon 

nanotubes are primarily due to nonspecific adsorption.  

Proteins can specifically bind to sidewalls of carbon nanotubes by surface functionalization of 

nanotube. As mentioned before, in terms of covalent attachment, CNTs will be oxidized to have carboxyl 

groups which can couple with amino groups in proteins. Noncovalent bindings on SWNTs are mainly in 

two ways. One is using bifunctional molecules that exhibit - stacking on the sidewalls of carbon 

nanotubes. A pyrene moiety, commonly used for graphite functionality, is typically used for noncovalent 

functionalization of carbon nanotubes [107]. Li and coworkers utilized this mechanism to bind PSA 

antibody on SWNT-FET device for prostate-specific antigen detection [108]. The reported detecting limit 

was ca. 500 pg/ml, or 14 pm, at a signal to noise ratio of 2. The interaction was thought to be charge-

transfer mechanism. Figure 1.7 is a schematic of this bifunctional molecular interaction incorporated for 

antibody antigen detection.  

The other noncovalent approach used a polymer addition to immobilize protein on SWNTs [109, 110]. 

Dai and coworks modified carbon nanotubes by coadsorption of the surfactant Triton and poly (ethylene 

glycol). They tested the resistance changes to nonspecific binding while using a “director” for specific 

protein attachment [111]. 
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Fig. 1.7: (a) Schematic illustration of a nanosensor. Prostate-specific antigen antibodies (PSA-ABs) 
are anchored to the NW/SWNT surface and function as specific recognition groups for PSA binding. (b) 
Reaction sequence for the modification of the SWNT. i) Deposition of 1-pyrenebutanoic acid 
succinimidyl ester, ii) PSA–AB incubation [108]. 

 

Surface functionalized SWNT-FET sensors have been investigated for blood glucose monitoring. As 

other glucose sensors, electrochemical glucose detection is based on enzymatic glucose oxidation and 

subsequent hydrogen peroxide detection on the carbon nanotube electrodes [103, 112]. Dekke et. al. have 

fabricated a nanotube FET sensor decorated with glucose oxidase as a versatile glucose biosensor [113].  

The redox enzyme glucose oxidase (GOx) that catalyzes the oxidation of b-D-glucose (C6H12O6) to D-

glucono-1,5-lactone (C6H10O6) has been studied. The redox enzymes go through a catalytic reaction cycle, 

where groups in the enzyme temporarily change their charge state and conformational changes occur in 

the enzyme that can be detected by using CNT-FET devices [114]. 

In addition to pH sensitivity, GOx-coated semiconducting SWNTs have been verified to have 

electrical response to glucose in liquid. Figure 1.8 shows real-time measurement of the conductance of a 

GOx-coated semiconducting SWNT in milli-Q water. The conductance barely changed after adding water 

on the device (red arrow in Figure 1.8). However, the conductance of the tube increased by about 10% 

when 0.1 M glucose in milli-Q water was added to the liquid (blue arrow). In inset (a) of Figure 1.8, a 

similar 10% conductance change was observed for another device, which had a lower conductance by a 
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factor of 10. Inset (b) of Figure 1.8 shows a measurement on a bare semiconducting SWNT. Glucose did 

not change the conductance of the bare SWNT, but did increase the device conductance after GOx was 

immobilized. These measurements clearly indicated that the GOx activity was responsible for the 

measured increase in conductance upon glucose addition, thus rendering such nanodevices as feasible 

enzymatic-activity sensors. 

 

 

Fig. 1.8: Left: Real time electronic response of a CNTFET sensor to glucose (the substrate of GOx). 
The conductance of a semiconducting SWNT with immobilized GOx was measured as a function of time 
in 5 lL milli-Q water. The conductance of the GOx-coated SWNT was observed to increase upon addition 
of glucose to the liquid. Insets: (a) the same measurement on a second device, where the conductance was 
a factor of 10 lower. (b) The same measurement on a semiconducting SWNT without GOx. No 
conductance increase was observed in this case [113]. 

 

Another detection target for biosensors is DNA molecules. There are several groups have reported 

electrochemical detection of DNA hybridization by carbon nanotube modified electrode [112]. DNA is a 

nucleic acid which can wrap around SWNTs and form a helical structure. This mechanism was used to 

disperse SWNTs in water [114]. The interaction between DNA and SWNT is - stacking [113] so DNA 

can be absorbed nonspecifically on SWNT surface. The nucleic acid-base will attach on CNT surface and 

the hydrophilic sugar-phosphate backbone of DNA will point to the exterior. The hydrophilic end will 

help to dissolve SWNTs in water. Molecular model of this binding is shown in Figure 1.9. 
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Fig. 1.9: DNA-SWCNT binding model. The red ends are bases which attach on carbon nanotube 
surface through - stacking, while the yellow ends are sugar phosphate backbones pointing exterior. 
DNA molecule either wraps on SWNT in helical fashion or is linearly adsorbed on a carbon nanotube 
[114]. 

 

Johnson and coworkers applied DNA decorated SWNT on FET device to detect various chemicals 

[115]. DNA molecules with different sequences were wrapped on SWNT and their responses were found 

to be different toward different detecting gases. The gases tested were methanol, trimethylamine (TMA), 

propionic acid (PA), dimethylmethylphosphonate (DMMP) and dinitrotoluene (DNT). Nanotube FET 

sensor has been applied for DNA detection. DNA hybridization was detected on the surface of the back 

gate of CNTFET [116]. 5’end-amino modified peptide nucleic acid (PNA) oligonucleotides were 

covalently bonded on to the Au surfaces of the back-gate. PNA works as DNA which can hybridize with 

complementary DNA or RNA sequences. When hybridization occurred at the gate of nanotube transistor, 

the negative charges from complementary DNA or RNA were induced on the gate. The conductance of 

SWNTs was changed through the gate insulators. This can be a PNA based biosensor. A micro flow chip 

made of PDMS can combine with this biosensor to detect DNA in liquid. DNA hybridization was 

detected by measuring the electrical characteristic and this DNA decorated SWNT-FET device provided 

real time, label free detection of the binding activities of biomolecules. Tang and collaborators reported 

DNA hybridization detected on gold electrodes instead of nanotube sidewalls [117]. The change in 

electrical conductance is due to the modulation of the energy alignment between SWNTs and the gold 

contact. The Schottky barrier modulation has a more significant role in DNA sensing. Their experimental 

setup and testing image is shown in Figure 1.10. 
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Fig. 1.10: (a) Schematic illustration of a CNT device during electrical measurement. Complementary 
ssDNA oligomers hybridize to thiolated ssDNA co-immobilized with mercaptohexanol (MCH) on the 
gold electrodes. (b) Real-time monitoring of 30 mer DNA hybridization in PBS, pH 7.4. Two liquid cells 
were used in parallel for simultaneous drop adding 5 lL of complementary and mismatched target oligo 
solution to 500 lL of buffer. The conductance of a nanotube device functionalized with thiolated ssDNA 
exhibits a selective response to the addition of complementary ssDNA [117]. 

 

Maehashi et. al. have fabricated a biosensor based on aptamer and antibody modified SWNT-FET 

devices [118]. They used this biosensor to detect immunoglubin E (IgE) in PBS buffer solution. Again the 

pH was controlled to be 7.4. They reported a detection limit of 250 pM. After comparing the electrical 

properties of aptamer and antibody modified CNT-FET devices, aptamer modified device was found to 

have a better performance. Aptamer as a synthetic oligonucleotide can be a promising sensing element for 

label-free protein biosensors. Debye length is the typical distance required for screening the surplus 

charge by the mobile carriers present in a material [119]. This distance is inverse proportional to square 

root of ionic length. If the attached molecule is placed a Debye length away from a carbon nanotube, the 

effect of this target molecule can’t be sensed by the nanotube.  The typical length of antibody is 10~15nm 
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which is larger than the length of aptamer. As IgE attaches on the sensing area, CNT decorated with 

aptamers should generate a more significant response [Figure 1.11].  

 

Fig. 1.11: Schematic representation of label-free protein biosensors based on CNT-FETs: (a) 
antibody-modified CNT-FET. (b) Aptamer modified CNT-FET [118]. 

 

1.2.3 FLOW SENSORS 

Theoretical calculations conducted by Kral et. al. predicted that an electrical current can be generated 

in metallic carbon nanotubes immersed inside liquids flowing along them [120]. Fluids can wet and coat 

the surface of nanotube and form many layers around it. Momentum from the moving liquid can be 

transferred through the slipping layers to the nanotube momentum and then to the quasimomentum of its 

phonons and other elementary excitations. The resulting phonon wind will drag free carriers in the tube 

and induce an electric current or voltage along the direction of liquid flow [120]. Two years later, Ghosh 

et. al. developed a CNT based flow sensor which measured the flow by current/voltage induced in SWNT 

bundles [121]. The voltage produced by flow has a logarithmic velocity dependence over nearly six 

decades of velocity. This result didn’t agree with the predicted relationship between electric current and 

liquid velocity which was linear [120]. The dominant mechanism responsible for this highly nonlinear 

response involved a direct forcing of the free charge carriers in the nanotubes by the fluctuating 

Coulombic field of the liquid flowing past the nanotubes. Besides, the ionic conductivity and the polarity 

of the liquid were found to have a great effect on the magnitude of the generated voltage. Saturation of the 

induced voltage was observed for flow velocity on the order of 10-5 m/s. 
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1.2.4 PRESSURE SENSORS 

SWNT has been demonstrated as molecular pressure sensors [122]. Specific peaks of Raman 

spectrum of SWNTs shifted significantly under various molecular pressures produced by liquids on 

nanotubes. Immersing SWNT aggregates in liquids of various cohesive energy densities shifted the 

frequency of D* band (2610 cm-1 in air) in Raman spectrum to different magnitudes. This was due to the 

SWNTs deformed by the molecular forces generated from those liquids. In addition, the observed shift in 

Raman peaks was highly reversible. CNTs have great potential to be used in pressure sensing based on 

the shifts of Raman band. Fung et. al. fabricated a polymer-based MEMS pressure sensor based on the 

piezoresistive properties of MWNTs [123]. 300 µm thick Polymethylmethacrylate (PMMA) diaphragm 

was fabricated by SU-8 and was used as a flexible substrate for CNT pressure sensor (Figure 1.12). 

Parylene C was deposited on the top and followed by metal deposition and CNT assembly. The gap 

separation between Au electrodes ranged from 3µm to 10µm for Dielectrophoretic assembly (DEP). The 

deflection of this membrane due to the pressure change caused bending in the nanotubes. The change in 

resistance of MWNTs was then recorded. The maximum deflection at the center of the diaphragm was 

linearly proportional to the input pressure and the measured resistance of MWNTs almost linearly 

depended on the input pressure. 

 

Fig. 1.12: Fabrication process of a MWNT-based MEMS device for pressure sensing [123]. 
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1.2.5 THERMAL SENSORS 

Wood et. al. observed that the Raman spectrum of CNTs shifted by variations in temperature [122]. 

The nanotubes were embedded and cooled in polycarbonate and the wave number of the D* band of the 

SWNT increased with decreasing temperature as the tubes experience compression. This indicates the 

possibility of using CNT composite materials for temperature sensing. However, there are variations in 

sensing performance among different CNT devices because the types of CNTs embedded in the polymer 

matrices are not consistent. It is hard to control the chirality, diameter, length and number of nanotubes in 

the sensing devices. Furthermore, the dispersion and interconnectivity of the CNT network may also 

affect the sensing performance. Fung et. al. fabricated carbon nanotube thermal sensors on Si/SiO2 

substrates [124]. MWNT bundles were assembled by DEP between two Au electrodes and they claimed a 

70% yield in placing the nanotubes. The two-terminal resistance of nanotube bundles under different 

temperatures was measured. They found that the resistance of CNTs decreased linearly with increasing 

temperature. However, after multiple thermal cycling, the resistance of MWNTs at room temperature 

decreased by 40% due to thermal annealing.  

1.2.6 MASS SENSORS 

Chiu and collaborators developed an atomic scaled mass sensor using doubly clamped suspended 

carbon nanotubes as nanomechanical resonators, in which their single electron transistor properties allows 

self-detection of the nanotube vibration [125]. A shift in resonant frequency of CNT was detected and 

used to determine the mass of nanotubes and the inertial mass of atoms adsorbed on nanotubes. The 

device was fabricated by first growing nanotubes from catalyst islands on a Si/SiO2 substrate. The Pd/Au 

source/drain electrodes and the side gate were then deposited by electron beam lithography (EBL). A 

layer of PMMA was spun coated on the chip, and a window was opened over a segment of the nanotube 

using EBL. Next SiO2 substrate below the CNT was etched to suspend the CNT within this window. The 

experiment temperature was set to 6K, at which single-electron properties can be observed from the CNT. 

This transistor was then integrated with testing circuitry and functioned as a nanotube resonator. The 
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vibration characteristics of this resonator were recorded while the device was exposed to an atomic or 

molecular beam. The experimental setup is illustrated in Figure 1.13 (inset). As Xe atoms landed on and 

got adsorbed on the surface of carbon nanotube, the resonance frequency shifted to lower frequency and 

got broadened. The amplitude also decreased slightly as shown in Figure 1.13. Since this experiment was 

conducted at a very low temperature, desorption did not occur and the resonant frequency remained stable 

when pumping out the sensing reservoir. 

 

 

Fig. 1.13: Response of nanomechanical resonator under mass loading and the experimental setup. 
Main panel: mixing current I versus drive frequency f for a resonator device during mass loading by Xe. 
The black curve shows the initial resonance, the red curve shows the resonance after mass loading for ≈ 
600 s, and the blue curve shows the resonance after mass loading for ≈ 1600 s. Inset: schematic diagram 
of the experimental setup for mass loading nanotube resonator devices [125]. 

 

Jensen et. al. built a mass spectrometer using a suspended individual double-walled carbon nanotube 

(DWNT) as a mechanical resonator and demonstrated atomic mass resolution at room temperature [126]. 

The reported mass sensitivity is down to 1.3 x10-25 kg·Hz-1/2 which is equivalent to 0.40 gold atom·Hz-

1/2. Except having higher sensitivity to molecules, nanomechanical mass spectrometers do not require the 

potentially destructive ionization of the test sample. The mechanical resonance testing setup was 

schematically illustrated in Figure 1.14. 
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Fig. 1.14: Schematic of the mechanical resonance detection setup. The electrode opposite the 
nanotube is biased to induce a field emission current from the nanotube. An amplitude-modulated (AM), 
frequency-swept (using a voltage-controlled oscillator, VCO), radio-frequency (RF) signal is coupled to 
the nanotube, forcing it into resonance, and consequently modulating the field emission current. The 
modulated field emission current is recovered by a lock-in amplifier and the resonance peak is displayed 
on the oscilloscope or recorded by a computer [126]. 

 

1.3 FUNCTIONALIZATION OF CARBON NANOTUBES 

Biomolecules, such as protein peptides and nucleic acids, functionalized CNTs have shown great 

potential for applications in bioengineering and nanotechnology. Fundamental understanding, 

manipulation and regulation of these biomolecules on nano materials and nano devices will lead to a new 

generation of integrated systems that combine the unique properties of nanomaterials (such as CNTs) with 

the specific recognition capabilities of biomolecules. In this section, the fundamentals of DNA, the 

interactions between DNA and CNTs and sensing applications of DNA-CNT devices will be introduced. 

1.3.1 FUNDAMENTALS OF DNA AND RNA 

DNA and RNA are the basic building block of all living organisms (except RNA virus). Genetic 

information is contain in DNA and used to construct other components of cells, such as protein and RNA 

molecules. The double-helix molecular structure of DNA was proposed by Watson and Crick in 1953 

[127]. DNA is composed of two long polynucleotide chains that run in opposite directions and are twisted 

around each other right-handedly. Each strand of the double helix is a linear chain consisting of a 

phosphate-sugar backbone to which four different chemical groups or bases are attached: the purines, 

adenine (A) and guanine (G), and the pyrimidines, cytosine (C) and thymine (T). Each unit of a phosphate, 
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a sugar molecule and a base is called a nucleotide (Figure 1.15 B), and each nucleotide is approximately 

0.34 nm long. The specific binding of two hydrogen bonds between adenine and thymine and three 

hydrogen bonds between cytosine and guanine can result in the joining of two complementary single-

stranded (ss) DNA to form a double-stranded (ds) DNA. This complementarity (base-pairing; Figure 1.15 

A) gives rise to informational redundancy and allows for chemical fidelity in replication [128]. 

 

 

Fig. 1.15: (A) The four bases of DNA showing their complementary binding properties. (B) DNA 
nucleotide. (C) Schematic showing denaturing and hybridization of DNA [128]. 
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Base pairing can be used to assemble new strands of DNA, allowing information transfer to offspring, 

and to assemble strands of ribonucleic acid (RNA), letting the DNA control which proteins are 

manufactured and when [129]. These functions are realized as well as controlled by gene regulatory 

proteins and other DNA-associated proteins through their interactions with DNA, which often result in 

DNA twisting, stretching, and bending. The joining of two ssDNA through hydrogen bonding to form a 

double-stranded DNA (dsDNA) is called hybridization (Figure 1.15 C). If a dsDNA is heated above a 

certain temperature, called the melting temperature (Tm), the two strands will separate into single strands. 

The melting temperature is a function of the ion concentration of the ambient and the guanine-cytosine 

(GC) content in the DNA sequence. When the temperature is reduced, the two strands will eventually 

come together by diffusion and re-hybridize or re-nature to form the double stranded structure. These 

properties of DNA can be utilized in the ordering and assembly of artificial structures if the structures can 

be attached to ssDNA. 

The global structure (handedness, helical pitch, effective diameter, etc.) adopted by a dsDNA 

therefore depends on a large number of environmental parameters, such as the solvent, the ionic 

conditions, and the temperature [130]. The right-handed B-DNA (the canonical form of DNA in solution) 

has an atomic diameter of approximately 2.4 nm and a helical pitch of 10.4 bps per turn with a vertical 

base spacing of approximately 0.34 nm. The double helix is not perfectly symmetrical, but is instead 

characterized by a major groove which is 1.2 nm wide and a minor groove which is 0.6 nm wide. The 

various interactions that stabilize the B-form of DNA determine its rigidity. A dsDNA is not only stiffer 

than artificial polymers, but also much stiffer than many other natural polymers, such as ssDNA or RNA. 

Its persistence length, the distance over which the orientation of the molecule’s axis remains correlated 

despite thermal agitation, equals 50 nm. In contrast, a ssDNA molecule can adopt to very abrupt shape 

changes over distances of a few bases, on the order of 1 nm. A few noncanonical forms, such as bulge of 

unpaired bases, cruciform in the presence of a palindromic sequence, and denaturation bubble, may 

locally exist in B-DNA. Other structure forms of DNA exist besides the B-form [130], such as the more 
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compact A-DNA, with a base-spacing of 0.26 nm, and left handed Z-DNA, with a pitch of 12 bps per turn. 

Under stretching or twisting, canonical B-DNA can transform into overstretched S-DNA or over wound 

P-DNA [131]. 

 

Fig. 1.16: From left to right, the structures of A-, B- and Z-DNA. The structure a DNA molecule 
depends on its environment. In aqueous environments, including the majority of DNA in a cell, B-DNA is 
the most common structure. The A-DNA structure dominates in dehydrated samples and is similar to the 
double-stranded RNA and DNA/RNA hybrids. Z-DNA is a rare structure found in DNA bound to certain 
proteins [132]. 

