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ABSTRACT 

Single walled carbon nanotube based field effect transistors are fabricated using photolithography 

and electron beam lithography techniques. First catalyst islands are deposited onto the substrate 

using standard optical lithographic techniques, and the nanotubes are grown by catalytic chemical 

vapor deposition from the pre-patterned catalyst islands. After imaging the grown nanotubes, the 

metal contact electrodes are patterned using lithography, followed by metal deposition using a 

sputtering technique. Both single nanotube devices and nanotube film devices are fabricated 

using this method. The single nanotube devices can be semiconducting, ambipolar, or metallic, 

with the resistance ranging from tens of kilo ohms to a few mega ohms, while the film devices are 

generally metallic, with only a few kilo ohms of resistance. 

Semiconducting single nanotube devices are functionalized for sensor applications. An 

electrodeposition technique was developed to functionalize the nanotube with a few materials, 

including avidin, chitosan, and metal nanoparticles. Among them, metal nanoparticle deposition 

is the most successful, and both gold and silver nanoparticles have been successfully deposited 

onto the sidewalls of the nanotubes from an “in situ” sacrificial electrode. The size and density of 

the nanoparticles, to some extent, can be tailored by controlling the deposition voltage. The gold 

nanoparticles are generally spherical, while the silver nanoparticles have branching snowflake 
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shapes. These nanoparticles change the ON-state conductance of the nanotube while maintaining 

its semiconducting characteristics. 

The gold nanoparticles on the nanotube sidewalls can serve as anchoring sites for thiol-terminated 

biomolecules to functionalize the device for biosensing purposes. Results have shown that the 

thiol-terminated molecules can bind to the Au nanoparticles; however, nonspecific binding to the 

SiO2 surface is still abundant. Therefore, a self assembled monolayer (SAM) of protein-resistant 

polyethylene glycol (PEG) is deposited onto the SiO2 surface to provide protein resistance, which 

results in selective immobilization of bio-receptors to the gold nanoparticles on the nanotube only. 

This reduces possible noise signals from the nonspecific substrate binding, and is expected to 

improve the device sensitivity. 
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Chapter 1. Introduction 

Biosensors are a class of devices widely used in biology, clinical diagnostics, and medical 

research for the detection, quantification, and tracking of biological and chemical molecules in 

biomedical systems. They usually consist of an active sensing element, which selectively reacts 

with the analyte, and a signal transducer, which converts the chemical event into a detectable 

optical, electrical, thermal, or magnetic signal. Biosensors have been playing an important role in 

medicine, and advances in biosensing technologies have expedited the development of modern 

medicine. In turn, progress in medicine has brought up demand for biosensors with better 

performance, meaning faster detection, better accuracy and selectivity, and multiple detection 

capabilities. Furthermore, biosensors designed for in vivo applications have special 

considerations for size and bio-compatibility, and often require completely new biosensing 

mechanisms. Therefore, a lot of research efforts have been devoted to developing new generation 

biosensors that meet these challenges
1, 2

.  

Most existing biosensors, such as the gene chip by Affymetrix, depend on an optical detection 

technique
3
. This technique is sensitive and selective, but the operation is often complex. It usually 

involves multiple reagents, sample preparation, signal amplification and data analysis, and thus 

requires large input in time, resources, and human labor. Electronic detection using standard field 

effect transistors (FET), on the other hand, only requires minimal material and human resources, 

and the detection is near instant.  Therefore, it has been used extensively as an alternative way to 

get detailed information about the biological environment/process by investigating changes in the 

characteristics of the transistor
 4-6

. However, conventional transistor biosensors are lagging in 

sensitivity compared to some optical techniques. With the recent progress in nanoscience and 
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nanotechnology, a new generation of transistors incorporating molecular nanostructures, such as 

nanotubes
7
, nanowires

8,9
, and nanoparticles

10
, have been emerging for the detection of biological 

species, and these devices have been shown to improve sensitivity down to molecular detection 

capabilities. Although still in the early stages, these nanoscale transistors are showing promise as 

viable alternatives to optical biosensors. 