 

RNA (Ribonucleic acid) forms the genetic material in smaller organisms namely viruses. RNA 

is important in the production of proteins in living organisms. RNA can move around in the cells of living 

organisms and serves as a genetic messenger, passing the information stored in the cell's DNA from the 

nucleus to other parts of the cell [133]. In the process of protein synthesis, a universal function whereby 

mRNA molecules direct the assembly of proteins on ribosomes. This process uses transfer RNA (tRNA) 

molecules to deliver amino acids to the ribosome, where ribosomal RNA (rRNA) links amino acids 

together to form proteins [134]. The molecular structure of RNA with the molecular structure of DNA is 

shown in Fig. 1.17 for comparison [135]. Similar to DNA, RNA is made up of a long chain of 

components called nucleotides. Each nucleotide consists of a nucleobase, a ribose sugar, and 

a phosphate group. The chemical structure of RNA is very similar to that of DNA, but there are two 

differences between the RNA and DNA. First, RNA contains the sugar-ribose, while DNA contains the 
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slightly different sugar-deoxyribose (a type of ribose that lacks one oxygen atom). Second, RNA has the 

nucleobase uracil while DNA contains thymine. Unlike DNA, most RNA molecules are single-stranded 

and can adopt very complex three-dimensional structures, such as hairpin, loops, bulges and internal 

loops [136, 137]. 

 

Fig. 1.17: Molecular structures of RNA and DNA nucleotides [135].  

 

1.3.2 INTERACTIONS BETWEEN DNA AND CNT 

The interactions between ssDNA and CNTs have been investigated by molecular dynamic 

simulations. A nucleotide strand can self-assemble on nanotubes via the π-π stacking interactions between 

ssDNA and the surface of CNTs [138]. The presence of SWNTs in liquid induces the ssDNA to undergo 

a spontaneous conformational change and wrap around nanotubes into compact right- or left-handed 

helices within a few nanoseconds. This helical wrapping is driven by electrostatic and torsional 
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interactions within the sugar-phosphate backbone. As shown in Figure 1.18, the linear oligonucleotide in 

S1/S2 spontaneously wraps around the SWNT into right/left-handed helix. The helical wrapping does not 

occur uniformly over the entire length of the oligonucleotide. Actually, the 5’end of ssDNA remains 

stationary while the 3’end rapidly encircles the SWNT circumference. As a result, additional helical turns 

are generated at the 3’end, which then propagate toward the 5’end. The winding continues until ssDNA 

forms a compact helix about SWNT. Analysis of the structural and energetic changes indicates that 

electrostatic interactions within ssDNA backbone are mainly responsible for wrapping of the initial linear 

oligonucleotide into a helical structure [138]. 

 

Fig. 1.18: Simulation of S1 displaying right-handed helical wrapping of (GT) 20 around SWNT. (a) 
Initial configuration. (b) Configuration after 2.2 ns. (c) Configuration after 7 ns. The green sphere marks 
the ssDNA 3’ end. Similar results occur for S2, but with left-handed helical wrapping [138]. 

 

Molecular dynamic simulations conducted by Gao et. al. found that DNA could be encapsulated 

inside CNTs in a aqueous environment, when the tube diameter exceeded a certain critical value [139]. 

Both the Van Der Waals and hydrophobic forces play important roles in the binding process of DNA on 

nanotubes. Strong hydrogen-bond interactions among water molecules are known to produce hydrophobic 

forces that cause hydrophobic solutes (both CNT and DNA) to aggregate to reduce solvent-solute 

interface energy. Thus DNA will attach on the surface of nanotubes to minimize the interface energy. 

This hydrophobic effect alone is insufficient to encapsulate DNA inside nanotubes due to resistance from 
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water molecules inside the CNT. However, the carbon nanotube and oligonucleotide will also experience 

an attractive force due to van der Waals interaction between them when their separation is about 1 nm or 

smaller. This attractive interaction is found to play a dominant role in the DNA insertion process. The 

derived van der Waals energy between nanotube and DNA decreases rapidly when nucleotide entered 

nanotube. The simulated binding process of DNA on SWNT is presented in Figure 1.19.  

 

Fig. 1.19: Snapshots (sideview a, c and top view b, d) of oligonucleotide-nanotube system simulations 
after 2 ns. Water molecules are not shown [139]. 

 

Experimentally, interaction of nucleic acids with SWNT was studied by surface-enhanced infrared 

absorption spectroscopy [140]. The analysis of vibrational modes of a DNA-SWNT complex indicated 

that numerous structural changes in DNA could be interpreted as A-B conformation transition and as 

stabilization of DNA structure in some DNA fragments. The spectroscopic data was explained by the 

model of DNA interacting with SWNTs based on wrapping of nucleic acid molecules around CNTs [141]. 

In this model, the wrapping of the SWNTs by water-soluble polymers is a general phenomenon, driven 

largely by a thermodynamic force to eliminate the hydrophobic interface between the tubes and their 

aqueous medium. Optical detection of DNA conformation on SWNTs revealed that the secondary 

structure of DNA on nanotubes transformed from B to Z conformation when exposed to counter ions 

[142]. The SWNT band gap fluorescence exhibited a red shift which indicated the transition in 
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conformation. It has been observed that the energy shift in SWNT emission has a relative ion sensitivity 

of Hg2+ > Co2+ > Ca2+ >Mg2+. The shift can also be observed via monitoring the SWNT photoadsorption 

bands. The emission energy returned to its initial value after the removal of the ions from the system, 

which indicated that the thermodynamic transition was completely reversible. The transition from B to Z 

conformation is shown in Figure 1.20. 

 

Fig. 1.20: Illustration of DNA undergoing a conformational transition from the B form (top) to the Z 
form (bottom) on a carbon nanotube. 

 

1.3.2 CHEMICAL SENSING AND BIOSENSING USING DNA-CNT COMPLEXES 

DNA functionalized CNTs have been developed for various sensing applications. The detecting 

analytes include gases or vapors, toxic ions or organics in liquid, DNA hybridization, glucose and virus 

[143-149]. ssDNA was decorated on SWNT field effect transistor (FET) and the change in conductance 

was measured upon exposure to gases and vapors [143]. Two types of DNA sequences were used: Seq1 

(5’ GAG TCT GTG GAG GAG GTA GTC 3’) and Seq2 (5’ CTT CTG TCT TGA TGT TTG TCA AAC 
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3’). The response of ssDNA-SWNT sensors differ in sign and magnitude for different gases and different 

DNA sequences that used. The sensor can maintain the same response through at least 50 gas exposure 

cycles with no need of refreshing. This DNA-SWNT sensor was reusable and reliable. A schematic image 

of the sensing device and its response to methanol, TMA and PA are shown in Figure 1.21 and Figure 

1.22. 

 

 

Fig. 1.21: Experimental setup for ssDNA functionalized SWNT FET sensor [143].  

 

 

Fig. 1.22: Change in sensor current upon exposure to gas vapors. Currents are normalized to I0, the 
value when exposed to air (no gas). (a) Bare SWNT-FETs do not respond to methanol vapor (blue curves). 
The same device coated with ss-DNA sequence 2 (Seq 2) shows clear responses to methanol (red curves). 
(b) A second bare device responds to TMA (blue points), but after application of Seq 2, its response 
tripled (red points). (c) The sensor response to propionic acid (blue curves) differs in sign and magnitude 
from the response to methanol (red points). Green data are the current baseline (no odor). VB = 100 mV 
and VG = 0 V for all data sets [143]. 
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Oligonucleotides are used as versatile recognition sites for metal ions including Lead (II) and 

Mercury (II) ions [150]. A DNA duplex containing T-T mismatches showed high selectivity for Mercury 

ions (Hg2+) against other metal ions due to the formation of T-Hg2+-T base pairs. A T-rich ssDNA ((50-

TTCTTTCTTCCCCTTGTTTGTT-FAM-30) was labeled with a fluorescein derivative 6-

carboxyfluorescein (FAM) and noncovalently assembled on SWNTs for Hg2+ detection [144]. Before 

reacting with Hg2+, the ssDNA wrapped around SWNTs and formed stable ssDNA/SWNT complexes. 

The fluorescent dye molecule was close to the surface of nanotube and thus quenched the intensity of 

fluorescence significantly. Upon addition of Hg2+, the ssDNA formed a double helical structure with Hg2+ 

via T-Hg2+-T base pairs, which dissociated from SWNTs and resulted in an increase in fluorescence 

emission compared to ssDNA-SWNT complexes. The change in fluorescence intensity was recorded by 

fluorescence spectroscopy. The sensing mechanism is illustrated in Figure 1.23 and the measured 

fluorescence intensities are compared in Figure 1.24. 

 

 

Fig. 1.23: Schematic description of fluorescence based sensing of Hg2+ using the complexes of 
SWNTs and T-rich DNA [144]. 
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Fig. 1.24: Fluorescence emission spectra of ssDNA (100 nM) under different conditions: (a) ssDNA 
in tris-HCl; (b) ssDNA + 4.0 mM Hg2+; (c) ssDNA + SWNTs; (d) ssDNA + SWNTs + 4.0 mM Hg2+. λex 
= 480 nm [144]. 

 

ssDNA was also immobilized on Double-walled carbon nanotubes (DWNTs) for electrical detection 

of DNA hybridization [145]. The DNA-DWNT device functioned as a chemiresistor and its drain current 

decreased by 40% after to DNA hybridization. The DWNT resistor immobilized with probe-DNA was 

highly selective to DNA with a complementary sequence. The response to target DNA was linearly 

proportional to concentration. Double-stranded DNA (dsDNA) SWNT hybrids were found to be optically 

sensitive to hydrogen peroxide and glucose in the presence of glucose oxidase enzyme. This redox 

reaction was conducted under pH conditions mimicking those in the human body. Near-infrared (NIR) 

spectra of dsDNA-SWNT suspension was red shifted by 20-30nm after reacting with hydrogen peroxide. 

Since hydrogen peroxide is the major product of the glucose oxidase-catalyzed glucose reaction, dsDNA-

SWNT sensor can also detect glucose in the presence of glucose oxidase due to the generation of 

hydrogen peroxide from this reaction. The change in NIR intensity was found to linearly depend on the 

reaction time (the amount of hydrogen peroxide generated from the glucose oxidize reaction). ssDNA 

immobilized on MWNTs was used for label-free detection of influenza virus (type A) via DNA 

hybridization [149]. The DNA probe was attached onto the nanotube sensor by covalent bonding between 
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the amine and phosphate groups of the DNA sequence. The change in conductance of the MWNT device 

was measured to detect hybridization of target DNA with probe DNA. The detection limit was reported to 

be 0.5nM of the target DNA and the response time was about 4min.     

 

1.4 MOTIVATION 

The living environment of human beings is in a critical time when the air, land, water and wildlife 

resources of this planet are being decimated with astonishing speed [151-153]. Rapid industrialization, 

militarization and population growth throughout the world are not only destroying the quality of life but 

also the earth’s capacity to support life [154]. The World Health Organization (WHO) estimates that 

about a quarter of the diseases facing mankind today occur due to prolonged exposure to environmental 

pollution [155]. Effectively monitoring of environmental pollutants has tremendous impact on human 

health and the ecosystem.  

The air quality has been a major concern of United States Environmental Protection Agency (EPA). 

EPA’s research and technical assistance on air quality monitoring are focused on several major areas that 

include: air quality, air toxics/pollutants, indoor air contaminants, air pollution sources, and air and 

climate change [156]. The most reliable, sensitive and selective instrument which has been widely utilized 

for detecting air pollutants is gas chromatography (GC)-mass spectrometry (MS). However, the GC-MS 

instrument is expensive, bulky and needs skilled operator which makes the equipment unable to be widely 

installed at any location and unable to monitor the air pollutants in a continuous manner. The water 

quality is essential for life and plays a vital role for the proper functioning of all living creatures. Water 

quality monitoring involves a series of observations, sample collection and analysis in a laboratory. Since 

water quality varies with time and location. The water quality evaluated by this strategy can only 

represent the quality of water at the specific location and in specific time of sampling. Besides, the current 

evaluation process is tedious and time consuming. Effectively and efficiently monitoring of air and water 

qualities requires the development of sensing systems which can be widely installed and mass produced 
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for in situ analysis and can accomplish the sampling, detection and analysis autonomously to eliminate 

human labor involved.  

Nanomaterials, especially carbon nanotubes, exhibited many unique electrical, chemical and 

mechanical properties. SWNTs have been demonstrated by many researchers as the promising sensing 

elements due to their high sensitivity, fast response and miniature size. Since the conductance of SWNTs 

can be affected by various gases and vapors in air, tailoring the surface properties of SWNTs to attract 

specific gas or vapor is necessary to improve the selectivity of nanotube based sensors.  

The major focus of this thesis is to provide a new approach to develop highly sensitive, low cost, 

miniature and autonomous sensing systems by functionalizing carbon nanotubes and integrating them 

with microdevices for real-time air quality and water quality monitoring. In order to achieve this goal, the 

SWNTs are assembled onto microelectrodes and function as a chemiresistor which will change its 

resistance when exposed to analytes. To improve the sensitivity and selectivity of SWNTs, DNA and 

RNA are decorated on nanotubes and their sensing characteristics to alcoholic vapors are investigated. In 

Chapter 2, eight different RNA sequences are functionalized on SWNT sensors and the responses of 

RNA-SWNT sensors to methanol and IPA are measured and analyzed. It has been observed by 

researchers that DNA functionalization can improve the response of SWNT sensor to some gases/vapors 

and the sensing response depend on the sequence of DNA oligomer. However, no one has analyzed the 

effect of DNA sequence length to the gas sensing characteristics of DNA-SWNT sensors. In Chapter 3, 

DNA with four different sequence lengths: 8, 16, 24 and 32 are designed and utilized to functionalize 

SWNTs. The effect of sequence length to the responses of DNA-SWNT sensors when exposed to 

methanol and IPA are obtained and analyzed. With sufficient fundamental studies of SWNTs 

functionalized with oligonucleotides, a nanosensor array composed of six different DNA-SWNT sensors 

are developed in Chapter 4. Sensor array is able to differentiate the target analyte from a mixed gases and 

vapors by providing a characteristic response pattern from all the sensors included in the sensor array. 

Thus the selectivity and reliability of sensor array for gas monitoring is much higher than a single sensing 
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unit. The fabricated six channeled sensor array is mounted on a PCB board for signal conditioning and 

wireless transmission. The measured responses from six sensors are displayed on a computer by graphical 

user interface. The wireless nanosensor array is tested with six different gases and vapors and the 

obtained results provide a deeper understanding of the sensing mechanism of DNA decorated SWNT 

sensors. In Chapter 5, a wireless sensing unit based on SWNTs integrated with complementary metal 

oxide semiconductor (CMOS) circuitry is developed for explosive and chemical warfare vapors detection. 

This SWNT nanosensor integrated with on chip op-amp circuitry is mounted on a PCB board with all the 

testing components and connected with wireless transmission board. This novel CMOS integrated SWNT 

nanosensor as a highly sensitive, highly compact, miniature and independent sensing system is tested with 

explosives and chemical warfare agent detection.  

To develop a highly sensitive, autonomous and in situ microdevice for real-time monitoring of water 

quality, it is critical to integrate SWNT sensors with the microfluidic system which can separate and 

guide the liquid sample to the sensing area. In Chapter 6, two approaches to integrate microfluidic system 

with SWNT sensor are introduced. The microfluidic-SWNT sensor is tested with different pH buffer 

solutions and different concentrated TNT in water. Connecting with the signal processing and wireless 

transmission unit, the nanosensor integrated with microfluidic system is developed as an independent 

sensing unit with a small size which can be placed in rivers or lakes and can be easily installed on various 

water transportation systems. 

In addition, the impact of natural disasters, such as hurricanes and earthquakes to the living 

environment is also highly concerned by the environmental protection agencies [157]. One direct impact 

is the damage to structures such as buildings, bridges, dams and the damages are often hidden within the 

structure, such as damaged joints embedded behind walls [158]. Developing structural health monitoring 

system can effectively detect the damages caused by natural disasters and monitor the long-term 

deterioration of structures due to the environment and human use which provides vital information on 

public safety. SWNT networks with unique piezoresistivity, remarkable tensile strength, high 
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stretchability and flexibility may find potential applications in large strain or crack monitoring in 

structures. In Chapter 7, a highly stretchable and flexible strain sensor made of SWNT network embedded 

in polymer thin films is reported. The electrical properties of SWNT thin film under different amount of 

strain are investigated. To prevent the conductance change of SWNTs due to the adsorption of gases and 

vapors in the testing environment, the nanotube sensor is encapsulated by another polymer film on the top. 

The effect of encapsulation to moisture exposure and tensile measurement are studied. The repeatability 

and reliability of this nanotube strain sensor are tested with 200 cycling measurements.  

At the end of this thesis, I briefly summarize my work and present some future directions for further 

research. 
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CHAPTER 2                       
RNA FUNCTIONALIZED SWNT GAS 

SENSORS 

 

 
Carbon nanotubes are potentially the sensing materials for environmental monitoring. However, due to 

the lack in selectivity and specificity, the surface properties of nanotubes need to be tailored for attracting 

specific molecules. In this chapter, single-stranded RNA (ss-RNA) decorated single-walled carbon 

nanotube (SWNT) sensors were fabricated and the base dependent gas sensing characteristics were 

investigated. SWNTs were placed onto Au microelectrodes by a low temperature and low cost 

Dielectrophoretic assembly process. Four homo ribonucleic acid (RNA) sequences and four repeated 

RNA sequences were coated on to SWNTs and the corresponding changes in resistance of SWNT 

nanosensor were explored. These RNA-SWNT devices function as Chemi-resistors where the resistance 

changes in response to vapors of methanol and IPA were measured. RNA decoration was found to 

improve the response of SWNTs to vapors of methanol and IPA significantly. The sensing response of 

homo RNA decorated SWNTs followed the trend: C > G > U > A for methanol and G > C > U > A for 

IPA.  The sensing response of repeated base RNA coated SWNTs followed the trend: GU > AG > AC > 

CU for methanol and GU > AC > AG > CU for IPA. These dramatic differences in sensing characteristics 
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of RNA-SWNTs provide new insights both to the binding affinities of RNA oligomers onto SWNT 

sensors and to the formation of stable 3D structures by ss-RNAs on carbon nanotubes. These findings 

demonstrate a potential for controlling sensing specificity of RNA functionalized SWNT sensors for 

chemical and biological detection. 

2.1 INTRODUCTION 

Single-walled carbon nanotubes (SWNT) with their unique electrical, mechanical and chemical 

properties have attracted intense interest and have been utilized in many fields including nanoelectronics 

[159], field emitters [160] and sensors [161, 162]. As a one dimensional material, a SWNT is made of a 

rolled up graphene sheet. With a diameter of 1~2 nm, the SWNTs exhibit many unique properties, such as 

high aspect ratios, ballistic carrier transport [163], high mechanical strength and thermal stability [164]. 

These properties enable SWNTs to have superior performance in various applications including 

electronics and sensors. SWNT based sensors are extremely sensitive to slight electrostatic changes in 

their environment and have a fast response where conductance of an SWNT is observed to change in less 

than 2 sec upon exposure [165]. In addition, SWNT sensors have size advantage over traditional sensors. 

Furthermore, detecting analytes at the ppm levels can be achieved by nanotubes at room temperature, 

while most conventional semiconducting metal oxide gas sensors require high operating temperatures of 

about 200ºC-400ºC [166]. Hence, Single-walled carbon nanotubes (SWNTs) have been widely explored 

as active sensing elements for chemical and biomolecular detection [167-169]. 

Despite the high sensitivities observed from nanotube sensors, one drawback is their lack of 

selectivity.  For instance, nonspecific binding from other gas vapors may result in erroneous readings. To 

develop nanosensors with specific selectivity, oligonucleotides - DNA and RNA were decorated on 

SWNTs to modify their surface properties to achieve affinities to specific analytes [143, 170]. 

Oligonucleotides can assemble on carbon nanotubes by non-covalent π-π stacking interactions. This is 

more desirable than covalent functionalization which breaks excessive C-C bonds in the nanotube lattice 

and tends to degrade its electronic properties [171]. Recent studies have shown that DNA/RNA 
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functionalized nanotube sensors have fast, specific and reproducible responses to various polar molecules 

[172]. 

A RNA nucleotide is composed of a ribose sugar, a phosphate and one of the four nitrogenous bases 

which could be adenine (A), cytosine (C), guanine (G) or uracil (U). One difference between RNA and 

DNA is that RNA contains ribose sugar while DNA contains deoxyribose sugar. Another difference is 

that DNA has a trymine (T) base while RNA has a U base. Despite slight differences in its molecular 

structure, RNA is more reactive compared to DNA and serves in many biological reactions as a catalyst 

and a mediator [173]. Besides, RNA is a versatile molecule that tends to fold and pair with itself to form 

diverse structures and conformations. These 3D structures that ss-RNA forms can be utilized as receptors 

for specific molecular recognition sites [174, 175]. For example, Lee et. al. selectively detected E. Coli 

using RNA aptamer functionalized SWNTs [176]. Due to the more reactive nature of RNA molecules and 

their ability to form 3D structures, RNA functionalized SWNT devices have unique sensing properties 

compared to DNA functionalized SWNT sensors. Exploring the sensing characteristics of RNA decorated 

SWNTs will advance the development of RNA-SWNT based chemical sensors and biosensors. The 

obtained knowledge will provide critical information to further explore the bonding affinities of different 

RNA sequences on SWNTs and the stable 3D structures of RNA nucleotides formed on SWNTs. Such 

understanding furthers our capability to design specific oligonucleotide sequences to achieve desired 

affinities and recognition sites for molecular detection. 

In this study, to test the differences in sensing characteristics of RNA bases, four homo-RNA 

sequences (24A, 24U, 24G and 24C) were decorated on SWNTs for methanol and IPA sensing. Next, 

four repeated RNA sequences (24GU, 24AC, 24CU, 24AG) were coated on SWNTs and the RNA-SWNT 

sensors were tested against the same vapors. The objective was to obtain and evaluate the differences in 

gas sensing response for SWNT sensors decorated with four homo-RNA sequences and four repeated-

RNA sequences (as shown in table 2.1). 
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2.2 EXPERIMENTAL PROCEDURE 

2.2.1 NANOSENSOR FABRICATION 

The fabrication process is shown in Figure 2.1. First, I deposited and patterned Cr/Au microelectrodes 

using photolithography followed by metal sputtering and a lift-off process on oxidized silicon wafers.  

Then, the SWNTs were placed between the two Au microelectrodes by a Dielectrophoretic (DEP) 

assembly process [177]. Commercial SWNTs from Brewer Science (with a diameter of 1~2nm and length 

of 2~5µm) were dispersed in DI water at a concentration of 0.004g/ml. A 2μl solution containing SWNTs 

were dispensed on to the microelectrodes. Then an AC signal with 3 Vpp and a frequency of 10 MHz was 

applied between the electrodes to assemble carbon nanotubes between them. SEM micrograph (Figure 

2.2a) shows a close up of one of the microelectrode area with assembled SWNTs.  After assembly, I-V 

measurements confirmed connectivity of the two electrodes and the two-terminal resistance is around 

30KΩ.  

2.2.2 PROCEDURE FOR RNA DECORATION 

Eight RNA sequences were used to investigate the influence of decorating SWNT sensors with 

different RNA bases. A concentration of 100μM containing the corresponding RNA bases was next 

applied on to the assembled carbon nanotubes and incubated in a chamber under 100% humidity for 1 

hour. RNA oligomers are known to self-assemble on SWNTs via π-π stacking. Afterwards, the excess 

RNA solution was removed by compressed air. The RNA molecules were decorated on SWNTs where 

they formed many small spheres that wrapped around the carbon nanotubes which are shown in Figure 

2.2b. The pearl like structure of RNAs formed on nanotubes is consistent with previous observations 

made by AFM and single-molecule fluorescence microscope imaging [178-180]. As previously 

mentioned, single stranded RNA is more prone to self-hybridization and forms a 3D structure. We believe 

that these spheres are likely to be the folded single stranded RNA nucleotides. 
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Fig. 2.1:  Process flow for RNA decorated SWNT sensors assembled on Au microelectrodes.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.2: (a) SEM micrograph of SWNT bundles assembled on Au electrodes; (b) SEM micrograph of 
SWNTs decorated with RNA. The yellow arrows indicate the 3D RNA structures formed on SWNTs. 
 

2.3 RESULTS AND DISCUSSION 

Gas sensing tests were performed on SWNT devices decorated with four homo and four repeated RNA 

sequences. The resistances of SWNT sensors and RNA-SWNT sensors were measured before, during and 

after exposure to methanol and IPA vapors. The changes in resistance of bare SWNTs and SWNTs 

functionalized with RNAs under exposure to methanol/IPA were calculated and summarized in table 2.1. 

The saturated vapor pressure of methanol at room temperature (23 ºC) is around 112 Torr and the 
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saturated vapor pressure of IPA at room temperature is around 38 Torr [181]. We found that the RNA 

decorated SWNTs showed an enhanced response to alcoholic vapors (methanol and IPA) than bare 

SWNTs. The graphene surface of SWNTs is known to be hydrophobic. Molecular dynamics simulations 

showed that the hydrophobic groups (the nitrogenous bases) of oligonucleotides tend to get attracted to 

and bond on to the surface of SWNTs, while the hydrophilic phosphate groups along the backbone of 

oligonucleotides do not bind to SWNTs [182]. Thus the exterior surfaces of RNA-SWNTs were covered 

by hydrophilic backbones of RNA. The presence of oligonucleotides has altered the surface properties of 

SWNTs from hydrophobic to hydrophilic. Accordingly, the polar molecules, such as methanol and IPA 

had a higher tendency to bind on to these functionalized nanotubes and change the resistance of SWNTs. 

 

Table 2.1:  Percentage change in resistance of RNA-SWNTs to methanol and IPA vapors.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The measured resistances of homo and repeated RNA-SWNT sensors when exposed to an 

air/methanol/air cycle were normalized and plotted in Figure 2.3 and Figure 2.4. The resistances of RNA 

functionalized SWNT sensors increased dramatically when exposed to methanol vapor (from 18% to 

84%). It took a few minutes for methanol vapors to diffuse and adsorb on SWNT sensors. During this 

time, the resistance of the sensors has continuously increased and eventually reached a stable value in 2 

Name Sequences 
Methanol 
(ΔR/R %) 

IPA 
(ΔR/R %) 

SWNT  15.5 11.4 

RNA 24A 
AAAAAAAAAAAAA

AAAAAAAAAAA 
18.0 16.2 

RNA 24U 
UUUUUUUUUUUUU

UUUUUUUUUUU 
26.8 28.1 

RNA 24G 
GGGGGGGGGGGGG

GGGGGGGGGGG 
56.0 40.7 

RNA 24C 
CCCCCCCCCCCCCC

CCCCCCCCCC 
78.1 35.8 

RNA 24GU 
GUGUGUGUGUGUG

UGUGUGUGUGU 
84.0 27.3 

RNA 24 AC 
ACACACACACACAC

ACACACACAC 
35.8 16.1 

RNA 24 CU 
CUCUCUCUCUCUCU

CUCUCUCUCU 
19.2 12.8 

RNA 24 AG 
AGAGAGAGAGAGA

GAGAGAGAGAG 
51.5 14.2 
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mins. When the sensors were exposed to air, the adsorbed methanol molecules gradually desorbed from 

carbon nanotubes and the resistances of RNA-SWNT sensors returned to their initial values. These results 

indicate that the RNA coated SWNT sensors are reusable and robust. 

Homo RNAs composed of different nitrogenous bases (such as 24A and 24C) on SWNTs showed a 

significantly different response to gas vapors (Figure 2.3). After exposure to methanol, the resistance of 

SWNTs decorated with RNA 24C increased by 78% and the resistance of SWNTs decorated with RNA 

24A increased by 18%, where the RNA 24A only had a 3% improvement over the response from bare 

SWNTs. Repeated RNA sequences composed of two different bases (24GU and 24CU) also improved the 

response of SWNT sensors but in a different manner. The change in resistance for RNA 24GU 

functionalized SWNTs to methanol was 84% while the change in resistance for RNA 24CU-SWNTs was 

only 19% (Figure 2.4).                      
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Fig. 2.3: The response of SWNT sensors decorated with homo-RNA sequence to methanol vapor 

[183]. 

0 5 10 15 20 25

1.0

1.2

1.4

1.6

1.8

      SWNT-GU
      SWNT-AG
      SWNT-AC
      SWNT-CU
      SWNT

R
/R

0

Time (min)  
Fig. 2.4: The response of SWNT sensors decorated with repeated RNA sequence to methanol vapor 

[183]. 



51 
 

It has been found that the response of homo RNA-SWNTs followed the trend: C > G > U > A for 

methanol and G > C > U > A for IPA (table 2.2). Thus, we believe that for SWNT sensors functionalized 

with RNA, the bases G and C play a key role in the sensing response. These trends were different than 

homo-DNA decorated SWNTs (G > A > C > T) which were reported by Khamis et al. [8]. RNAs 

composed of repeated bases followed the trend: GU > AG > AC > CU for methanol and GU > AC > AG > 

CU for IPA (table 2.2). This indicates that the response from repeated RNA bases do not simply equal to 

the sum of responses from homo bases. For example, homo base C plus homo base U should have a larger 

response to methanol than homo base G plus homo base A. However, the response of RNA 24AG to 

methanol (52%) was significantly higher than the response to RNA 24CU (19%). 

The different responses of RNA-SWNTs to organic vapors are possibly due to a combination of 

effects. Among them four will be discussed. First, different responses could be due to the different 

binding affinities of RNA’s nitrogenous bases with the SWNTs. Molecular dynamics simulations indicate 

that the hydrophobic nitrogenous bases of RNAs would be attracted to the hydrophobic surface of 

SWNTs [18]. RNA molecules composed of different base groups (A, U, G or C), the binding affinities 

between those bases and carbon nanotubes are different. We believe that the percent coverage of SWNT 

surfaces by RNAs played a vital role in gas sensing performance. Second, the different responses could 

also be attributed to the 3D structure of RNA sequences formed on nanotubes. As seen in the SEM 

images, multiple 3D pearl-like structures formed and wrapped around SWNTs after RNA decoration. The 

conformations of these 3D structures might affect the RNA-SWNT sensors’ response to input analytes. 

Third, the nitrogenous bases of RNA attached on SWNTs had a chance to interact with the gas vapors 

(methanol and IPA) in addition to the interaction between the phosphate-sugar backbone of RNA and gas 

vapors. Further investigations are needed to confirm this possibility. Fourth, RNAs with various base 

compositions and sequences have a different stability in the ambient environment, as reported by Lesnik 

et. al. [184]. 
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Table 2.2: Response order of different RNA decorated SWNTs upon exposure to methanol and IPA 
vapors. 

 Homo RNA Repeated RNA 
Methanol C > G > U > A GU > AG > AC > CU 

IPA G > C > U > A GU > AC > AG > CU 

 

Four homo-RNA sequences and four repeated RNA sequences were coated on to SWNTs and their 

responses to various gas vapors were explored. RNA decoration improved the sensing response 

significantly when compared to the response obtained from bare SWNT sensors. The responses of RNA-

SWNTs to methanol and IPA vapors were measured and found to be sequence dependent. This data will 

be included to vapor detection profile of RNA functionalized SWNT sensors. These results provide 

experimental data to understand the variations in SWNT sensing characteristics after decoration with 

different RNA bases. It also paves the way for exploring the mechanism behind sequence dependent gas 

sensing performance. With a better understanding of the sensing characteristics of oligonucleotide 

decorated SWNTs, specific oligomers with certain sequences and secondary structure could be designed 

and implemented to realize versatile nanosensing devices. These RNA sequences can be decorated on 

CNT sensor array and tested with other types of gases and vapors.  
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CHAPTER 3                       
DNA FUNCTIONALIZED SWNT GAS 

SENSORS-THE EFFECT OF DNA 

SEQUENCE LENGTH 

 

 
DNA decoration has been found to improve the sensing response of SWNT sensors. However, on one 

has inspected the effect of sequence length to the sensing responses of DNA decorated nanotube sensors. 

This chapter reports the effect of sequence length on the sensing characteristics of DNA decorated single-

walled carbon nanotube (SWNT) sensors. Four single-stranded poly-G oligomers with lengths of 8, 16, 

24 and 32 were decorated onto SWNT sensors and the conductance of the nanosensors in response to 

methanol and IPA vapors were measured. Solution-based dielectrophoresis (DEP) process was used to 

assemble the SWNTs onto microelectrodes. DNA molecules with different sequence lengths were self-

assembled onto the SWNTs via non-covalent π-π stacking interactions. The results show that the optimum 

DNA sequence length for sensing applications was 24 bases. Poly-G DNAs with various sequence lengths 

improved the response of SWNT nanosensors to vapors of methanol and IPA. The effect of sequence 

length dependent sensing performance is possibly due to the difference in binding affinities of nucleotides 
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onto SWNTs and the conformations that DNA molecules form on SWNTs. The measured responses of 

DNA-SWNT sensors to both gases were reversible and repeatable. We also observed that the DNA-

SWNT sensors demonstrated an enhanced gas sensing response and also required a longer desorption 

time for the release of the adsorbed molecules, due to the adsorption of a larger amount of analytes.  

These findings will facilitate the development of DNA functionalized SWNT sensors for the detection of 

numerous chemicals and biomolecules. 

3.1 INTRODUCTION 

As described in Chapter 2, with these desirable properties, SWNTs are promising sensing elements for 

a wide variety of analytes of interest, from chemicals to biomolecules [102]. However, the sensitivity of 

nanotubes to many gases and vapors including oxygen and humidity in the environment is a concern for 

sensing applications. In order to achieve the desired specificity and selectivity of SWNTs to target 

analytes, several functionalization methods have been developed to modify the surface properties of 

nanotubes including coating them with a conducting polymer, metal nanoparticles or biomolecules, etc. 

Oligonucleotides (DNA and RNA) have previously been decorated on SWNTs to enhance their 

specificity and sensitivity. DNA decorated SWNTs have been demonstrated as chemical sensors that 

distinguished between various gases and vapors in air [143] and as biosensors to detect DNA 

hybridization in aqueous solutions [185]. Moreover, Zhao et. al. utilized the optical properties of DNA-

SWNT hybrids to detect hydrogen peroxide and glucose in liquid which extended the applications of 

DNA-SWNT sensors into immunoassays [147]. DNA functionalized SWNTs have also been immobilized 

on Au electrodes as electrochemical DNA sensors with a detection limit down to 0.8 pM [186]. 

DNA is a long polymer made of repeated units, called nucleotides. As I mentioned in the introduction, 

a DNA nucleotide is composed of a deoxyribose sugar, a phosphate and one of the four nitrogenous bases 

which could be adenine (A), cytosine (C), guanine (G) or thymine (T). Single-stranded DNA (SsDNA) 

has been found to spontaneously wrap around carbon nanotubes and is reported to form various 

conformations on them. Several possible configurations, such as the double helix and the triple helix 
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structures have been proposed by Molecular dynamics simulations [187] and verified by experimental 

observations [188]. SsDNA binding to SWNTs occurs via π-π stacking interactions where the aromatic 

structures in oligomers’ bases bind to the aromatic structures on SWNTs. Such non-covalent binding of 

DNA preserve the electronic integrity of SWNT’s high conductance [171]. DNA decoration of SWNT 

sensors was previously reported where the DNA coating was found to enhance the sensitivity of the 

sensors. The DNA-SWNT sensors also displayed a reversible and reproducible response to numerous 

chemical vapors, and their responses were found to be highly sequence dependent [143]. While these 

results showed that the decoration of ssDNA improved the specificity and magnitude of the sensing 

response of bare SWNTs, detailed understanding of sequence dependent sensing mechanisms still needs 

further investigation. Khamis et al. previously reported that the gas sensing response of homo-oligomer 

ssDNA-decorated SWNTs to chemical vapors including methanol are in the following order: G > A > C > 

T [172]. Molecular dynamics simulations found that the binding affinities between homo DNAs and the 

SWNTs follow a comparable trend which is G > A > T > C, suggesting that the nature of ssDNA-SWNT 

binding plays a vital role in both the specificity and the sensitivity of the sensors. 

In order to design an oligonucleotide that has the maximum binding affinity onto SWNTs and thus 

gives rise to the maximum response, the sequence length of DNA should also be considered. In this 

chapter, we investigate the sequence length dependent sensing characteristics of DNA on SWNTs and 

report the optimum sequence length that can bind on SWNTs for gas sensing applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.1: Gas sensing device composed of ssDNA decorated SWNTs assembled on Au electrodes. 

 

Air/Gas
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3.2 EXPERIMENTAL PROCEDURE 

3.2.1 NANOSENSOR FABRICATION 

The device fabrication procedure is similar to the process described in Figure 2.1. First, I deposited a 

thin (0.5 µm) insulating oxide on 3” silicon wafers using thermal oxidation.  In this process, I utilized a 

high yield lift-off process which used a 0.3 µm Aluminum layer as the sacrificial layer.  Hence, I next 

deposited the sacrificial Aluminum layer by a magnetron sputter deposition system (Perkin Elmer 2400 

Sputter). Then, microelectrodes with 3 μm spacing were fabricated by photolithography followed by 

sputtering a Cr/Au (20 nm/150 nm) layer (MRC 8667 Sputtering). SWNTs were then placed between 

microelectrodes by a solution based dielectrophoretic (DEP) assembly process. DEP assembly is a low 

temperature, low cost and efficient method for carbon nanotube placement in an aqueous environment 

[177]. Commercially available SWNTs (diameter: 1~2 nm; length: 2~5 µm) were dispersed in DI water 

with a concentration of 0.004g/ml. Next, 2 μl of this SWNT suspension was placed on top of the 

microelectrodes with a pipette. An AC signal of 3 Vpp at a frequency of 10 MHz was applied for 30 secs 

between the microelectrodes. The DEP assembly not only connected the electrodes with SWNTs, but also 

provided some alignment to the assembled nanotubes. SEM image (Figure 3.2) shows the successful 

assembly of SWNTs on microelectrodes. 

3.2.2 PROCEDURE FOR DNA DECORATION 

It was reported that the decoration of CNTs with Poly-G DNA oligomers enhances the response of the 

nanosensors to methanol vapors in a significant manner [172]. Thus in this paper, we investigated poly-G 

DNA with sequence lengths of 8, 16, 24 and 32.  

DNA 8 G:                       GGGGGGGG 

DNA 16 G:                     GGGGGGGGGGGGGGGG 

DNA 24 G:                     GGGGGGGGGGGGGGGGGGGGGGGG 

DNA 32 G:                     GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG 
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DNA is known to self-assemble on SWNTs by noncovalent π-π stacking interactions. 5 μl ss-DNA 

solution with a concentration of 100 μM was applied onto the carbon nanotubes and incubated in a 

chamber with 100% humidity for 1 hour. After that process, the excess DNA solution was removed by 

blow drying the sample with compressed air. A schematic image of DNA assembled on SWNTs is 

illustrated in Figure 3.1. The response of DNA poly-G decorated SWNTs to alcoholic vapors (methanol 

and IPA) were measured by a multimeter at room temperature and displayed by LABVIEW program. 

3.3 RESULTS AND DISCUSSION 

3.3.1 DNA FUNCTIONALIZED SWNTS 

One of the main advantages of DEP assembly over other nanomaterial assembly methods is the 

alignment provided by the electric fields during assembly. As shown in Figure 3.2, the SWNT bundles 

were aligned in a parallel manner between the two microelectrodes. After the DNA molecules were 

coated on to the surface of SWNTs, we found that SEM imaging was not sensitive enough to resolve the 

increase in the thickness of the SWNTs bundles. It has been reported by Staii et. al. that ssDNA forms a 

~1nm thin layer on SWNTs [143]. In addition, we observed the presence of tiny white dots randomly 

dispersed between SWNT bundles, which were likely caused by the aggregation of DNA molecules 

settling on SWNTs. The observed DNA aggregates were consistent with the AFM measurements reported 

by Strano et al. where DNA was adsorbed on SWNTs in a nonuniform manner [189]. 