Carbon nanotubes, outstanding for their exceptional mechanical, electrical, thermal and chemical 

properties, have been widely used as building blocks for novel nanoscale structures and devices. 

Carbon nanotubes are rolled up graphene sheets composed of hexagons of carbon atoms, which 

form hollow cylinders with diameters ranging from 1-100nm. The cylinders can be a single layer, 

which correspond to single-walled carbon nanotubes (SWCNT), or multiple concentric layers, 

which correspond to multi-walled carbon nanotubes (MWCNT). The rolling of the graphene 

sheet can occur along different axes, resulting in different chiralities, including zigzag, armchair, 

and chiral, as shown in Fig. 1.1. Depending on the chirality, carbon nanotubes can be metallic or 

semiconducting, and the difference in electronic properties in turn can lead to different 

applications. Metallic nanotubes are widely exploited in composite materials, to enhance the 

overall electrical and thermal conductivity, while semiconducting nanotubes, especially SWCNTs, 

are often used in field effect devices for sensor applications.  

 



3 
 

      

Fig. 1.1 (a) Graphene sheet showing unit vectors a1 and a2, and nanotube axis (m,n) with 

corresponding chiralities; (b) Carbon nanotubes chiralities: zig-zag, armchair, and chiral 

A carbon nanotube based field effect transistor usually uses a single nanotube, or a network of 

them, as the conducting channel that lies parallel to the chip surface and is contacted by the 

source and drain metal electrodes. A conductive gate is located in close proximity to the 

nanotubes, but electrically isolated by an insulating layer of a few hundred nanometers. By tuning 

the voltage applied to the gate, the carrier density in the nanotube can be populated or depleted, 

turning the device ON and OFF quickly. Similarly, when biosensors made with such FET devices 

are exposed to biological species, the nanotubes interact with the biomolecules and charge 

transfer takes place. This charge transfer gives rise to changes in the local carrier density and thus 

in the device conductance, resulting in a change in device current, which can be detected 

electrically. For such biosensors, the concentration of the biological species can also be 

determined from the magnitude of the current change. 

Biosensors based on carbon nanotube FETs have many advantages when compared with other 

types of biosensing devices. Because of its semiconducting nature, the carbon nanotube easily 

transduces the interaction between the nanotube and biological molecules into an electronic signal, 

(a) (b) 
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which is much simpler and more straightforward compared to traditional optical detection 

techniques, which often involve multiple steps including sample preparation and signal 

amplification. The second advantage is size compatibility. The nanotube is a molecular wire and 

its size is often comparable to the biological molecules of interest. Thus the appropriate size 

compatibility between the detector and the detected molecules is maintained.  The third advantage 

lies in the hollow cylindrical structure of the nanotube. All carbon atoms are on the cylinder 

surface and the current flows along the surface of the nanotube. This allows for direct contact and 

interaction with the biological molecules in the surrounding environment resulting in fast 

detection and high sensitivity. This is unmatched by any other nanomaterial. Fourth, carbon 

nanotubes are easy to grow by chemical vapor deposition (CVD), in contrast to other 

nanostructures such as nanowires. In addition, CVD can be easily combined with lithographic 

techniques to grow nanotubes at predefined locations, while spatial positioning of other nanoscale 

elements is often complex if not impossible.   

Among various biosensors, the glucose sensor is one of the most commonly and frequently used, 

especially for diabetes patients. Because of its frequent usage, special requirements emerge, such 

as ease of use, prompt detection, and pain-free operation. Therefore, a lot of effort is being 

devoted to developing next generation glucose sensors meeting these requirements.  