The I-V measurements from the SWNT nanosensors assembled in between two microelectrodes before 

and after DNA decoration were plotted in Figure 3.3. After DNA attachment onto the SWNT surface, the 

current in the SWNT sensor decreased which indicated that the DNA decoration resulted in an increase in 

the two-terminal resistance of SWNTs. The increase in resistance after DNA decoration is consistent with 

the results reported by several other groups [145, 185, 190]. One possible reason for the reduction in 

conductivity could be that the electrons of the DNA bases act as a dopant for the semiconducting carbon 

nanotubes [185]. In other reports, the change in resistance after DNA decoration was attributed to the 
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modulation of the metal-nanotube contact resistance due to molecular absorption [117, 191]. Further 

study is required to investigate the charge transport characteristics of DNA-SWNT composites. 

 

 

 

                                 
 
 
 
 
 

 
 

 
Fig. 3.2: SEM micrograph of SWNTs with DNA 8G assembled on Au electrodes. The white dots are 

aggregated DNA molecules. 
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Fig. 3.3: I-V characteristics of SWNTs assembled on micro electrodes before and after decorating 
DNA 24G. 
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3.3.2 SENSING RESPONSE OF DNA-SWNTS TO ALCOHOLIC VAPORS 

The sensing characteristics of SWNT sensors decorated with DNA nucleotides of different sequence 

lengths were next investigated. The resistance of bare SWNTs and DNA decorated SWNTs were 

recorded before, during and after exposure to methanol and IPA vapors. The saturated vapor pressure of 

methanol at room temperature (23 ºC) is around 112 Torr and the saturated vapor pressure of IPA at room 

temperature is around 38 Torr [181]. Figure 3.4 and Figure 3.5 show the normalized resistances of DNA-

SWNT devices under exposure to methanol and IPA vapors, respectively.  Figure 3.4 shows that SWNTs 

coated with DNA 24 G and DNA 16G have significantly higher responses than SWNTs coated with DNA 

8G and DNA 32G. Figure 3.5 displays that the SWNT sensors functionalized with DNA 24G showed a 

higher response to IPA vapors compared to ones functionalized with other poly-G oligomers. Under 

exposure to methanol vapor, bare SWNTs were found to have an increase in resistance of about 15.5%. 

The decoration of DNA 8G and DNA 32G barely improved the response of SWNT devices to methanol 

as seen in Figure 3.4. The resistance of DNA 8G-SWNTs were increased by 18.55% (an improvement in 

the response of nanosensors by 3%) and the resistance of DNA 32G-SWNTs were increased by 22.8% 

(an improvement in the response of nanosensors by 7%) after exposure to methanol. However, after 

coating SWNTs with DNA 24G, the change in resistance when exposed to methanol was 45.8%, which 

resulted in an improvement in the response of bare SWNT sensors (15.5%) by about 300%. 
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Fig. 3.4: Normalized resistance of DNA decorated SWNTs upon exposure to methanol vapor. CNTs 
were decorated with DNA poly-G with sequence lengths of 8, 16, 24 and 32. 
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Fig. 3.5:  Normalized resistance of DNA decorated SWNTs upon exposure to IPA vapor. DNA poly-
G with sequence lengths of 8, 16, 24 and 32 was used. 

 

The average resistance changes in bare and DNA functionalized SWNT sensors when exposed to 

methanol and IPA vapors were calculated and plotted in Figure 3.6. These results indicate that DNA poly-
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G with a sequence length of 24 produced the maximum response to vapors of methanol and IPA. The 

decoration of SWNTs with poly-G ssDNA improved the sensitivity of bare SWNT sensors where the 

magnitude of the sensing response was also dependent on the length of the DNA sequence used. A 

possible reason for the DNA based sensitivity enhancement of SWNT sensors to polar molecules could be 

that the DNA altered the surface property of SWNTs from hydrophobic to hydrophilic.  Molecular 

Dynamics simulation results reported by Zhao et al. suggested that the hydrophobic groups (the 

nitrogenous bases) of oligonucleotides tend to bind on to the surface of SWNTs, while the hydrophilic 

phosphate groups along the backbone of oligonucleotides do not bind to SWNTs [182]. Thus after coating 

ssDNA molecules onto the carbon nanotubes, the outer periphery of the DNA-SWNTs will be covered by 

the hydrophilic backbones of DNA which tends to further attract polar molecules including methanol and 

IPA. Hence the surface coverage of SWNTs by DNA oligomers plays a vital role in the sensing 

performance of the SWNT sensors. From these results, it is very likely that the DNAs with different 

sequence lengths have different binding affinities on to the surface of carbon nanotubes, thereby resulting 

in different gas sensing response. Sequence length of 24 might be the optimum length to wrap around 

nanotubes and provide a better coverage on the sidewalls. 

Another possible reason for the sequence length dependent sensing response could be due to the 3D 

structures that ssDNA forms on SWNTs. We observed white dots on carbon nanotubes as shown in 

Figure 3.2. This indicates that the DNA molecules could aggregate and form stable conformations on 

carbon nanotubes. Surface enhanced infrared absorption (SEIRA) study on DNA-SWNT complex showed 

that numerous structural changes in DNA were connected with the appearance of new sugar and base 

conformations and changes in phosphate vibrations, which was likely interpreted as A–B conformation 

transition and stabilization of structure in some DNA fragments [140].  It is very likely that DNAs with 

different sequence lengths form different conformations on SWNTs in order to reach a stabilized state. 
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Fig. 3.6: Change in resistance of DNA-SWNT sensors upon exposure to methanol and IPA vapors. 
Sensing response of SWNTs decorated with DNA G of various sequence lengths was compared [192]. 

 

Figure 3.7 shows three methanol/IPA gas sensing cycles from bare and poly-G decorated SWNT 

sensors. The response of the bare and DNA functionalized SWNT sensors were reversible and repeatable 

to methanol and IPA vapors. We also found that the specific sequence length of the DNA molecules that 

gave rise to an enhanced response also increased the refresh time of the sensors.  The enhancement in 

sensor response resulted in a larger number of gas molecules to be absorbed on the sensor surface which 

also took a longer time to desorb under ambient conditions. The average desorption times of DNA-SWNT 

sensors and bare SWNT sensors to methanol and IPA were measured and plotted in Figure 3.8. Both the 

desorption data and the sensor response curves show a similar trend where the maximum response is 

observed for a DNA sequence length of 24. Our results suggest that larger gas sensing response stems 

from larger amount of analyte adsorption and therefore results in a longer desorption time. 

 



63 
 

 
 

Fig. 3.7: (a) Multiple sensing measurements using DNA 24G and DNA 32G decorated SWNTs and 
bare SWNTs to methanol vapor. (b) Multiple sensing measurements using DNA 24G and DNA 8G 
decorated SWNTs and bare SWNTs to IPA vapor. 
 

 
 
 

 
Fig. 3.8: Desorption time of DNA-SWNT sensors in ambient environment after exposure to with 

methanol and IPA vapors. 

 

In this chapter, I demonstrated that the length of the ssDNA sequence that is functionalized on SWNTs 

impacts the gas sensing response of SWNT sensors.  I found that the decoration of 24 bases of poly-G 

ssDNA molecules on SWNTs sensors resulted in the largest resistance change when the devices were 
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exposed to methanol and IPA vapors.  Four different sequence lengths were tested and the gas sensing 

response of poly-G ssDNA-SWNTs were found to vary with the changes in the lengths of the DNA 

sequences. It is possible that both the binding affinity of DNA on SWNTs and the stable conformation of 

DNA formed on SWNTs are sequence length dependent. Thus the sensing characteristics of DNA-

SWNTs depend on the sequence length of the functionalized oligomers. These results provide further 

insight into the interactions between ssDNA and SWNTs and will facilitate the design of oligomers with 

desired sensing properties for novel nanosensors. 
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CHAPTER 4                       
WIRELESS SENSOR ARRAY BASED ON 

DNA DECORATED SWNTS FOR GAS 

MONITORING 

 

 
The response of nanosensor to the target analyte is susceptible to many gases and vapors including 

oxygen and moisture which are abundant in the ambient environment. In order to differentiate a type of 

gas or vapor in a mixture of various compounds, sensor arrays which are commonly called electronic nose 

have been proposed by researchers. The sensor arrays achieve selectivity by providing a characteristic 

signature for an analyte from the responses of several different sensors included in the sensor array. It has 

been demonstrated in the previous chapters that oligonucleotides (RNA and DNA) can increase the 

responses of nanotubes to alcoholic vapors and the responses of DNA-SWNTs are reversible, repeatable 

and sequence dependent. In this chapter, ssDNA of different sequences were used to functionalize the 

nanotubes assembled on microelectrodes to alter the surface affinities of nanotubes to analytes. To reduce 

the undesirable responses of SWNTs to interfering analytes, a wireless sensor array composed of six 

nanosensors functionalized with different ssDNAs were developed. The resistances of six SWNT sensors 
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were measured simultaneously during exposure to gases. The responses of different DNA decorated 

SWNTs and bare SWNTs to toxic organics were wireless transmitted and displayed by a GUI interface. 

Development of this wireless sensor array enabled selective, sensitive and real-time monitoring of 

hazardous gases and vapors from a distance. 

4.1 INTRODUCTION 

Sensor array is trying to mimic the mammalian olfactory system by collecting the responses of many 

different sensors simultaneously and obtaining the characteristic signature of a certain analyte by artificial 

computational programs, such as pattern recognition [193]. To date, many types of sensor arrays have 

been developed and demonstrated for reliable detection and identification of volatile organic compounds 

(VOCs) and other gases [89, 194-200]. The modalities of sensor array can be thin films of conducting 

polymers [201], surface acoustic wave sensors [202], semiconducting metal oxides [203], 

micromechanical cantilevers [204] and colorimetric sensor array composed of chemically responsive dyes 

[205]. Miniaturization of sensing elements is important for the design of high-density sensor arrays with 

relatively small spatial footprints. Recently, electronic devices utilizing nanomaterials including 

nanocomposites [206], nanowires [207] and carbon nanotubes [208] have been shown to function as 

extremely sensitive and small chemical sensors. Integration of these sensor elements into a complex 

sensor array may bring about electronic noses as complex as the mammalian olfactory system. 

Carbon nanotube based sensor array has been achieved by decorating different metal nanoparticles 

onto SWNTs [88]. The differences in catalytic activity of 18 catalytic metals evaporated on nanotube 

transistors, for detection of H2, CH4, CO, and H2S gases were observed. Furthermore, a sensor array was 

fabricated by site-selective electroplating of Pd, Pt, Rh, and Au metals on isolated SWNT networks 

located on a single chip. The resulting electronic sensor array, which was comprised of several functional 

SWNT network sensors, was exposed to three combustible gases, H2, CO, and H2S and two toxic gases, 

NH3 and NO2. Electronic responses of all sensor elements were recorded and the sensor array data was 

analyzed using pattern-recognition analysis tools. Carbon nanotubes were dispersed into five different 
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insulating polymer matrices to form conductive polymer nanocomposites which were utilized in five 

different sensors for gas detection [209]. The nanocomposites based sensor array was tested with nine 

organic solvent vapors (isopropanol, tetrahydrofuran, dichloromethane, n-heptane, cyclohexane, 

methanol, ethanol, water and toluene) and the responses of sensor array to different vapors were separated 

by principle component analysis which was demonstrated to be an excellent pattern recognition tool. Lu 

and collaborators combined the metal decorated SWNT sensors and polymer coated SWNT sensors into a 

sensor array with 32 sensing elements [89]. This sensor array was exposed to NO2, HCN, HCl, Cl2, 

acetone and benzene in ppm concentration levels. The obtained data was normalized and autoscaled for 

eliminating concentration and background noise, and ignoring outliers. The post processed array data was 

then subjected to a principal component analysis, a pattern recognition technique, for gas and vapor 

discrimination. Carbon nanotubes coated acoustic and optical sensors were combined into a sensor array 

and utilized for volatile organic compound detection [210]. The nanotube networks were dip coated onto 

quartz crystal microbalance resonators and standard silica optical fiber sensors with LB multilayered 

material of cadmium arachidate pre-deposited onto the sensor surface as the linker. Response from each 

sensor to six different volatile vapors were analyzed and processed by pattern recognition including 

principle component analysis and artificial neural networks.  

In this chapter, DNAs with different sequences were decorated onto SWNT sensors for gas 

monitoring applications. The CNT microsensors were further placed on a PCB board with signal 

conditioning and connected with a wireless transmitter. This wireless nano-sensor array module is 

networked and scalable, consumes very little power, programmable, capable of fast data acquisition, 

reliable over a long term operation, low cost and requires minimum maintenance. A wireless sensing 

platform (Waspmote) is used for this project, which is suitable for environmental monitoring, fire & flood 

detection and logistics. The platform includes a range of radio ZigBee modules with a choice of protocol 

versions, radio frequency and range as well as a module for GPRS which can connect a sensor network to 

the outside world. The wireless transmitted signals from six sensors were recorded displayed on by GUI 
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on a computer for further analysis. This DNA functionalized SWNT sensor array were tested with six 

types of gases and vapors, at room temperature. 

 
4.2 EXPERIMENTAL PROCESS 

4.2.1 FABRICATION OF THE SWNT SENSOR ARRAY 

The process of making SWNT sensors have been described in Chapter 2.  DNAs with the following 

sequences were utilized to functionalize SWNTs: 

DNA 24 G:  GGGGGGGGGGGGGGGGGGGGGGGG

DNA 32 G:  GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG

DNA 1  GTGTGTGTGTGTGTGTGTGTGTGT

DNA 2  Amine‐GACCTGTTCAAGGACCTGTTCAAG‐Amine 

DNA 3  AAAAAAAAAAAAAAAAAAAAAAAA 

DNA 4  Amine‐AAAAAAAAAAAAAAAAAAAAAAAA‐Amine

   

 
4.2.2 WIRELESS TESTING BOARD 

A functional block diagram of the wireless nanosensor array is shown in Figure 4.1 which was 

developed with a modular design concept. The modular design approach provided a flexible and versatile 

platform to address the needs for a wide variety of applications. For example, depending on the sensors to 

be deployed, the signal conditioning block can be re-programmed or replaced. This allows for a variety of 

different sensors to be used with the wireless sensing node. Similarly, the radio link may be exchanged as 

required for a given applications’ wireless range and the need for bidirectional communications. The use 

of flash memory allows the remote nodes to acquire data on command from a base station, or by an event 

sensed by one or more inputs to the node. Figure 4.2 shows the actual system developed with this 

modular concept. 
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Fig. 4.1: The wireless sensor node functional block diagram for the wireless sensor node. 
 

 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4.2: A photograph of the wireless nanosensor array system. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 DNA DECORATED SWNTS ASSEMBLY 

During the DEP process, the SWNTs in the aqueous solution will be aligned by the applied electrical 

field between the two electrodes [211]. Figure 4.3a shows that the SWNT bundles were successfully 

assembled on microelectrodes and aligned almost parallel to the electrodes. After ssDNA decoration, it 

was observed that some tiny white dots were randomly dispersed in CNT bundles, which were believed to 

be aggregated ssDNA molecules (Figure 4.3b). Aggregation of ssDNA on SWNTs was previously 
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reported by Jeng et. al. using AFM imaging [189]. This indicated that ssDNA molecules were attached on 

SWNTs in a nonuniform manner. 

 

Fig. 4.3. (a) SEM micrograph of SWNTs assembled on an Au microelectrode (b) SEM micrograph of 
ssDNA functionalized SWNTs assembled on the microelectrode. The white dots were aggregated ssDNA 
nucleotides. 

 

4.3.2 REMOTE SENSING WITH NANOSENSORS 

To obtain data in a wireless manner, a graphic user interface (GUI) program was developed to control 

the application using a PC with LabWindows/CVI. As shown in Figure 4.4, the application obtained the 

data from Waspmote gateway through a USB port which received the data from the nanosensor array 

node wirelessly. Acquired data was real-time monitored, plotted and stored for further analysis. Figure 4.5 

shows the GUI interface for this application. 

 
 

Fig. 4.4: Photograph of six channel sensing array made by SWNTs assembled on Au microelectrodes. 
(a) Photograph of nanosensor array connected with the testing board and the wireless transmission board. 
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(b) The measured output voltage was transmitted wirelessly to a computer and the resistances of 
nanotubes were calculated. 

 
 

 
Fig. 4.5: GUI interface for the wireless nanosensor arrays. 

 

The Waspmote main board contains a built-in accelerometer and when combined with the GPS 

module, the device can be used to measure speed, direction and location of vehicles or containers. The 

platform has outstanding power management allowing it to be deployed in remote locations and adverse 

conditions; an optional solar panel can allow almost indefinite operation. 

 

 

 



72 
 

4.3.3 GAS SENSING MEASUREMENTS 

The six channel nanotube sensor array was utilized to detect methanol vapor at room temperature. 

DNA 24G and DNA 32G sequences were used to decorate two SWNT sensors, respectively. The sensing 

elements of the left two SWNT sensors were reserved for the bare SWNTs. The SWNT nanosensor array 

was next mounted onto a testing board with a signal processing unit and a wireless transmitter and 

functioned as an autonomous unit for gas monitoring. The wireless sensor array was tested in a sealed 

chamber and the vapors were carried into the chamber by nitrogen or compressed air. The testing setup 

was illustrated in Appendix C. The resistances of six SWNT sensors were recorded simultaneously and 

displayed by GUI on a computer (Figure 4.5). The nanosensor array was exposed to air, methanol vapor 

and air consecutively for three times. The normalized resistances of the six sensors when exposed to 

air/methanol vapors were collected and plotted in Figure 4.6. The SWNT sensors had a rapid and 

significant response to methanol vapor and after being exposed to air gradually recovered their initial 

values. In addition, the sensing characteristics of the SWNT sensors were reversible and repeatable. 

Decorating the CNT sensors with DNA 24G sequence improved their response by 300%, while 

decoration of DNA 32G sequence improved the response of SWNTs by 200%. For SWNT sensors 

functionalized with the same DNA sequence, the changes in resistance of the two SWNT sensors to 

methanol vapor were about the same. Hence, the sensing characteristics of DNA decorated SWNTs were 

confirmed independently by two channels under the same experimental conditions. The changes in 

resistances of DNA 24G-SWNT, DNA 32G-SWNT and bare SWNT sensors upon exposure to methanol 

are plotted in Figure 4.7. 
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Fig. 4.6: Normalized resistances of SWNT nanosensors functionalized with DNA 24G, DNA 32G 
sequences and bare SWNT nanosensors when exposed to methanol vapors (three cycles are shown). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.7: The changes in resistance of SWNT nanosensors functionalized with DNA 24G, DNA 32G 
sequences and bare SWNT sensors upon exposure to methanol vapor. 

 

The wireless nanosensor array was then utilized to detect various vapors with different chemical 

properties to explore the sensing mechanism of DNA decorated SWNT sensors. The molecular structures 

of testing analytes are illustrated in Figure 4.8. Here, methanol, water and acetonitrile are polar molecules 

and are hydrophilic. Benzene is a nonpolar organic molecule and has very limited solubility in water 
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(hydrophobic). Hydrogen sulfide and DMS are polar molecules but they are hydrophobic. Water, 

methanol, acetonitrile, benzene and dimethyl sulfide (DMS) vapors evaporated from the solutions in a 

petridish placed in a sealed chamber at room temperature. Since DMS is extremely volatile, DPG was 

utilized to dilute the DMS solution (5 µl DMS dissolved in 35 ml DPG solution). Since nanotubes do not 

respond to DPG, the change in resistance will be caused by DMS. The equilibrium vapor pressures of 

water, methanol, acetonitrile, benzene and DMS at 20 ⁰C are 18.66, 97.66, 70, 71 and 0.076 torr, 

respectively. Hydrogen sulfide was generated from the reaction between FeS and H2SO4. The vapor 

pressure inside the sealed chamber after complete reaction is estimated to be 0.027 torr. DNA 1, DNA 2, 

DNA 3 and DNA 4 were decorated on SWNT sensors and their responses to these vapors were measured 

and displayed on GUI interface.  

Fig. 4.8: The molecular structures of water, methanol, acetonitrile, benzene, hydrogen sulfide and 
dimethyl sulfide. 

 

For each chemical, the response of DNA-SWNT sensor was confirmed using five different 

nanosensors decorated with the same DNA sequence. The average changes in resistance of DNA-SWNT 

sensor array after exposure to the chemical vapors for 10 minutes are organized in table 5.1 and plotted in 

Figure 4.9 for comparison. For methanol and water which are polar molecules and have similar structures, 

the responses of DNA-SWNT sensor array have the same trend (the red and pink curves in Figure 4.9). 

However, since methanol is more volatile and has a higher vapor pressure at room temperature, the 
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changes in resistance of the DNA-SWNT array in response to methanol (the red curve in Figure 4.9) is 

higher than the changes in resistance of nanosensor array when exposed to water (the pink curve). The 

trend in the response of the nanosensor array to acetonitrile vapor was also similar to that of methanol 

vapor which was expected since acetonitrile was also a polar molecule and hydrophilic. But the changes 

in resistance of nanosensor array after exposure to acetonitrile were much smaller compared to the 

changes in resistance for methanol. This was possibly due to the nitrile group (C≡N) being not as 

hydrophilic as the hydroxyl group (O-H), thus the affinity of DNA to acetonitrile was not as strong as the 

affinity of DNA to methanol. As shown in Figure 4.9, DNA decorated nanosensor array barely responded 

to benzene and DMS (the black and green curve). As mentioned before, benzene and DMS are 

hydrophobic molecules which do not tend to adsorb on the DNA decorated SWNTs. Especially for 

benzene, DNA decorated SWNT sensors exhibited even smaller responses compared to bare SWNT 

sensors. For hydrogen sulfide, the response pattern was found to be different from all other vapors. The 

resistance of SWNT sensor decorated with DNA 1 decreased significantly when exposed to hydrogen 

sulfide gas. However, the resistances of bare SWNT sensor and SWNT sensors decorated with DNA 2, 

DNA 3 and DNA 4 all slightly increased when exposed to hydrogen sulfide gas. This unique response of 

DNA 1 decorated SWNT sensor to hydrogen sulfide could be used to differentiate hydrogen sulfide from 

other vapors. 

Table 4.1: Responses of DNA-SWNT sensor array to the gases/vapors of benzene, methanol, acetonitrile, 
water, dimethyl sulfide and hydrogen sulfide at room temperature. 

 

 SWNT SWNT-
DNA 1 

SWNT-
DNA 2 

SWNT-
DNA 3 

SWNT-
DNA 4 

Benzene 7.1 ± 2.7 6.7 ± 2.8 6.79 ± 3.1 6.64 ± 3.0 5.21 ± 0.7 

Methanol 14.9 ± 5.0 24.0 ± 3.1 17.72 ± 1.9 23.09 ± 1.2 31.10 ± 5.2

Acetonitrile 10.2 ± 2.9 13.2 ± 3.6 10.09 ± 4.0 9.85 ± 1.0 10.50 ± 2.6

Water 6.4 ± 2.8 17.1 ± 1.4 8.44 ± 2.5 10.09 ± 2.9 8.48 ± 2.5 

Dimethyl sulfide 4.3 ± 0.9 7.2 ± 1.6 6.18 ± 1.4 4.91 ± 1.9 5.35 ± 1.6 

Hydrogen sulfide 6.8 ± 1.6 -8.2 ± 0.7 7.61 ± 1.2 9.26 ± 4.3 7.90 ± 1.5 
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Fig. 4.9: The changes in resistance of DNA decorated SWNT sensor array under exposure to 
methanol, water, acetonitrile, benzene, dimethyl sulfide and hydrogen sulfide vapors. 

 

 

In conclusion, a wireless nanosensor array using ssDNA decorated SWNTs was designed and 

fabricated. The SWNT sensors displayed reversible and repeatable changes in their response during 

exposure to methanol vapors. The results indicate that the nanosensor array can find use in real-time, 

highly sensitive and rapid monitoring of gases/vapors. The nanosensor array decorated with four different 

DNA sequences were tested with six types of vapors with different properties. The results indicated that 

DNA increased the affinity of SWNTs to hydrophilic molecules which was due to the surface properties 

of SWNTs being altered from hydrophobic to hydrophilic by the DNA decoration. In addition, DNA 1 

decorated SWNT sensor exhibited different behavior (decrease in its resistance) compared to other type of 

SWNT sensors when exposed to hydrogen sulfide gas. This showed a great potential to distinguish 

hydrogen sulfide gas from other vapors by DNA 1 decorated SWNT sensor. Measuring the responses 

from six different DNA functionalized SWNT sensors simultaneously and analyzing the response pattern 

will allow one to selectively detect various gases and vapors. This sensing unit provides an attractive 

platform for various kinds of nanosensor arrays for chemical and bimolecular detection. 
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CHAPTER 5                       
CARBON NANOTUBE SENSING SYSTEM 

FOR ENVIRONMENTAL MONITORING 

 

 

The detection of concealed explosives and chemical warfare agents is an urgent need to protect the 

safety of people and cities around the world. This requires the development of highly sensitive, portable 

and stand-off sensors. Here, I present a wireless sensing unit based on single-walled carbon nanotubes 

(SWNTs) integrated with complementary metal oxide semiconductor (CMOS) circuitry, which can 

effectively detect trace explosives and chemical agents. The response of SWNT sensors to Dinitrotoluene 

(DNT) (a byproduct of TNT) and Dimethyl methylphosphonate (DMMP) (an analog of nerve agent sarin) 

vapors were improved dramatically after decoration with single stranded-DNA (ss-DNA). The response 

of carbon nanotube sensors to DNT and DMMP vapors were reversible and repeatable. The nanosensors 

integrated on a CMOS chip were tested with DMMP (DNT) vapors with concentrations varying from 

1.57 to 130.49 ppm (9.41 to 45.73 ppm) and the corresponding change in resistance of the SWNT sensor 

varied from 7.5% to 27.5% (6.53% to 22.76%). The detected signal was processed by off-chip 

components on a circuitry board and was transmitted wirelessly to a computer. This versatile sensing 
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system provides a promising platform to detect explosives and chemical agents at a trace level in a 

wireless manner and stand-off distance. 

5.1 INTRODUCTION 

DNT is well known as a precursor of trinitrotoluene (TNT) and is considered to be a toxic material, 

while DMMP is a chemical weapon conventions schedule 2 chemical used in the synthesis of nerve agent 

sarin. Detecting trace amount of these chemicals will provide an early warning for terrorist attacks. The 

major challenge in detecting explosives and chemical agents is that their vapor pressures are extremely 

low at room temperature. Vapor pressure of TNT is 4.8 x 10-6 torr at 20 ºC [212] and that of DMMP is 

less than 0.1 torr at room temperature [2]. The most common techniques for the detection of explosives 

and chemical warfare agents at a trace level include gas chromatography (GC) [213], mass spectrometry 

(MS) [214] and ion mobility spectrometry (IMS) [215]. The inspection and identification procedures 

typically include collecting vapors or particles from the chemicals and analyzing them in a laboratory 

with large sensing systems. However, direct sampling of chemical agents and explosives is likely to be 

lethal if conducted under an uncontrolled environment. In addition, these testing equipments are bulky, 

expensive and require long procedures and skilled operators. Thus, these equipments are only deployed at 

a few specific locations, such as the airport and government buildings. In order to effectively prevent 

threats of explosives and chemical agents, a highly sensitive, miniature, autonomous and low cost sensing 

system which can be mass produced and widely installed in any hidden locations is urgently needed. 

SWNT, as a quasi-1D material, is composed of a rolled-up graphene sheet with a single atomic layer. 

The SWNTs can be used as the sensing materials, because their electrical properties are extremely 

sensitive to the adsorption of molecules on their surfaces and they have very fast response. The detection 

of gases and organic vapors down to ppb levels using carbon nanotubes has been reported [38, 216]. The 

response time of SWNT sensors to 1% hydrogen gas was found to be around 1.5s [165]. In addition, 

SWNT sensors exhibit high sensitivity at room temperature, whereas most conventional metal oxide thin 

film gas sensors require high operating temperatures (200ºC-400ºC) to maintain their sensitivity [14]. 
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Thin films of zinc oxide are shown to detect 1 ppm ammonia gas at a working temperature of 350 ºC 

whereas they did not have any response at room temperature [217]. Due to these attractive properties, 

SWNT sensors are excellent candidates for detecting explosives and chemical warfare agents at trace 

levels. Several carbon nanotube based sensors have been developed and applied for the detection of 

explosives [218, 219] and chemical warfare agents [220-222]. Moreover, most of these sensors require off 

chip components to detect the variations in the signals which makes them bulky, complicated and not 

portable. 

Here, I present a novel CMOS integrated SWNT nanosensor as a highly sensitive, highly compact and 

miniature sensing system for the detection of explosives and chemical warfare agents (Figure 5.1). The 

nanosensor is composed of ssDNA functionalized SWNTs integrated with custom designed operational 

amplifiers on a CMOS chip. Building nanotube sensors directly on CMOS circuitry provides a single chip 

solution and eliminates the need for long parasitic lines and numerous wire bonds. Decorating ssDNA 

with select sequence onto SWNT sensors increased their response by three times. The DNA-SWNT 

sensors on a CMOS chip were next mounted on a Printed Circuit Board with signal processing and 

wireless transmission components to realize an independent, autonomous and portable sensing system for 

ubiquitous detection of explosives and chemical warfare agents from a distance. This sensing system was 

shown to detect various concentrations of DNT and DMMP vapors at room temperature. 

 

Fig. 5.1: Schematic illustration of DNA-SWNT sensor integrated with CMOS circuitry. 
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Fig. 5.2: Optical photograph of the CMOS chip. 

 

5.2 FABRICATION PROCESS 

5.2.1 POST CMOS PROCESS 

CMOS chips with custom designed microelectrodes were fabricated by AMI semiconductor through 

the MOSIS (0.5 µm process).  The photograph of the microelectrodes connected with op amp circuitry is 

shown in Figure 5.2. Electrodes with and without connecting to operational amplifiers on the CMOS chip 

were designed to demonstrate CMOS integration. The gap was kept at a minimum distance (0.5 µm) to 

reduce the voltage (< 5 volts) for DEP assembly which allowed direct integration of SWNTs onto the 

CMOS amplifiers without damaging the circuit. 

Double zincation process has been used to remove aluminum oxide, deposit zinc and prevented the 

underlying aluminum from getting reoxidized before performing the assembly process. This low cost wet 

chemical process, called electroless plating, is capable of depositing a uniform and conformal layer onto 

microelectrodes with various shapes and geometries [220]. 

5.2.2 DIELECTROPHORETIC (DEP) ASSEMBLY 

SWNTs were assembled onto CMOS chips by a room temperature, solution based DEP process. A 

commercial SWNT (diameter: 1~2nm; length: 2~5µm) solution was diluted with DI water to form a 0.004 
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g/ml suspension. 2µl of this SWNT suspension was dispensed on to the Zn coated electrodes and an AC 

signal of 5 Vpp at 10 MHz was next applied to the electrodes for 1 minute. The excess SWNT solution 

was dried with compressed air. The resistances of assembled SWNTs were around 30 KΩ. 

5.2.3 DNA FUNCTIONALIZATION 

Ss-DNA nucleotide (Invitrogen) with the following sequence has been reported to improve the 

response of SWNTs to DMMP and DNT vapors dramatically [143] and was utilized to functionalize 

SWNTs in this work: 

 DNA: GAG TCT GTG GAG GAG GTA GTC 

 The DNA powder was diluted in DI water to create a solution of 100 µM. 5µl of this DNA solution 

was applied on to the SWNTs assembled between the microelectrodes on the CMOS chip for 1h in a 

chamber with saturated humidity.  

5.3 RESULTS AND DISCUSSIONS 

5.3.1 SWNT NANOSENSOR ASSEMBLED ON A CMOS CHIP 

SEM micrographs in Figure 5.3 show that the SWNTs were successfully assembled between the 

microelectrodes on a CMOS die. They formed suspended bridges and each of these bridges was 

comprised of several SWNT bundles. The amount of SWNTs assembled between the electrodes was 

found to depend on the applied voltage, frequency and time. After DEP assembly, the CNT connections 

between the microelectrodes were confirmed by SEM imaging and I-V measurements. 

Next, DNA was decorated on to the SWNTs. We have found that following DNA decoration, the 

two-terminal resistance of the carbon nanotubes increased which was consistent with what had been 

reported by other groups [145, 185]. Since SWNTs are p-type semiconductors in the ambient environment 

and DNA is a negatively charged molecule, the increase in resistance might due to the holes inside the 

nanotubes being partially compensated by the charges on DNA molecules. 
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Fig. 5.3: SEM images of SWNTs assembled between (a) single finger and (b) multi-finger 
microelectrodes on a CMOS chip. 

 

5.3.2 DMMP DETECTION 

We utilized the DNA functionalized SWNT nanosensor on a CMOS chip to detect DMMP vapors 

with various concentrations (1.57, 14.21, 49.61, 72.05 and 130.49 ppm). Different concentrations of 

DMMP vapors were generated by diluting the DMMP solutions with the dipropylene glycol (DPG) 

solution. Prior to using DPG as the diluting solution, the response of bare SWNT and DNA-SWNT 

nanosensors to pure DPG vapor was tested and no significant response was observed. Thus, we believe 

that the change in resistance of nanotubes is purely caused by the DMMP vapors. 

The change in resistance of bare SWNT and DNA-SWNT nanosensors on a CMOS chip during 

exposure to DMMP vapors and air were plotted versus time in Figure 5.4. The resistance of SWNTs 

assembled on multi-finger electrodes was measured during exposure to DMMP vapors and refreshed in 

ambient environment. The exposure time was 40 minutes for DMMP vapors and 20 minutes for air. Upon 

exposure to a DMMP vapor with a concentration of 1.57 ppm, the resistance of nanotube sensor increased 

instantly and dramatically, and then reached a stable value within a few minutes. Since DMMP is a non-

volatile chemical, it took about 10 minutes for DMMP molecules to evaporate from the solution and 

aggregate on carbon nanotubes. For the bare SWNT sensor, the change in resistance (ΔR/R0) was found 

to be 2.5% when exposed to 1.57 ppm DMMP vapor. For ssDNA functionalized SWNT sensor, the 

change in resistance was 7.5% which showed a 3 times increase compared to a bare SWNT sensor. We 
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observed that DNA decoration enhanced the surface affinity of SWNTs to DMMP vapors dramatically 

(by three times). 

After DMMP exposure, the nanosensor was refreshed by exposure to air where the resistance of the 

SWNTs recovered fairly quickly as shown in Figure 5.4. We also noticed that full desorption of DMMP 

from the SWNT sensors in the ambient environment may take up to 40 minutes. However, this can be 

expedited by heating the sample in a 40 ºC oven. 

 
Fig. 5.4: The change in resistance (ΔR/R0) of bare and DNA functionalized SWNT sensors to 

different concentrations of DMMP vapors (1.57, 14.21, 49.61, 72.05, 130.49 ppm) vs. time. The 
experiment was conducted with SWNT nanosensors assembled on multi-fingered electrodes on a CMOS 
chip. 

 

 The change in resistance of bare SWNT sensor and DNA-SWNT sensor vs. the concentration of 

DMMP vapors was plotted in Figure 5.5. The response of the bare SWNT and DNA-SWNT sensors was 

increased as the concentration of DMMP vapors was increased. Following the increase in the 

concentration of DMMP vapors from 1.57 ppm to 130.49 ppm, the change in resistance of a bare SWNT 

sensor was found to increase from 2.5% to 11.6%, whereas the change in resistance of DNA-SWNT 

sensor was observed to increase from 7.5% to 27.5%. Due to the electrical noise of the SWNT sensor 
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[223-225], the detection limit of bare SWNTs is about 1ppm. We believe that after DNA decoration, the 

sensitivity of the SWNT sensors can be lowered to ppb level. 

 
Fig. 5.5: The measured change in resistance of SWNT sensors (black dots) and DNA-SWNT sensors 

(red dots) vs. concentration of DMMP vapors.  

 

A series of measurements consisted of exposing the bare SWNT and DNA-SWNT sensors to 150 ppm 

DMMP vapor followed by a refresh cycle in air were conducted and a typical response from 2 cycles is 

shown in Figure 5.6. The resistance of the SWNT sensors increased by the same amount when exposed to 

150 ppm of DMMP vapor and returned to their initial values after removing the vapor source as the 

adsorbed vapor molecules dissociated in air. Thus, the response of both bare and DNA decorated SWNT 

sensors was reversible and repeatable. This experiment was repeated five times with three different 

samples to confirm the measurements. 
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Fig. 5.6: The change in resistance (ΔR/R0) of SWNT and DNA-SWNT sensors assembled on multi-

finger electrodes when exposed to 150 ppm DMMP vapors.  

 

5.3.3 DNT DETECTION 

DNT, a byproduct of TNT can be used as the signature product of TNT. DNA decorated SWNT 

sensors integrated on multi-finger electrodes were next used to detect DNT vapor at a concentration of 46 

ppm. Here, the DNT vapor was also generated from a DNT solution using DPG as the solvent. Bare 

SWNTs have insignificant response to DNT vapor (< 5%). The resistance of DNA decorated SWNT 

sensor after exposure to DNT vapor was measured directly from the electrodes and plotted versus time in 

Figure 5.7. The resistance of the DNA-nanotube sensor was stable in air and started to increase after 

exposure to DNT vapor. Since the vapor pressure of DNT is very low (less than 1 torr) at room 

temperature and the partial pressure of DNT became even lower after mixing with DPG, it took about 20 

minutes for DNT molecules to evaporate from the solution and aggregate onto the DNA decorated 

nanotubes. Accordingly, the resistance of DNA-SWNT sensor continued to increase for several minutes 

and finally reached a stable value. The change in resistance of DNA-SWNT sensor to 46 ppm DNT vapor 

was around 28%.  
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Fig. 5.7: The response of DNA decorated SWNT sensor to 46 ppm DNT vapor.  

 

So far, all the data were acquired by directly measuring the resistance of SWNTs from the 

microelectrodes on the CMOS chip. Next, we measured the response of nanosensors to DNT vapors via 

on chip op-amp circuits to demonstrate the integration and performed the measurements on a PCB board 

with signal acquisition and wireless transmission units (Figure 5.8). The SWNT sensors were connected 

in the feedback path of the custom designed operational amplifier on the CMOS chip in an inverting 

configuration where the gain was defined as the ratio between the resistance of nanotubes and the 

resistance of external resistor. By monitoring the gain of the amplifier and using an external resistor with 

a known value (20 KΩ), we were able to calculate the resistance of the SWNT sensor during exposure to 

chemical vapors. 

 

 

Fig. 5.8: Photograph of the CMOS chip containing SWNT nanosensors mounted on a PCB board 
with components for signal processing. 
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The nanosensor connected to an operational amplifier on the CMOS chip was first exposed to air and 

then exposed to DNT vapor (with a concentration of 46 ppm). The stabilized output voltages of the op-

amplifier after exposure to air and DNT vapor for 20 minutes were plotted with the input voltage in 

Figure 5.9. The output voltage corresponding to air is shown by the blue curve and the output voltage of 

the amplifier after exposure to DNT vapor is shown by the red curve, respectively. The change in 

resistance calculated from the measured gain of amplifier after exposure to DNT vapor (46 ppm) was 

about 23%.  