Glucose, as an important source of energy and metabolic intermediate, can be broken down into 

its metabolites with the aid of a catalyst called glucose oxidase (GOx) and its cofactor flavin 

adenine dinucleotide (FAD). Based on this process, different detection techniques have been 

developed for various glucose sensors. For example, indirect glucose detection has been 

developed by Kuang who uses a Pt nanoparticle modified carbon nanotube electrode to monitor 

the current response to H2O2, which is an intermediate product of the reactions
11

. Lin has attached 
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GOx to vertically aligned carbon nanotube bundles connected to a metallic electrode and 

measured current response upon exposure to glucose solution
12

. Guiseppi has cast SWCNTs onto 

a carbon electrode surface, then modified the nanotubes with GOx, and realized electrochemical 

detection of glucose with cyclic voltammograms (CV)
13

. Gibney has developed silicon nanowire 

FETs functionalized with GOx, and demonstrated that the device conductance is sensitive to the 

biocatalyzed oxidation of glucose
14

. 

The research presented here is dedicated to the development of a new type of highly selective and 

ultra sensitive glucose sensor, which uses a SWCNT-FET functionalized with bio-receptors using 

Au nanoparticles as anchors, and includes device design, fabrication, and functionalization for 

eventual glucose sensing. This dissertation concentrates on the first two parts, including the 

design and fabrication of SWCNT based FETs, and the functionalization of the semiconducting 

devices with biomolecules. Testing for glucose sensing applications will be a project for the 

future.  

The fabricated devices include single tube devices, multiple tube devices, and SWCNT film 

devices. Optical and electron beam lithography techniques have been used for the patterning of 

catalysts and metallic electrodes, respectively. Nanotubes are grown using a catalytic CVD 

method. A field emission scanning electron microscope (FESEM) is used to image the grown 

nanotubes as well as for electron beam lithography. The process parameters will be discussed and 

the optimized final parameters will be given later. Especially important for film devices, different 

catalysts and catalyst deposition methods have been used and the results presented suggest an 

optimal combination. Finally, electrical characteristics for the fabricated devices are measured, 

and only semiconducting devices are selected to be functionalized for use in sensing experiments. 
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To functionalize the nanotube devices, an electrodeposition technique is adopted for its simplicity 

and specificity compared with many other chemical methods. A few different materials have been 

attempted, including protein avidin, polysaccharide chitosan, and metal nanoparticles, and only 

metal nanoparticles are successfully and reliably deposited on the nanotube. The unique metal 

deposition process is realized by applying a droplet of electrolyte solution onto the active area of 

the device, and applying a voltage to a sacrificial metal electrode in close proximity to the 

nanotube. By altering the applied voltage, the nanoparticle size and number can be tailored. The 

nanoparticle size ranges from a few nanometers to hundreds of nanometers, while the number of 

nanoparticles can vary from a single particle to a nearly continuous coating on the tube. Two 

metals, Au and Ag, have been successfully deposited with this method. The electrical properties 

of the devices are measured before and after the metal nanoparticle deposition and it is found that 

the metal nanoparticles make no change to the device’s inherent semiconducting characteristics. 

However, Au nanoparticles increase the ON-state conductance while Ag nanoparticles appear not 

to cause significant changes.  

Au nanoparticles deposited are used as anchoring sites for biological molecules by taking 

advantage of the well known Au-thiol affinity and the ease of thiolating bio-molecules. Three 

molecules, cysteine-tagged enhanced green fluorescent protein (C-eGFP), fluorescein-labeled 

peptide-containing cysteine (FPC), and cysteine-tagged blue fluorescent protein (C-BFP) are used 

to test the adsorption specificity. It has been shown that all three molecules have a certain degree 

of preference to bind to fresh Au surfaces compared to SiO2. However, nonspecific binding still 

exists, and the Au surface’s binding advantage diminishes almost completely after aging. 

Therefore, a protein resistant polyethylene glycol (PEG) silane is used to form a passivating layer 

on the SiO2 substrate to reduce nonspecific background adsorption. In future work, the glucose 
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detection molecule GOx will be immobilized specifically onto the Au nanoparticles by combining 

fresh Au surface and PEG passivation technique, and real time sensing tests will be conducted. 
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Chapter 2. Device Design and Fabrication 

A carbon nanotube field effect transistor typically consists of one or more nanotubes, two 

metallic electrodes contacting the two ends of the nanotube(s), an insulating dielectric layer on 

top of or underneath the nanotube(s), and a conductive gate within a few hundred nanometers to 

the nanotube but insulated by the dielectric layer. Here a doped silicon substrate with an oxide 

layer is used as the substrate, serving as the gate and insulating dielectric, respectively. Carbon 

nanotubes are grown on the substrate and lie parallel to the substrate surface. Metal electrodes are 

deposited to contact the nanotube(s) from the top, as shown in Fig. 2.1.  

 

Fig. 2.1 Structure of a carbon nanotube field effect transistor 

Both single nanotube FETs and nanotube network/film FETs are fabricated during this research. 

Compared to nanotube film devices, single nanotube FETs have the advantage of simplicity, 

straightforwardness and accuracy in measurements and analysis, as a single tube excludes the 

possibility of mixed signals from multiple nanotubes and their junctions. In addition, a simple 

device with only one conduction channel is advantageous when studying the sensing mechanism. 

However, such devices are more difficult to fabricate, and they sometimes have low conductance, 

and lack in mechanical robustness and device-to-device repeatability.  
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The fabrication of the devices is carried out in the Georgetown Nanoscience & Microtechnology 

Lab (GNu-Lab) and involves various processes such as photolithography, electron beam 

lithography, SEM imaging, reactive ion etching (RIE), sputtering, and electrical characterization. 

The fabrication constitutes a large part of the project and will be elaborated upon in detail 

throughout this chapter. Critical process parameters will be given and experimental results will be 

discussed in relation to these process parameters. 

For single nanotube devices, according to the process flow, there are 8 sections each covering one 

step of the process: 1. Substrate Preparation; 2. Catalyst Preparation; 3. Patterned Catalyst 

Deposition Using Photolithography; 4. Carbon Nanotube Growth; 5. FESEM Imaging of CNTs; 6. 

Electrode Patterning; 7. Metal Deposition and Lift-off; 8.Electrical Characterization. Finally, 

growth of uniform carbon nanotube films will be studied and the fabrication of the film devices 

will be discussed. 

2.1 Substrate Preparation 

To simplify the fabrication process, a conductive material can be used as the substrate for the 

FET so that it can easily serve as a global back gate used in later electrical measurements. The 

commonly used substrate is doped silicon with an oxide insulating layer. In this project, a box of 

4-inch, 500-550 µm thick boron doped Single Side Prime (SSP) Grade silicon wafers are 

purchased from Nova Electronic Materials Ltd, Flower Mound, TX. The resistivity of the doped 

silicon is 0.001-0.005 Ohm·cm. A 300 nm insulating layer of SiO2 is grown on the doped silicon 

by dry thermal oxidation. The silicon wafer is cleaved into 10mm×7mm small chips using a 

diamond scribe. Then the small chips are cleaned in trichloroethylene (TCE), acetone, and 

isopropanol sequentially with sonication, each for 2 min, and then dried with nitrogen before use.  
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2.2 Catalyst Preparation 

The catalyst is critical to successful carbon nanotube synthesis in a catalytic chemical vapor 

deposition method. It’s been reported in literature that metallic Fe, Co, and Ni have catalytic 

effects on carbon nanotube growth, and bimetallic catalysts have catalytic synergies in producing 

carbon nanotubes. Kitiyanan et al.
15

 and Alvarez et al.
16

 have found that for a Co/Mo bimetallic 

catalyst, increasing Mo concentration tends to produce SWCNTs, while Co alone produces 

MWCNTs. Harutyunyan et al.
17

 found that an addition of Mo into a Fe based catalyst works to 

lower the growth temperature, eliminate the hydrogen activation process, and also provides better 

quality CNTs which are longer and straighter. Dai et al. have reported that the support material 

for the catalyst also plays an important role on the outcome of the CNTs produced. Al2O3 

supported catalysts are found to produce mostly individual SWCNTs, while silica supported 

catalysts lead to ropelike bundle structures
18

.  