The DNA wrapped SWNT sensor on multi-finger electrodes connected to the op-amp circuitry on the 

CMOS chip was then exposed to five different concentrations of DNT vapors: 9 ppm, 19 ppm, 28 ppm, 

37 ppm and 46 ppm. The Input and output voltages of the amplifiers after exposure to different 

concentrations of DNT vapors were then measured and plotted in Figure 5.10a. Here we changed the 

concentration of DNT vapors from 9 ppm to 46 ppm and found that the gain of the amplifier increased 

from 1.68 to 1.93. Using the measured gain of the operational amplifier, we calculated the change in 

resistance of the DNA-SWNT sensor in response to DNT vapors and plotted the results in Figure 5.10b. 

The resistance of the DNA-SWNT sensor increased dramatically after the sensor was exposed to 9.41 

ppm of DNT vapor and kept increasing as the concentration of DNT vapor was increased. It was observed 

that the change in resistance of nanosensors was almost linear with the concentration of DNT vapors 

ranged from 0 to 40 ppm.  
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Fig. 5.9: The measured input and output voltages of CMOS op-amp with SWNT as the feedback 

resistor measured before and after exposure to 46 ppm DNT vapor. 

 

 

Fig. 5.10: (a) Measured output voltages of the on-chip amplifier with SWNT sensor assembled in the 
feedback path when the concentration of DNT vapor was changed from 0 to 45.73 ppm. (b) The relative 
change in the resistance (ΔR/R0) of an SWNT sensor corresponding to DNT vapors with concentrations 
of 0, 9.41, 18.68, 27.82, 36.84 and 45.73 ppm was plotted (red dots). 
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After testing with DNT vapors, the SWNT sensor was exposed to air at room temperature. We 

observed that the sensor recovered to its initial value after 2 hours, which indicated that the DNT 

molecules were completely desorbed from the surface of the carbon nanotubes. Repeated cycling data 

showed that the sensing response was reversible and repeatable. We measured this five times with three 

different samples (data not shown) and found that the sensing results were consistent. We also found that 

full desorption of DNT vapors from the SWNT sensors was achievable in 20 minutes by heating the 

tested sample in a 40°C oven.  

5.3.4 SIGNAL PROCESSING AND WIRELESS TRANSMISSION 

The signal acquisition and wireless transmission process for nanosensors are schematically illustrated 

in Figure 5.11. The CMOS chip with SWNT sensors was mounted onto a PCB board with signal 

conditioning, A/D converter, micro controller and connected to a wireless transmission board. 

The CMOS chip mounted on a PCB board is shown in Figure 5.8 and the corresponding readout 

circuitry was schematically illustrated in Figure 5.12a. The gain of the amplifier is set by the ratio of the 

resistance of the SWNTs to the external reference resistor and can be obtained from the measured output 

voltage, using equation 4-1. Thus, the change in environmental conditions resulted in a change in the 

resistance of the SWNTs which was calculated by the measured gain of the operational amplifier.    

                                         / /SWNT External out inGain R R V V                                               (4-1) 

The wireless transmission was conducted using the ZigBee protocol (with a frequency of 2.4 GHz) 

which is a low-cost, low-power and wireless mesh network standard (Figure 5.12b). Its lower cost allows 

the technology to be widely deployed in wireless control and monitoring applications; its low power-

usage allows a longer life with smaller batteries; and its mesh networking option provides high reliability 

and extended range.  

A RF receiver module was directly connected to a PC through a USB port and enabled us to obtain 

data continuously from the transmission module. Acquired data were real-time monitored, plotted and 
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stored for further analysis by a Graphic User Interface (GUI) developed in LabWindows/CVI (Figure 

5.12c). This platform enabled on-chip communications between the CMOS chip and the computer and 

enabled the implementation of a compact and portable CMOS integrated nanosensor.  

 

Fig. 5.11: Schematic illustration of the signal acquisition and wireless transmission process for 
nanosensors. 

 

 

Fig. 5.12: (a) The readout circuitry for the SWNT sensors integrated on a CMOS chip. (b) Photograph 
of the ZigBee wireless transmitter and receiver. (c) Screen capture of the input and output voltages 
displayed on GUI interface. 
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I demonstrated a CMOS integrated, miniature, portable and stand-off nanosensing system for 

explosive and chemical agent monitoring. DNA decoration improved the response of SWNTs to DMMP 

vapors by 300%. The nanosensors (bare and DNA decorated) were integrated with custom designed 

operational amplifiers realized using a CMOS foundry process. The response of SWNT sensors measured 

directly from the microelectrodes agreed with the response taken from the custom designed op-amp 

circuitry on the CMOS chip. The resistance of the DNA-SWNT sensors measured from the electrodes on 

CMOS chip increased by 28% and the gain of the amplifier measured from the output voltage increased 

by 23% after exposure to 46 ppm of DNT vapors. The change in resistance of nanotubes or the gain of 

amplifier was proportional to the concentration of the input analytes. The nanosensors on CMOS chip 

were mounted on a PCB board with all the components for signal processing. The detected signal was 

transmitted wirelessly to a computer and displayed by a GUI interface. Our results illustrate the 

possibility of using biological molecules decorated onto SWNTs integrated on a compact conventional 

printed circuitry board for wireless detection of explosives and chemical warfare agents. With suitable 

functionalizations of SWNTs, this wireless CMOS integrated sensing platform has a great potential to be 

extended for the detection of other gases and vapors. 
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CHAPTER 6                       
INTEGRATION OF CNT SENSORS ONTO 

A MICROFLUIDIC CHIP FOR WATER 

QUALITY MONITORING 

 

 
Water pollution has a tremendous impact on the ecosystem and human health. It is critical to real-time 

monitor the water quality, especially the pH, toxic chemicals and excess nutrients in aquatic environments 

in a low cost manner. Here I introduce a highly sensitive, fast response and miniature sensing device 

composed of SWNT nanosensors integrated inside a microfluidic chip. This sensing device was mounted 

on a circuitry board with signal processing and wireless transmission capabilities which was aimed to 

realize a remotely controlled sensor for real-time water quality monitoring. Two novel and efficient 

approaches were developed to integrate nanotube sensors with the microfluidic chip. First, SWNTs can be 

assembled in solution by Dielectrophoretic (DEP) process through the microfluidic system after bonding 

the chip with microfluidic chip. Second, the SWNTs can be assembled on microelectrodes and then 

protected by a parylene mask during plasma treatment before bonding the microfluidic channel. The 

SWNT sensors were characterized with different pH buffer solutions and showed a linear response as the 
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pH values changed from 5 to 8. In addition, the sensing system was demonstrated for detecting toxic 

organics. The resistance of the SWNTs was increased from 60 KΩ to 105 KΩ when the concentration of 

Trinitrotoluene (TNT) in water was increased from 1 to 100 ppm. This nanosensor incorporated within 

the microfluidic chip is a versatile platform and can be utilized to detect various chemicals or 

biomolecules with low concentrations in aqueous solutions. 

6.1 INTRODUCTION  

Perturbations in water have significant impact to human health and the ecological equilibrium. 

Environmental pollutions, such as increased nutrients, industrial wastes, toxicants and algal bloom 

outbreaks can lead to mass mortalities in fish, seabirds and may cause potential human illnesses. 

Traditional water quality evaluation is conducted by on-site sampling or data collection followed by 

transport to a laboratory for testing. This procedure is costly, time consuming and requires skilled 

operators. Besides, the testing results can only represent the water quality at specific time and location of 

sampling. Water quality needs to be monitored in a fast, inexpensive and efficient manner. Adequately 

figuring out the factors which influence water quality requires real-time water evaluation and data 

acquisition. Recent developments have a trend toward continuous data collection by in situ detectors 

[226]. In this chapter, I report an in situ sensing system composed of SWNT sensor integrated with 

microfluidic system and a circuitry board with signal processing and wireless transmission capabilities for 

real time water quality monitoring. 

Carbon nanotubes with high aspect ratio, large surface area and unique electrical properties have great 

potential in chemical and biological sensing applications [57, 227]. Nanotube based sensors exhibit fast 

response (less than 5 seconds in response to pH buffers [228]), high sensitivity (down to 20 ppb in 

response to DMMP in water [229]) and miniature size. As a one dimensional nanomaterial composed of 

single atomic layer, SWNTs are extremely sensitive to chemical and environmental conditions and the 

conductance of SWNTs will change dramatically when exposed to a low concentration of ions and 
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molecules in a liquid. Various SWNT sensors have been developed and utilized for liquid analysis, 

including pH value [228], heavy metal ions [230], toxic organics [229], bacteria [231] and virus [232].  

Microfluidics as an emerging technology is being intensively applied in chemical, biological and 

medical analysis. It offers numerous attractive features such as the abilities to use small amount of 

samples or reagents; carry out sample separations and detections with high resolution and sensitivity; lead 

to significant reduction in cost per analysis; replace the batch analysis into continuous flow analysis; and 

has small footprints for the analytical devices [233]. Especially, in bioanalysis, microfluidic systems are 

able to manipulate and examine samples containing a single cell or single molecule [234]. With specific 

design, newer capabilities have been achieved by the microfluidic systems in the control of the droplet 

volume, chemical concentrations within the droplet and sorting of droplets based on flow pattern [235]. 

Integration of microfluidic systems with a SWNT sensor will enable the development of a lab-on-a-chip 

device which performs water quality monitoring that is normally done in a lab manually with bulky 

equipments. With suitable design, the microfluidic system is able to filter and separate various 

components in a liquid sample and then guide them into multiple nanosensors for analysis.  

To develop a highly sensitive, autonomous and in situ microdevice for real-time monitoring of water 

quality, the integration of the microfluidic system with the nanosensor is the most critical and challenging 

step. Permanent bonding of the microfluidic channel onto microdevices on the silicon substrate includes 

an oxygen plasma treatment and a thermal treatment. However, the plasma treatment on SWNTs will 

damage the nanotubes immobilized on the microelectrodes. Qiang and colleagues integrated a SWNT 

device with a microfluidic channel by covering the SWNTs with a continuous metal layer which 

protected the nanotubes underneath during exposure to oxygen plasma. After bonding the SWNT device 

with the microfluidic channel made of polydimethylsiloxane (PDMS), an etching solution was introduced 

through the channel to open a gap in the middle of the metal layer, so that the SWNTs inside the 

microfluidic channel can be exposed and utilized for sensing applications [236]. However, this integration 

process will introduce contamination to SWNTs from the etching solution and the substances generated 
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by chemical reactions. Bourlon and colleagues fabricated a flow and ionic sensor using a nanotube 

transistor covered with a PDMS channel without the oxygen plasma treatment [237], in this work, the 

microfluidic channel did sealed properly on the devices which would hence result in leakage of solutions 

during testing.  

I developed two simple, high yield and effective processes to integrate SWNT sensors with 

microfluidic chip. A schematic illustration of the nanotube-microfluidic sensor is presented in Figure 6.1. 

The integrated nanosensing unit was further mounted on a custom-designed circuitry board with signal 

processing and connected to a wireless transmission board. The detection of two important water quality 

indicators (pH and toxic organic chemicals) was demonstrated by the sensing system.  

 

 
Fig. 6.1: The schematic illustration of the lab-on-a-chip nanosensor for water quality monitoring. 

 

6.2 FABRICATION PROCEDURE 

Microelectrodes composed of 20 nm Cr and 150 nm Au layers were fabricated by photolithography 

and metal deposition on an oxidized silicon wafer (Figure 6.2a). PDMS slab embossed with a 

microfluidic channel was cast using SU-8 replica molding which was created by photolithography [238]. 

Then two approaches were developed to permanently seal the SWNT sensor with microfluidic chip. The 

first approach is schematic illustrated in Figure 6.2. The microdevice with Au electrodes and the 
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microfluidic channel were exposed to oxygen plasma for 30 seconds and then placed them in contact for 

the bonding process conducted on a hot plate at a temperature of 150 ⁰C for 15 min (Figure 6.2b). Two 

holes were punched with a syringe needle on the microfluidic chip. After inserting the tygon tubes (Small 

Parts, Inc.) to the holes, the commercial SWNT (diameter: 1-2 nm and length: 2-5 µm) solution (from 

Brewer Science) with a concentration of 40 mg/L was injected to the microfluidic channel by a syringe 

and covered the tip of the electrodes. An AC field of 5 Vpp and 300 kHz was applied between the two 

electrodes for 1 min and the SWNTs were assembled between Au electrodes by a low temperature, 

solution based DEP process inside the microfluidic channel (Figure 6.2c). After assembly, the remaining 

SWNT solution inside the microchannel was removed by injecting air into the channel. Carbon nanotubes 

were immobilized on Au electrodes by Van der Waals forces (Figure 6.2d). I-V measurement was 

conducted to confirm the assembly of SWNTs through the microfluidic system by DEP process (the 

resistance is around 10 kΩ~20 kΩ). 

 

 
Fig. 6.2: Fabrication process for integrating SWNT sensors inside a microfluidic channel. a) Au 

microelectrodes fabricated by photolithography on SiO2 substrate. b) Microfluidic channel was bonded 
onto the Si chip. c) The illustration of the DEP process for CNT assembly conducted inside microfluidic 
channel. SWNT solution was carried to the Au electrode by the microfluidic channel and an AC electric 
field was applied on outside Au pads to driven the assembly of nanotubes. d) The fabricated SWNT 
nanosensors integrated with the microfluidic chip. 
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In the second approach, the nanotubes were first assembled between the microelectrodes by the DEP 

process. The assembled SWNTs were then protected by 10 µm thick parylene mask (fabricated according 

to Selvarasah et. al. [239]) during the oxygen plasma treatment. The SEM images of SWNTs assembled 

on microelectrodes before and after the plasma treatment under parylene mask were compared in Figure 

6.3a and 6.3b, respectively. Carbon nanotubes were attached onto the microelectrodes (the bottom 

circular shaped pad) and stretched to the SiO2 substrate (the top area). They formed suspended bridges 

between the electrode and the substrate and each of these bridges was comprised of several SWNT 

bundles (Figure 6.3a). No damage was observed on SWNTs after plasma treatment in Figure 6.3b which 

indicated that the assembled SWNTs remained intact during oxygen plasma treatment with the protection 

of 10 µm parylene mask. After removing the shadow mask, the SWNT sensors were bonded with a 

microfluidic channel on a 150 ⁰C hot plate for 15 min. I-V characteristics of SWNTs were obtained and 

shown in Figure 6.4. We found that the resistance of SWNTs decreased from 14KΩ to 11KΩ after 

bonding with the microfluidic channel on a 150 ⁰C hot plate. This was possibly due to the contact 

resistance between assembled SWNTs and metal electrodes being reduced by the thermal treatment [240].  

 

 
Fig. 6.3: SEM micrograph of SWNTs assembled on Au microelectrodes. (a) Nanotube bundles 

immobilized on the electrodes after DEP assembly. (b) SWNTs on electrodes after exposure to the 
oxygen plasma covered with parylene shadow mask. The coverage of the SWNTs with a parylene layer 
successfully protected nanotubes from being damaged by the plasma treatment.  
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Fig. 6.4: I-V characteristics of the SWNT sensor integrated inside a microfluidic channel. 

 

The fabricated device was next wire bonded onto a ceramic chip holder. As shown in Figure 6.5a, 

SWNT sensor integrated with the microfluidic chip was mounted on a circuitry board by the chip holder 

for signal conditioning (the corresponding circuitry was schematically shown in Figure 6.5c). The change 

in resistance of the nanosensor caused by the analytes in liquid was converted and transmitted by the 

change in output voltage, where the resistance of carbon nanotubes (RSWNT) was related to the output 

voltage by equation 6-1 and RSWNT can be calculated by equation 6-2:  
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Where, RSWNT is the resistance of the SWNT sensor; R is an external reference resistor (10 KΩ); Vout is 

the output voltage and Vcc is the voltage of the power supply. 
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A wireless sensing platform (Waspmote) was used to acquire the output voltage and wirelessly 

transmitted the data to a remote receiver which was directly connected to a computer as shown in Figure 

6.5b. 

 

 
Fig. 6.5: Photographs of (a) the testing board and (b) the wireless transmission system. (c) Schematic 

illustration of the testing circuitry for the SWNT sensor. The insert in (a) illustrated the pattern of the chip 
and the structure of Au electrodes. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 REAL-TIME PH MONITORING IN WATER 

The fabricated nanosensor system was utilized for pH detection in water. PH value in rivers and lakes 

may be changed by many human activities including automobile exhaust (related to acid rain), accidental 

spills, agricultural runoff and sewer overflows. Young fish and insect larvae are sensitive to a low pH 

(acidic environment) and extreme values of pH can be lethal to most organisms. Monitoring pH value in 

water is critical to preserve the aquatic life. The expected pH range in rivers is between 6.5 and 9.0 [241]. 

PH buffers with the values of 5, 6, 7 and 8 were prepared and calibrated by a commercial pH meter 

(Hach, company). Only the effect of ions/molecules within the Debye-length can be sensed by SWNTs. 

Debye length is simply defined as the typical distance required by surrounding charged molecules to be 
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sensed by charge carriers inside carbon nanotubes and is inversely proportional to the square root of ionic 

strength (I) in liquid [242]. In water, Debye length is ~0.32I-1/2 nm. In order to keep the same Debye 

length of SWNTs inside the pH buffer solutions, the ionic strengths of the pH buffer solutions were 

controlled to be 100mM.  

The output voltage of the nanosensor system during pH testing was recorded in a computer wirelessly 

and converted back into the resistance of nanotubes using equation 6-2. In Figure 6.6, the resistance of 

SWNTs was plotted versus time when the testing liquid was changed from pure DI water to an increasing 

range of pH solutions and from a decreasing range of pH solutions to pure DI water. The resistance of 

SWNT sensor increased from 50.26 kΩ to 61.54 kΩ when the pH values inside the microfluidic channel 

increased from 5 to 8. Besides, the forward measurement (pH values from 5 to 8) exhibited an opposite 

trend compared to the backward measurement (pH values from 8 to 5) which indicated that the response 

of SWNT to pH solution was reversible and repeatable. After testing with each pH solution, the SWNT 

sensor was rinsed with DI water thoroughly and dried with compressed air. The resistance of washed 

SWNTs in the dry state basically returned to their initial value after each pH test, which implied that the 

SWNT sensor was able to maintain its stability during liquid sensing. Moreover, the changes in resistance 

of the SWNT sensor during exposure to different pH buffers were calculated and plotted in Figure 6.7. 

The response of the nanotube sensor is almost linearly proportional to the pH value of the solution inside 

the microfluidic channel. 
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Fig. 6.6: The resistance of SWNTs after exposure to water and different pH buffers. The sensor was 

rinsed with DI water and dried with air before introducing each pH solution. The resistance dropped back 
to the initial value after rinsing and drying which meant that the nanotubes were stable during pH sensing. 
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Fig. 6.7: Percentage change in resistance of the carbon nanotube sensor measured in pH buffer 

solutions ranged from 5 to 8 and from 8 to 5. The forward testing (from pH=5 to pH=8) is plotted with 
red round dots and the backward testing (from pH=8 to pH=5) is plotted with blue square dots. 

 

Using the microfluidic system, the SWNT sensor was utilized for real-time liquid monitoring in a 

continuous flow. The resistance of the SWNT sensor was recorded against time when the solution inside 

the microfluidic channel was changed to different pH buffers. As shown in Figure 6.8, the resistance of 
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the carbon nanotube sensor increased from 5.55 kΩ in DI water to 7.27 kΩ after exposure to pH8 buffer 

solution (the change in resistance was about 31%). When the pH7 buffer was introduced into the channel, 

the resistance of the nanotubes gradually decreased to 6.85 kΩ. As the pH value of the solution decreased, 

the resistance of the SWNT sensor decreased immediately and reached a stabilized value within a few 

seconds. The response of continuous pH sensing has the same trend as the data plotted in Figure 6.6. In 

addition, this real time measurement showed that the response time of the SWNT sensor to pH value of 

liquid was less than 10 seconds. All the measurements were repeated three times with five different 

samples to confirm the results.  