In this research a Fe-based bimetallic catalyst is used with Mo additives supported by Al2O3 

nanoparticles (Degussa, 100m
2
/g surface area). The molar ratio of the two metals is kept constant 

at Fe: Mo = 100: 55. Methanol, Fe(NO3)3•9H2O, MoO2(acac)2 are all purchased from Alfa Aesar. 

16 mg of Fe(NO3)3•9H2O and 5 mg of MoO2(acac)2 are weighed using a milligram scale and 

dissolved completely in 20 ml methanol, making a dark brown solution which is marked as 10×. 

Then 2 ml of this solution is taken out with a dropper, placed in a new bottle, and diluted to 20ml. 

15mg of Al2O3 nanoparticles are added to the bottle, sonicated for one hour, and then marked as 

1× and kept on a magnetic stirrer before use. 5× solution is prepared similarly by diluting 10ml of 

10× solution into 20ml. Note that the concentration only refers to the active catalyst component 

Fe and Mo, while the support material Al2O3 is constant (15mg/ 20ml). The Al2O3 support has to 

be in the form of nanoparticles, since it is experimentally proven that larger particles can’t form 
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good catalyst islands on the SiO2 surface. It is speculated that the larger particles have poor 

adhesion to the SiO2 substrate. 

2.3 Catalyst Deposition 

To grow isolated single-walled carbon nanotubes, the catalyst is deposited as isolated islands on 

precisely patterned locations of the substrate using standard photolithography and lift-off 

techniques. These catalyst islands not only catalyze the nanotube growth and define their 

locations, but also serve as alignment marks for subsequent electrode patterning, which will be 

elaborated on in the electrode pattern section. The lithography mask and a close-up of the catalyst 

islands are shown in Fig. 2.2. The parallel lines around the catalyst islands are coarse alignment 

marks during electrode patterning. Each island array consists of 5 small islands, with the center 

island 4 µm×8 µm, left and right islands 6 µm×8 µm, and top and bottom islands 8 µm×6 µm, 

respectively. The differences in dimensions are set to quickly identify each island’s relative 

position in the array when patterning electrodes. A typical chip contains 9 (or 15) of such island 

arrays, in 3 rows and 3 (or 5) columns. The distance between neighboring rows is 500 µm, and 

the distance between neighboring columns is 1000 µm.  
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Fig. 2.2 The photolithographic mask for catalyst patterning. (a) An overview of the catalyst 

islands with coarse alignment marks, and (b) A close-up of the catalyst island array. 

2.3.1 Pattern SU-8 with Photolithography  
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Because the catalyst is precursor substances suspended in methanol, which can cause undesirable 

residues of standard photoresist (Novalak-resin-based) after lift-off 
19

, therefore, negative 

photoresist SU-8 is used for catalyst patterning. Polymethyl methacrylate (PMMA) 950 C2 and 

SU-8 2 are purchased from MicroChem Corp, Newton, MA. PMMA is used as a release layer for 

the lift off after catalyst deposition because of its high solubility in acetone. SU-8 is a commonly 

used negative-tone, epoxy based photoresist, with the number after SU-8 being a measure of its 

viscosity. It is optically transparent and sensitive to near UV radiation, and can produce well 

defined profiles. In addition, it’s highly resistant to chemicals and plasma treatment, which makes 

it suitable for the process, since it will serve as the masking layer during plasma etching in 

subsequent steps. However, the commercial SU-8 2 produces a 2 µm thick film which makes it 

difficult to pattern catalyst islands smaller than 5µm. Therefore it is diluted with cyclopentanone 

with a volume ratio of 2:1, to reach a film thickness of 0.5 µm at spin speed 4000rpm for 45sec. 

The film thickness is measured using a DekTek 3030 profilometer. This diluted SU-8 is denoted 

as SU-8 0.5.   

First, PMMA is spin coated on the substrate at 3500rpm for 45 sec, and then baked at 180 °C for 

2 min, producing a 120nm film. The SU-8 0.5 is then spun on the PMMA at 4000rpm for 45 sec, 

and baked at 90°C for 10 min to fully evaporate the solvent and reach a thickness of 0.5 µm. 

After exposure through the catalyst island mask with UV light for 3.5 sec, the sample undergoes a 

post exposure bake at 90 °C for 10 min, and then is developed in SU-8 developer for 60 sec. 

Finally the sample is rinsed with SU-8 developer and isopropanol for 5 sec and dried in a nitrogen 

stream. 

2.3.2 Reactive Ion Etching of PMMA 
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After development of SU-8, the samples are transported to a reactive ion etching (RIE) chamber 

to remove the underlying PMMA in the SU-8 holes. Using acetone would produce too much 

undercut and potentially lift off the whole SU-8 layer, so the anisotropic plasma etching is used to 

generate near vertical sidewalls in the PMMA. Here we use a RIE system from Plasma 

Technology (Model: PLASMALAB uP RIE) and the gas used is oxygen. The process parameters 

are as follows: 

Base pressure: 50 mTorr                                     O2 pressure: 90mTorr 

RF power: 90 watts                                             Time: 4min 

After the RIE process, the sample is checked under an optical microscope to ensure the complete 

removal of PMMA. A few characteristics of complete removal are: 

1. Clear, thin-lined edge of the rectangle holes as shown in the mask; 

2. Pink color inside the rectangles, corresponding to the color of the SiO2 which is 300nm 

thick, as compared to light yellowish color elsewhere. 

If both these characteristics are observed, a complete removal of PMMA is achieved and catalyst 

can be applied. However, the color condition is only valid for the substrate described earlier in 

this chapter. Differences in SiO2 thickness can drastically change the observed colors.  

2.3.3 Application of Catalyst 

The catalyst is deposited by applying 1-3 droplets of the catalyst suspension to the sample with a 

disposable dropper, resulting in complete coverage of the sample surface. The sample is then 

allowed to sit on a flat surface to let the methanol evaporate completely. A thin, white film is 

formed on the chip when dry. Then the chip is moved to a hotplate to bake at 90°C for 3 min, in 

order to promote catalyst adhesion to the SiO2 surface. 
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2.3.4 Lift off 

After the chip has been allowed to cool, it is put into 10ml of acetone for lift-off.  Typically the 

lift off takes less than 5 min and the SU-8 layer comes off as a whole piece. The chip is then 

taken out from acetone, rinsed with acetone and isopropanol, and nitrogen dried. The whole 

process is illustrated in Fig. 2.3 below. 

 

Fig. 2.3 Lithography process for catalyst deposition (dimension not to scale) 

2.4 Carbon Nanotube Growth 

Various techniques have been developed for the synthesis of CNTs, and among them, the most 

commonly used are arc discharge
20-22

, laser ablation
23

, and CVD
24-26

. Compared to the first two 

methods, the CVD method is simple, clean, and can be used to produce large-scale, high-quality 

nanotubes at low cost
27, 28

. More importantly, CVD allows the CNTs to grow vertically or 
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laterally from lithographically patterned catalysts, which makes applications such as field 

emission devices and nano-electronics possible
29

. 

We adopt a CVD method to grow carbon nanotubes in this research because of its simplicity, 

specificity in growth location, and high yield of SWCNTs. The furnace used is a three-zone high 

temperature furnace from Lindberg, type 59744-A. Methane is used as the carbon feedstock and 

hydrogen is used to reduce the iron nitrate in the catalyst into metallic Fe. The chemical reaction 

equations are as follows: 

Fe(NO3)3 + H2            Fe + H2O + NO2 

CH4                           C (CNT) + H2 

The three temperature zones are set to 750 °C, 900 °C and 750 °C respectively. Sample chips are 

loaded into the quartz tube in a horizontal manner using a small quartz boat, which also serves to 

modulate the gas flow and reduce turbulence inside the tube. Other researchers have found that by 

reducing turbulence with small quartz boats, long, straight carbon nanotubes can be obtained
30

. 