 
Fig. 6.8: Responses of the SWNT sensor inside the microfluidic chip to continuous liquid flow with 

different pH values. The solution was continuously changed with pH buffers from 8 to 5 via the 
microfluidic system. This test confirmed that the system can be used for real-time pH monitoring of 
liquids. 

 

6.3.2 DETECTING TNT IN WATER 

The sensing unit composed of SWNTs integrated with the microfluidic system and the circuitry board 

with signal processing and transmission capabilities is a versatile platform which can be used for various 

sensing applications. TNT is the most widely used explosive and is discharged in wastewater during 

production and purification at munition plants [243]. TNT was detected in soil and water nearby 
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production waste disposal sites and the loading, assembly, and packing facilities [244, 245]. TNT and its 

byproducts or derivatives can accumulate in plants and can enter the food chain in terrestrial 

environments [246]. Humans exposed to TNT tend to experience anemia and abnormal liver functions 

[247]. Here we utilized the fabricated microfluidic-SWNT sensor to detect TNT with various 

concentrations in aqueous solutions. Commercially available TNT solution with a concentration of 

1mg/ml was obtained from Sigma-Aldrich. Different concentrations of TNT solutions were prepared by 

diluting the TNT solution with DI water. The resistance of the SWNT sensor during exposure to different 

concentrations of TNT solutions was measured and is plotted in Figure 6.9. We observed that the SWNTs 

had a dramatic response to TNT in solution and the change in resistance depended on the concentration of 

TNT. The change in resistance of the nanosensor increased from 25% to 119% when the concentration of 

TNT in water increased from 1 ppm to 100 ppm. The response of microfluidic-SWNT sensor to TNT was 

confirmed independently by three different samples. 

The solvent of a commercial TNT solution is composed of 70% acetonitrile and 30% water due to the 

limited solubility of TNT in pure water. When we diluted this TNT solution with DI water, the 

concentration of acetonitrile was also diluted. Thus a control experiment with different concentrations of 

acetonitrile in DI water was conducted and it was found that the SWNT sensor had no significant 

response to acetonitrile in water. The increase in resistance of the SWN sensor when exposed to TNT 

solutions was caused by TNT. Since acetonitrile is extremely volatile in air, it will evaporate from the 

TNT solution and the dissolved TNT will precipitate during testing, especially for highly concentrated 

TNT solutions such as 50 ppm and 100 ppm. As illustrated in Figure 6.9, the resistance of the SWNT 

jumped to a high value and then gradually decreased after being exposed to a 100 ppm TNT solution for a 

few minutes. This phenomenon is consistent with what has been observed by Roberts, et. al. [229]. For 

TNT solutions with low concentrations (up to 20 ppm) which contain relatively more water solvent and 

less TNT in them, no TNT precipitation was observed and the response of SWNTs was stable during 

testing. 
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Fig. 6.9: Response of SWNT nanosensor inside a microfluidic channel to different concentrations of 

TNT solutions. 

 

In conclusion, A remote sensing unit based on the integration of carbon nanotube sensor with 

microfluidic system for water quality monitoring was demonstrated. SWNT sensor has many superior 

properties compared to conventional sensing equipment such as high sensitivity, fast response and 

miniature size. With a microfluidic system used for liquid sampling and manipulation before testing, 

SWNT sensor can be utilized for autonomous water quality monitoring. The challenge in nanosensor and 

microfluidic integration is that the plasma treatment used during PDMS bonding will damage the carbon 

nanotubes on the microdevices. In order to solve this problem, we developed two approaches, assembling 

SWNTs via DEP process after bonding the microfluidic channel and protecting the assembled SWNTs 

with a parylene mask before bonding the channel, to integrate the SWNT sensor inside the microfluidic 

chip. The SWNT-microfluidic sensor was characterized with different pH buffers and a linear relationship 

between the response of the nanosensor and the pH value of solutions was observed. The sensing results 

to pH buffers were reversible and repeatable. This sensor platform can be further extended to monitor 

toxic organics in water. The conductance of the SWNT sensor increased significantly by the addition of 

TNT in water where the detection limit was down to 1 ppm. Connecting with a signal processing and 
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wireless transmission unit, the SWNT sensor was developed as an independent sensing unit with a small 

size which can be placed in rivers or lakes and can be easily installed on various water transportation 

systems, such as household drains and pipes for real time water quality monitoring. 
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CHAPTER 7                       
A STRETCHABLE, FLEXIBLE AND 

TRANSPARENT SWNT STRAIN SENSOR 

FOR STRUCTURAL HEALTH 

MONITORING 

 

 
There is a growing interest to apply emerging technologies for structural health monitoring. Carbon 

nanotubes as a unique nanoscale material provide a low cost and simple approach to monitor large stain 

and cracks in a variety of structural systems. Here a stretchable, flexible and transparent strain sensor 

composed of single-walled carbon nanotube (SWNT) thin film embedded in thin poly(dimethylsiloxane) 

(PDMS) films was introduced. The fabricated SWNT networks encapsulated in elastomeric substrates 

operate as two-terminal resistors which can accommodate up to 35% strain and the amount of strain can 

be monitored by the change in resistance of SWNT strain sensor. The thickness of the PDMS thin film 

was 200 µm and was able to extend up to 100% with the elastic modulus of 1.5 MPa. The fabricated 

SWNT strain sensor was tested with strain ranging from 0.5% to 35% and the change in resistance of 

SWNT network was monitored during the testing. The electrical response linearly increased with the 
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applied strain (up to ~5%). Since the nanotubes are extremely sensitive to environmental gases, we 

encapsulated the CNT strain sensors by coating another 200 µm thick PDMS film on top which 

eliminated the effect of humidity to SWNTs. The reliability of this sensor was tested with 200 cycling 

tensile measurements and a linear, repeatable and reversible response of SWNTs to 4% strain was 

obtained. Our results demonstrate the possibility of using ultrathin SWNT film encapsulated in thin 

PDMS films as a stretchable, flexible and transparent strain sensor for structural health monitoring. 

7.1 INTRODUCTION 

Structures, such as bridges, buildings, dams, pipelines, aircraft, ships, are complex engineered 

systems that ensure society’s economic and industrial prosperity [248]. However, structures are often 

subject to harsh environmental conditions which will result in long-term structural deterioration [249]. It 

is critical to monitor the structural health for public safety. Structural monitoring systems have been 

widely applied for monitor the behavior and damages of structures during forced vibration testing or 

natural excitation, such as earthquakes, winds and live loading [250-252]. Among the monitoring 

systems, strain sensors have been intensively developed and applied for strain and crack detection in 

structures for civil and mechanical systems [253-255]. Emerging technologies might provide a new 

approach to monitoring large strain in structures using a strain sensor with high stretchability and 

reliability. There is growing interest in making sensors, optoelectronic and electronic devices on flexible 

and stretchable substrates [256-261]. Even though flexible devices are being explored for some 

applications, the stretchable devices are not fully studied. Stretchability allows us to realize sensors and 

devices that can conform and stretch at the same time. Stretchable electronics is an emerging paradigm 

where researchers use inorganic materials with special structures [262-264] or thin organic films [265, 

266] as the stretchable electronics or substrates. Choi et. al. configured 100 nm silicon membrane into a 

“wavy” structure on elastomeric substrate and the resulting construct can undergo 10% ~20% strain 

which is 10 to 20 times of the fracture limit of silicon [262]. Kim et. al. achieved stretchable electronics 

by using buckled, arc-shaped silicon ribbons as the interconnects [264]. This mesh designed structure, 
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which only bonds on PDMS substrate at the nodes, can move freely out of the plane to accommodate 

applied strains. Individual aligned SWNTs were transferred onto prestrained (3%~5%) PDMS substrate 

and formed a “wavy” structure after releasing the prestrain. This mechanically buckled, SWNTs on 

elastomeric substrate has been applied for up to 4% strain measurements [263]. Some stretchable 

materials including conductive polymers [266], thin metal films [267] and polymers with conductive 

dopants [265, 268] were also explored for stretchable electronics. 

Carbon nanotubes (CNTs) with their exceptionally high carrier mobility, substantial mechanical 

strength and unique electromechanical properties are promising materials for the development of novel 

strain sensors. The conductance of an individual SWNT is extremely sensitive to structural deformation 

and the electrical response of a nanotube to bending or stretching is reversible and repeatable [29, 269, 

270]. Ultrathin film of SWNTs is composed of randomly orientated, entangled CNT network which has 

superior robustness in terms of bending, stretching and abrasion. In addition, SWNTs can be dispersed in 

many solvents and deposited easily onto a wide variety of substrates with different shapes or sizes. Thus 

ultrathin films of SWNTs can be mass produced and cost-effectively scaled to large areas by printing 

techniques [271, 272]. Recently, Takeo and collaborators have developed a SWNT based strain sensor by 

stacking multiple SWNT thin films into a highly densely package nanotube mattress and applied the 

sensor for detecting human motion [261]. 

Here I report on a flexible, stretchable and transparent strain sensor using ultrathin films of SWNTs as 

the functional materials. I use the drop casting process to assemble SWNTs onto PDMS substrate and 

demonstrate a SWNT thin film based stretchable strain sensor embedded in PDMS thin films (Figure 7.1). 

PDMS thin film is a biocompatible, conformal, flexible and stretchable polymer and is a suitable 

candidate for the substrate of stretchable electronics. In this work, the effect of strain on the electrical 

properties of SWNT networks is investigated. In particular, the level of strain, the effect of encapsulation 

and the device repeatability are studied.  
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Fig. 7.1: Schematic structure of the encapsulated SWNT strain sensor on the PDMS substrate.  

 

7.2 EXPERIMENTAL PROCEDURES 

7.2.1 FABRICATION PROCESS  

The fabrication processes of encapsulated SWNT strain sensor in PDMS thin films are schematically 

illustrated in Figure 7.2. The silicon wafer was first spun coated with a lift off resist (LOR 30B) to make 

the surface hydrophobic and to reduce the adhesion force between the PDMS thin film and the silicon 

substrate [273]. This made the fabricated device on PDMS substrate easier to be peeling off from the 

silicon wafer. PDMS prepolymer was mixed with its curing agent with a ratio of 10:1 by weight (Sylgard 

184 elastomer from Dow Corning). The mixed PDMS solution was degassed in vacuum to remove the 

bubbles inside and then spun coated onto silicon wafers with a speed of 500 rpm for 60 seconds (Figure 

7.2a). The spin coated PDMS layers on silicon wafers were cured in a 70 °C oven for 2 hours. The 

thickness of PDMS films was measured to be 200 µm [274]. 30 nm Cr/150 nm Au electrodes were 

selectively deposited on the PDMS thin film with a 1mm thick PDMS shadow mask (Figure 7.2b). After 

lifting off the shadow mask, the PDMS thin film with Au electrodes were roughened by an oxygen 

plasma generated by the inductively coupled plasma (Plasmatherm 790) reactor. This step increased the 

hydrophilicity of PDMS thin film and improved the spread of SWNT solution on PDMS substrate. 

Commercial SWNTs (diameter: 1~2 nm and length: 2~5 µm) dispersed in DI water was sonicated for 2 
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hours to enhance debundling of the SWNTs. The SWNT solution was drop casted onto the roughened 

PDMS substrate and dried in air for 2 hours, as shown in Figure 7.2c. The dried SWNT network was 

attached onto the polymer substrate by a strong van der Waals force [261, 263]. Then another PDMS 

layer with the thickness of 200 µm was spin coated on top to encapsulate the nanotube network and cured 

in the 70 °C over for 2 hours (Figure 7.2d). The electrical contacts and excess PDMS layer on silicon 

wafer were cut by a knife and peeled off manually (Figure 7.2e).  

 
Fig. 7.2: Schematic illustration of the fabrication process for the SWNT strain sensor on a PDMS 

substrate. 

 

7.2.2 EXPERIMENTAL PROCESS 

After fabrication, the stretchable, flexible and transparent SWNT strain sensor was peeled off from 

the silicon wafer and was ready for mechanical testing. The structure and dimensions of the fabricated 

strain sensor are shown in Figure 7.3a. The sensing area of the “dog bone” structure is the middle 5mm ൈ 

40 mm rectangular area with a thickness of ~ 400 µm. The “dog bone” design will ensure the normal 

strain was confined in the sensing area when stretched from two ends of the sample [275].  Before testing, 

the Au pads at the ends of the “dog bone” shaped sample were glued with 250 µm thick cardboards to 

prevent slippage of the sample from the clamps [275]. The SWNT thin film embedded in PDMS layers is 

transparent and flexible as shown in Figure 7.3b and a SEM micrograph of the drop casted SWNT 

network is shown in Figure 7.3c.  
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Fig. 7.3: (a) Schematic illustration of the structure and dimensions of the SWNT strain sensor. The 
testing area is 5mm ൈ 40 mm with the thickness of 400 µm. (b) Photograph of the transparent, flexible 
and stretchable SWNT network embedded in thin PDMS films. (c) SEM micrograph of SWNT network 
drop casted on a PDMS substrate.  

 

The tensile testing was conducted by a universal testing machine UMT-2 (CETR, Campbell, CA) in 

ambient environment. The fabricated SWNT strain sensor was tested with strains ranging from 0.5% to 

35% and the change in resistance of SWNT network was monitored with a HP 34401A multimeter and 

was displayed by a control panel designed by a LabVIEW program. 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 SMALL STRAIN MEASUREMENTS 

First of all, the fabricated SWNT strain sensors encapsulated in PDMS thin films were applied for the 

detection of small strain (from 0.5% to 5%). The resistance of nanotubes was measured when the sample 

was loaded and unloaded with a small strain (ε) for three times and the stress applied on the strain sensor 

was recorded. In the Figure 7.4 (a), the change in resistance (△R/R0) was plotted versus time when 1% 

strain was linearly applied on the SWNT sensor at the rate of 0.02 mm/s. The change in resistance 

increased linearly with time during the loading process (red curve) and linearly decreased with time 

during unloading process (blue curve) which indicated that the electrical response of SWNT network to 

small strain is linear. Since the stress applied on the SWNT sensor was perfectly linearly with strain, the 
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electrical response of nanotubes to small stress was also linear. The gauge factor (GF) can be calculated 

by Equation 7-1 which was 0.71 for 1% strain. 

                                                             0/R R
GF




                                                                      (7-1) 

Between each cycle, the sample was recovered to zero force for 30 seconds and the resistance of the 

nanotubes returned to their initial value (2.2 KΩ) immediately which indicated that the response of 

SWNT network to small strain is reversible and repeatable. The SWNT strain sensors were further tested 

with 0.5%, 1%, 1.5%, 2%, 2.5%, 3%, 4% and 5% strain. The changes in resistance of SWNT sensors 

during loading and unloading are plotted versus time in Figure 7.4 (b). I found that the response of 

nanotube sensor was almost linear with strains up to 5% during the loading and unloading processes. The 

resistances of the SWNTs returned to their initial values after unloading when the applied strain was less 

than 2.5%. When the strain was in range of 3% to 5%, the resistance of SWNT sensor is slightly higher 

than the initial resistance (increased by 0.2%). Thus I found that the elastic (linear) and reversible region 

of the SWNT strain sensor was around 5% strain. In this experiment, each testing was repeated three 

times to confirm the results. The linear, reversible and repeatable electromechanical response of SWNTs 

to small deformations (< 5%) might be due to the local bonding deformations of the nanotubes when 

elongated which changed the band gaps of SWNTs [29, 270, 276].     
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Fig. 7.4: (a) Three cycling measurements of the response of SWNT strain sensor to 1% strain. The 
change in resistance of nanotubes was plotted versus time. (b) The change in resistance of nanotube when 
loaded and unloaded with 0.5%, 1%, 1.5%, 2%, 2.5%, 3%, 4% and 5% strain.  

 

7.3.2 LARGE STRAIN MEASUREMENTS 

Then, the encapsulated SWNT sensor was tested with a larger strain (10% strain) and the change in 

resistance during the first loading-unloading cycle was plotted versus strain in Figure 7.5. The loading 

curve has two linear regions (strain of 0 to ~4% and strain of 5~10%) with different slopes. From 1 to 

~4% strain, the slope which represents the gauge factor of the SWNT sensor is about 0.53, while from 5% 

to 10% strain, the slope is about 6.14. In the unloading process, the resistance of nanotubes was unable to 

return to its initial resistance (2.83KΩ). This is possibly due to some irreversible deformation being 

generated in SWNT network by the large strain. I believe that some nanotubes in the network lost contact 

with others in response to large elongation. The resistance of the SWNT network increased significantly 

due to the reduced current path in the network [275-277].  
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Fig. 7.5: The change in resistance of the SWNTs when loaded (the black curve) and unloaded (the red 
curve) with 10% strain. 

 

I then increased the strain to 30% and recorded the stress applied onto the SWNT sensor and 

monitored the resistance of the SWNT network during tensile testing. The sensor was tested with a 

loading and unloading cycle for three times. The Stress-strain characteristics of the nanotube thin film 

embedded in PDMS thin films are plotted in Figure 7.6 (a). The stress-strain exhibited a small hysteresis 

between the loading and unloading curves. However, for multiple loading-unloading processes, the 

measured loading and unloading curves were basically overlapped with each others. Thus the stress-strain 

characteristics of SWNT network embedded in PDMS thin films were highly repeatable. The change in 

resistance of SWNTs when the sensor was loaded and unloaded with 30% strain for three times are 

plotted in Figure 7.6 (b). The resistance of the nanotubes could not return to its initial value after the first 

loading-unloading cycle which is consistent with the results obtained with 10% strain. However, the 

second and third loading-unloading curves almost overlapped with each other and there was a small 

hysteresis between the loading and unloading curve. I found that the electrical response of SWNTs to 
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larger strain was not reversible for the first loading-unloading cycle but was highly repeatable for the rest 

of the loading-unloading tests.  

The stress vs. strain, change in resistance vs. strain, change in resistance vs. stress for the second 

loading with a 30% strain, which can be repeated by multiple testing, were plotted in Figure 7.6 (c), (d) 

and (e), respectively. The measured stress was shown by the black curve and the elastic range of the curve 

was linearly fitted by the red curve. The relationship between stress and strain was linear up to 18% strain 

with a slope of 0.014 ± 6.27x10-5. The electrical response of SWNTs to strain is plotted in Figure 7.6 (d) 

and the elastic region was linearly fitted by the red curve. The slope which represents the gauge factor of 

SWNT strain sensor was 1.18. The change in resistance almost linearly increased with the normal strain 

up to 5%. In Figure 7.6 (c), the change in resistance is plotted versus stress corresponding to 30% strain. 

In the range of 0~0.06 MPa stress (corresponding to 0~5% strain), the change in resistance almost linearly 

increased in a linear manner with the normal stress with a slope of 90.91. Thus this SWNT thin film based 

strain sensor can be utilized as a force sensor as well. I further increased the strain and found that this 

SWNT strain sensor was able to accommodate strain up to 35% and fractured at 40% strain.   
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Fig. 7.6: (a) The stress-strain characteristics of SWNT strain sensor to three loading-unloading cycles 
with 30% strain. (b) The change in resistance of nanotube network when the strain was loaded and 
unloaded from 0 to 30% for three times. (c) The stress-strain characteristics of SWNT strain sensor to the 
2nd loading with 30% strain. (d) The change in resistance of nanotube network when the strain was 
loaded from 0 to 30% for the 2nd time. (e) The change in resistance of SWNTs versus normal stress for the 
2nd loading of 30% strain.  
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7.3.3 DEVICE ENCAPSULATION 

The electrical properties of carbon nanotubes are sensitive to various environmental conductions 

including temperature and humidity [13, 278]. In addition, carbon nanotubes has been widely investigated 

for the detection of gases and vapors, such as hydrogen [279], methanol [280] and ammonia [281]. Thus 

encapsulating SWNTs is necessary to eliminate the effects of gases, vapors in the testing environment 

which can affect the measured response of SWNT strain sensors. I encapsulated the SWNT network on 

PDMS substrate with another PDMS thin film on top and compared the response of encapsulated SWNT 

strain sensor with nonencapsulated SWNT sensor to saturated moisture. As demonstrated in Figure 7.7 

(a), the change in resistance of nonencapsulated SWNT sensor was about 20% when exposure to 

moisture, while the encapsulated SWNT strain sensor barely showed any response to moisture. This result 

indicates that covering SWNT network with thin PDMS film can effectively eliminate the sensitivity of 

nanotubes to humidity in ambient environment. The changes in resistance of encapsulated and 

nonencapsulated SWNT strain sensor are plotted versus strain in Figure 7.7 (b). The electro-mechanical 

behavior of the sealed nanotube sensor was very similar to that of unsealed strain sensor. In this case, the 

electrical response of nonencapsulated SWNTs to strain is slightly higher than that of encapsulated 

SWNTs which might due be to the variations between different samples. 
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Fig. 7.7: (a) The change in resistance of the encapsulated and nonencapsulated SWNT strain sensors 
when exposed to saturated moisture. (b) The changes in resistance of the encapsulated and 
nonencapsulated SWNT strain sensors versus normal strain. 

 

7.3.4 CYCLING MEASUREMENTS 

Next, the reliability of the SWNT strain sensor was tested by performing cycling measurements for 

200 times with 0~4% strain. The normal stress and the change in resistance as a function of normal strain 

for the 1st, 50th, 100th, 150th and 200th loading are compared in Figure 7.8. Despite a slightly larger 

electrical response to strain in the first loading, the changes in resistance of the 50th, 100th, 150th and 

200th loading were very close and hysteresis-free. The relationship between the change in resistance of 

SWNTs and applied strain (up to 4%) for the 50th loading was fitted well with a three ordered polynomial 

function, ∆ܴ/ܴ଴ ൌ െ0.0244 ൅ ߝ0.5053 െ ଶߝ0.207 ൅ ଷߝ0.0525 , as illustrated in Figure 7.8 (b). The 

normal stress during 200 cycling measurements was perfectly linear with the normal stain. Our results 

implied that SWNT thin film embedded in PDMS thin films maintained their performances during 

extended testing.  
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Fig. 7.8: Normal stress and the change in resistance versus strain for the 1st, 50th, 100th, 150th and 
200th loading from 0 to 4% strain.  

 

 

It has been observed that the resistance of SWNTs would decrease with increased temperature [13]. 

On the other hand, the increased temperature will cause an expansion of PDMS substrate (strain) which 

will increase the resistance of nanotubes. These two effects compensate each other and affect the 

measured resistance of the SWNT network on PDMS substrate. Thus temperature as a crucial parameter 

needs to be calibrated for the nanotube strain sensor. 

In summary, I developed a flexible, stretchable and transparent strain sensor composed of ultrathin 

SWNT film encapsulated in PDMS thin films. The fabricated strain sensor exhibited linear, reversible and 

repeatable response to up to 5% strain. For larger strains, the electrical response of the SWNTs to strain 

was irreversible for the first loading-unloading cycle and highly repeatable for the rest of testing. This 

SWNT network embedded in PDMS thin films could accommodate strains as large as 35% and fractured 

at 40%. Encapsulating SWNT network by spinning coating another PDMS thin film on the top effectively 

eliminated the effect of environmental gases and vapors to the conductance of SWNT sensors. The 

SWNT strain sensor demonstrated consistent results for 200 cycling measurements. The encapsulated 

SWNT network in PDMS thin films as a robust, flexible, stretchable and transparent composite material 

might find potential applications in structural health monitoring. 
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CHAPTER 8                       

CONCLUSIONS AND FUTURE WORK 
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In this thesis, I investigated and developed a highly sensitive, efficient and low cost approach 

for real-time environmental monitoring which include air and water quality monitoring. ssDNA 

functionalized SWNTs were used as the sensing element and assembled onto microdevices for 

gas detection. The response of nanotubes was significantly improved by DNA decoration. In 

addition, the responses of DNA-SWNT sensors depend on the sequences of DNA been utilized 

and the gases been detected. The sensing characteristics of RNA oligomers functionalized SWNT 

sensors were investigated. RNAs composed of different sequences have different responses which 

could be due to the different binding affinities of RNA’s nitrogenous bases with the SWNTs. 

Homo DNA nucleotides with different sequence lengths also exhibit different responses to gases. 

The optimum DNA sequence length for sensing applications was found to be 24. In order to 

selectively differentiate the target analyte from a mixture of gases and vapors, a nanosensor array 

with six channels was developed utilizing SWNTs decorated with different DNA sequences. The 

fabricated wireless nanosensor array was tested with various kinds of gases and organic vapors 

and their responses were displayed on a computer by GUI interface. A wireless, single chip 

sensing unit based on DNA-SWNTs was developed on CMOS chip in order to realize portable, 

standoff and real-time gas monitoring. Two types of chemical warfare agents (DMMP and DNT) 

were detected and the changes in resistance as well as gain of amplifier were correlated with the 

concentration of input vapors. Besides gas monitoring, SWNT sensors were combined with 

microfluidic system for water quality monitoring. This sensing unit was calibrated by pH buffers 

ranging from 5-8. Furthermore, different concentrated TNT solution was detected and the change 

in resistance of SWNTs increased with the concentration of TNT. Polymer thin films as device 

substrates offer excellent flexibility and stretchability while maintains the electrical properties of 

conventional electronic devices fabricated on rigid silicon wafer. Here I developed a stretchable 

and flexible strain sensor composed of carbon nanotubes embedded in PDMS thin films which 

potentially can be utilized for structural health monitoring. The electrical characteristics in 
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response to various levels of strain, the effect of encapsulation and the reliability, repeatability of 

this stretchable sensor were analyzed. 

In the future, this thesis can be extended in the following field: 

1. The sensing characteristics of DNA decorated SWNT sensor to gases and vapors need to be 

further explored. Various types of DNA sequences can be designed and applied on nanotube 

sensor and tested with different gases and vapors. In this way, we can find the DNA sequence 

which has significant response to certain vapor and the DNA sequence which has very low 

response to certain vapor. So that the DNA-SWNT nanosensor array can be designed for 

specific vapor detection. Such as DNA with the sequence of repeated GT bases exhibited a 

special response (the resistance decrease after exposure) to H2S comparing to other DNAs 

(the resistances increased after detection).  

2. In the aspect of data analysis, after achieving the responses of nanosensor array to certain 

vapor wirelessly, the collected data from six channels can be plotted in the same figure and 

the specific sensing characteristics to certain vapor can be differentiated by pattern 

recognition.  

3. The nanosensor integrated with microfluidic channel as a platform can be extended to various 

types of chemical sensing and biosensing in liquid. The SWNTs inside the microfluidic 

channel can be decorated with antibodies which can bind antigens in the solution, can be 

functionalized with DNA nucleotides and applied to detection DNA with the complimentary 

sequence, can be decorated with DNA containing T-T mismatches which can selectively 

response to mercury in the liquid and so on. In addition, the microfluidic system can be 

designed to filter and separate various components in liquid sample and then guide them to 

multiple nanosensors for analysis. The eventual goal is to develop a lab-on-a-chip device 

which performs water quality monitoring that normally done in a lab by human effort and 

bulky equipments on a single autonomous microdevice (A schematic illustration of the lab-

on-a-chip device was shown in Figure 8.2) 
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Fig. 8.1: Schematic illustration of a lab-on-a-chip sensor for remote water quality monitoring. 
The sample preparation, detection, signal processing and wireless transmission are integrated 
on a single chip. 

 

4. The stretchable and flexible sensor composed of SWNT network embedded inside PDMS 

thin films can be extended to many types of wearable sensors for diagnostic and medical 

applications, such as a strain sensor measuring human motion, a pressure sensor placed in 

shoes measuring the steps during walking, a strain sensor measuring the beating of heart, a 

strain sensor measuring the displacement of bones and so on. 
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APPENDIX A 

FABRICATE 2D ELECTRODES WITH 1 MICROMETER GAP 

1. Clean the Si Wafer 

1.1 The Si wafers used in this experiment is from University Wafers with the parameters: 

DIA TYPE ORIENT RES THK GRADE SURFACE 

3” P <100> 0-100 500 Virgin Test 1S polished 

 

1.2 Immerse the wafers in Piranha solution at 90 °C for 10 mins to remove metal ions; Rinse 

with DI water 

1.3 Immerse the wafers in HF solution at 115 °C for 15 sec to remove the oxide layer 

formed on top of silicon wafers; Rinse with DI water 

1.4 Dehydration bake at 150 °C for 10 mins 

2. Define the 1µm pattern with photolithography 

2.1. Spin coat PR 1805 with Brewer 100 CB at 4000 rpm for 45 sec 

2.2. Prebake on a hot plate at 115 °C for 1 min 

2.3. UV exposure with Quintel Aligner for 5 sec 

2.4. Develop in MF 319 for 20 sec with strong agitation 

2.5. Rinse in DI water for 5 mins and blow dry with N2 

3. Inspect the pattern with Nikon Optiphot 200D  

4. Deposit 20 nm Cr and 150 nm with E-beam Deposition System 

5. Lift off process 

5.1. Soak the wafers in Acetone overnight 

5.2. Remove the excess Au layer and photoresist with N2 air  
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APPENDIX B 

SIX CHANNEL WIRELESS SENSOR ARRAY 

1. Write a program on the wireless circuitry board to control data transmission 

Set the wireless board to read data from A/D converter and send the data to receiver by C 

program 

2. Design the GUI interface 

The GUI interface was designed by LabWindows by C program 

3. Prepare the nanosensor array 

3.1 The silicon chip with microelectrodes was wire bonded using MEI 1024B Ball 

Bonder onto a ceramic chip holder 

3.2 Assemble SWNTs onto the microelectrodes by DEP assembly 

3.3 Decorate ssDNA onto the SWNTs 

3.4 Insert the chip holder onto the socket soldered on a PCB board with testing 

components 

4. Record and display the data 

4.1 Push the start button on the wireless transmission board and open the GUI interface 

4.2 Open proprietary serial port. If successfully, go to next step 

4.3 If there is data store in the buffer of serial port, read the data. If not, wait until there is 

data stored in the buffer 

4.4 Save the data into the file; In the mean while, the data will be plotted in the GUI 

interface.  
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APPENDIX C 

TESTING SETUP FOR GAS SENSORS 

The schematic testing setup for gas sensors is shown below: 

 

1. The gas to carry organic vapors could be N2 or air 

2. Gas with controlled flowing rate will pass through the bubbler and carrier organic vapors 

out and deliver the vapors into a sealed chamber with nanosensors inside; 

3. After detection, the gas and vapors inside the chamber will be pushed into the waste 

collection area. For example, if the vapor is DNT, using basic solution such as NaOH 

inside the waste collection bottle can effectively decompose the DNT vapor and prevent 

its release to the environment.   

4. After detection, the clean gas without any vapor will be injected into the chamber and the 

vapors on nanosensors will be desorbed 

5. The vapor pressures of organics are highly sensitive to temperature. Here I used a thermal 

bath to heat the organic solution in the bubbler. The water inside the thermal bath is 

driven to the double jacket chamber by a mechanical pump. 
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The photoimages of the testing setup are shown below: 
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APPENDIX D  

INTEGRATE SWNT SENSORS WITH MICROFLUIDIC SYSTEMS 

Appendix C-1 Fabrication Process for SU8 mode 

1. Clean the Si Wafer 

1.1 The Si wafers used in this experiment is from University Wafers with the parameters: 

DIA TYPE ORIENT RES THK GRADE SURFACE 

3” P <100> 0-100 500 Virgin Test 1S polished 

 

1.2 Immerse the wafers in Piranha solution at 90 °C for 10 mins to remove metal ions; 

Rinse with DI water 

1.3 Immerse the wafers in HF solution at 115 °C for 15 sec to remove the oxide layer 

formed on top of silicon wafers; Rinse with DI water 

1.4 Dehydration bake at 150 °C for 10 mins 

2. Define SU8 Pattern by Photolithography 

2.1 Spin coat SU8-100 by Laurell Spinner with the speed of 500 rpm for 10 sec; then 

with the speed of 1300 rpm for 30 sec. The obtained film thickness is around 200 µm; 

2.2 Prebake the wafer on a hot plate at 65 °C for 25 mins; Then soft bake the wafer on a 

hot plate at 95 °C for 70 mins 

2.3 Leave the wafer dry in air overnight 

2.4 Exposure SU8 under mask for 36 sec using Quintel Aligner 

2.5 Post exposure, the wafer was baked at 65 °C for 2 mins then baked at 95 °C for 18 

mins 

2.6 Develop in SU8 developer for 18 mins with strong agitation.  

2.7 Rinse briefly with IPA (10 sec) then blow dry with N2  
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2.8 Inspect the pattern with Nikon Optiphot 200D and calibrate the thickness with 

Dektak 

Appendix C-2 Fabrication Process for Microfluidic Channel 

1. Mix PDMS prepolymer 

1.1 The silicone elastomer kit, Sylgard 184, contains two parts: the polymer base and the 

curing agent. The Polymer base and the curing agent were mixed with a ratio of 10:1 

by weight.  

1.2 Stirring the mixture with a tip until the solution looks milky. 

2. Degas PDMS prepolymer 

2.1 Put the mixed PDMS solution into a vacuum chamber and degas for 20 mins until no 

bubbles can be observed. 

3. Cure the PDMS on SU8 mode 

3.1 When the PDMS prepolymer is completely degassed, pour the solution onto the SU8 

mode displaced in a petridish. 

3.2 Cure the PDMS solution inside the petridish in a 70 °C oven for 4 hours 

4. Peel off the PDMS layer 

Gently peel off PDMS layer from SU8 mode 

 

Appendix C-3 Bonding Microfluidic Channel onto Silicon Chip 

1. Cut the PDMS film with microfluidic channels into small rectangular slabs and each slab 

contains one microfluidic channel 

2. Use syringe needle to punch holes on the slab 

3. Put the PDMS slab with microfluidic channel and a silicon chip with microelectrodes into 

the chamber of ICP (Plasma Therm 790) and run RoughenYL for 30 sec 
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4. Put the microfluidic channel on top of silicon chip with DI water in between. Place the 

device on a 150 °C for 15 mins 

5. Insert tygon tubes into the holes on microfluidic channel 

6. Inject SWNT solution into the microfluidic channel; Assemble SWNTs between the Au 

electrodes through the microfluidic channel 
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Appendix C-3 Bonding Microfluidic Channel onto Nanotube Device 

1. For silicon chip with SWNTs assembled between the microelectrodes, cover 10 µm 

parylene-C film on the top of SWNTs 

2. Put the PDMS slab with microfluidic channel and the nanotube device protected by 

parylene into the chamber of ICP (Plasma Therm 790) and run RoughenYL for 30 sec  

3. Gently peel off the parylene film; check the resistance of SWNTs by a multimeter 

4. Put the microfluidic channel on top of silicon chip with DI water in between. Place the 

device on a 150 °C for 15 mins 

5. Insert Tygon tubes into the holes on microfluidic channel; check the resistance of 

SWNTs by a multimeter  
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APPENDIX E 

FLEXIBLE AND STRETCHABLE SWNT  DEVICE EMBEDDED IN 

PDMS THIN FILMS 

1. Clean the Si Wafer 

1.1 The Si wafers used in this experiment is from University Wafers with the parameters: 

DIA TYPE ORIENT RES THK GRADE SURFACE 

3” P <100> 0-100 500 Virgin Test 1S polished 

 

1.2 Immerse the wafers in Piranha solution at 90 °C for 10 mins to remove metal ions; 

Rinse with DI water 

1.2 Immerse the wafers in HF solution at 115 °C for 15 sec to remove the oxide layer 

formed on top of silicon wafers; Rinse with DI water 

1.4 Dehydration bake at 200 °C for 5 mins 

2. Fabricate PDMS thin film 

2.1 Spin coat adhesion primer onto clean Si wafer with Laurell Spinner with the speed of 

3000 rpm for 45 sec; 

2.2 Bake the wafer at 170 °C for 5 mins 

2.3 Spin coat degassed PDMS prepolymer onto Si wafer with Laurell Spinner with the 

speed of 500 rpm for 60 sec; 

2.2 Cure the spin coated PDMS thin film in a 70 °C oven for 2 hours 

3.    Deposit electrodes on PDMS layer 

3.1 Create a shadow mask with thick PDMS film 

3.2 Cover the shadow mask onto Si wafer with PDMS thin film 

3.3 Deposit 30 nm Cr and 150 nm Au layers with MRC 8667 Sputtering 
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3.4 Remove the shadow mask 

4.    Drop cast SWNT network between the electrodes 

4.1 Roughen the surface of PDMS film with ICP (Plasma Therm 790) for 30 sec  

4.2 Drop cast well dispersed SWNT solution onto the PDMS film 

4.3 Dry the SWNT solution in air for 4 hours 

4.4 Check the resistance of SWNT network between Au electrodes 

5.    Encapsulate SWNT network with PDMS layer 

5.1 Spin coat degassed PDMS prepolymer onto Si wafer with Laurell Spinner with the 

speed of 500 rpm for 60 sec; 

5.2 Cure the spin coated PDMS thin film in a 70 °C oven for 2 hours 

6.   Manually cut off the excess PDMS films on Si wafer and peel off the PDMS films 

covered on the open contact area of Au electrode  

7.     Gently peel off the device from Si wafer 
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APPENDIX F 

SYNTHESIS POLYANILINE ON SWNTS 

1. Chemical polymerization: 

1.1 Dip SWNT device into Aniline solution for 12 hours 

1.2 Drop APS solution into aniline solution. The reaction finishes vary fast (within 1 

min). Green flakes, powders are observed in the solution. Also a thick green layer is 

covered on the top of SWNT device 

1.3  Rinse with DI water 

1.4 Inspect the formation of Polyaniline (PANi) under microscope 

 

 

1.5 Dip SWNT device into Aniline solution for 12 hours and then take device out and 

rinse with 1 M HCl solution to remove excess aniline stick on the device.  

1.6 Drop APS solution on the top of device; wait for 4 hour for the reaction. 

1.7 Rinse with DI water 

1.8 Inspect the formation of PANi under microscope 



 

135 
 

 

 
 

1.9 Inspect the formation of PANi under SEM 
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APPENDIX G 

FUNCTIONALIZE SWNTS WITH ANTIBODY  

1. SWNT devices in 5mM 1-pyrenebutanoic acid succinimidyl ester in dry 

dimethylformamide (DMF) overnight at room temperature 

2. Incubate the SWNT device in a PBS solution of anti-PSA monoclonalantibody for 12h at 

room temperature 

3. Inspect the decoration of Antibodies by SEM 
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Appendix H  

Control Program for Agilent LCR 4263B by LabVIEW 

A control panel was design by LabVIEW to record and display data obtain from LCR 4263B. 

Below is a screen captured image of the control panel. 
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Case 0: Connect LabVIEW to Agilent LCR 4263B and configure the equipment including clear 

all data, send data from the LCR meter to LabView via the designated GPIB address. 

 

 

Case 1-0: Set the timer for individual data recall to be 1000 miliseconds. 
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Case 1-1: Form 2D data arrays which record the number of measurements and the data read from 

LCR meter. Combine the 2D data arrays into one file and display the data in the X-Y graph. 

Note: Out of the while loop, there is a redundancy loop which keeps saving the data (on the right 

side) 

 

Case 1-2: If the number of measurements reaches the input number of steps, the accumulated 

data in one subarray will be combined with the number of measurements in other subarray into a 

2D array 
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Case 1-3: Save the 2D data array as a text file to the designated path defined by users. 

 

Case 2: The redundancy loop for saving data is defined here. If the program is terminated, the 

data recorded in the two subarrays and combined in case 1-1 will be saved into the designated 

path defined by users. 
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