Before even turning on the furnace, the quartz tube is purged with H2, CH4, and Ar sequentially, 

and each purge lasts for 5 min. Then the furnace is turned on to heat up to 750-900-750°C in a 

constant Ar flow. It takes about 75min for the desired temperature to be reached. Afterwards, H2 

and CH4 gases are turned on simultaneously and Ar is turned off to start the growth. In this 

method, reduction of catalyst and growth of carbon nanotubes occur simultaneously. By 

modulating the gas flow of H2 and CH4, we can control the carbon nanotube growth rate, quantity, 

and length to some extent. A larger supply of hydrogen tends to expedite the reduction of iron salt 

to metallic iron, which generates a large amount of catalyst Fe within a short time. As a result, 

many carbon nanotubes start to grow from multiple sites but growth rate and final length is low 

Fe + 900°C 
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because of the relatively small supply of methane. On the other hand, a small supply of hydrogen 

and large amount of methane gives fewer growth sites but faster growth rate. Excessive methane, 

however, could provide so much carbon that some deposits as amorphous carbon on the catalyst 

surface, ultimately covering it completely, hindering further growth. The experimentally 

optimized conditions for gas supply is at CH4 = 1576 sccm, and H2 = 1308 sccm. Growth time is 

typically 30 minutes, and variations within 15 min didn’t cause significant change in the length of 

nanotubes, according to our experimental results. After growth, both CH4 and H2 are turned off, 

and Ar is turned back on to protect the grown nanotubes from oxidation during the cool down 

process. It takes about 3 hours for the furnace center zone to cool down under 200 °C, and the 

samples in the quartz boat can then be pushed out of the quartz tube to quickly cool down to 

under 100 °C. The samples can then be taken out for imaging.  

2.5 FESEM Imaging 

The SEM is one of the most effective tools to visualize the CNTs and examine the quality of the 

synthesized CNTs. Although unable to measure the exact diameter and other structural properties 

of the CNT like an atomic force microscope (AFM) or a transmission electron microscope (TEM) 

does, SEM can quickly show the length, shape (straight or curved), density, and relative position 

to alignment marks, all of which are important to device applications. 

A Carl Zeiss Inc. field emission scanning electron microscope (FESEM) (SEM Type: Supra 

55VP) is used to image the grown nanotubes. Compared to conventional SEM with thermionic 

emitters, FESEM uses a field emission gun which produces an electron beam with smaller 

diameter but higher current density, thus significantly improving the signal to noise ratio and the 

spatial resolution. Its small beam diameter also serves to minimize the electrical charging of 

samples and reduces sample damage. In addition, this FESEM is able to achieve good resolution 
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at low acceleration voltages by using a special In-lens detector, which is very important for 

SWCNT imaging because high energy electrons could potentially damage the nanotube. The In-

lens detector is placed above the objective lens and detects directly in the beam path. In the In-

lens mode, the primary electrons are first boosted by 8kV by the beam booster, and then 

decelerated by an electrostatic field at the end of the objective lens by the same amount (8kV). 

This electrostatic field act as acceleration field for the secondary electrons generated at the 

sample surface, which are absorbed, re-accelerated and focused through an electro-magnetic field 

to the In-lens detector, as illustrated in Fig. 2.4. The maximum accelerating voltage for In-lens 

mode is 20kV, and the maximum working distance is 10 mm.  

 

Fig. 2.4 Schematic of the In-lens detector of Zeiss Supra 55VP 

Here we use 500V acceleration voltage and a typical desirable outcome of the CNT growth is 

shown in Fig. 2.5. In both images the catalyst islands are well defined, which makes them useful 

as alignment marks in the subsequent metallization step. There are CNTs at least 10 µm long and 
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straight, making them good candidates for devices having approximately 4 µm conduction 

channels and providing promising transport characteristics. The CNTs should also be close to the 

catalyst islands, and scarce, as we desire isolated tubes to make single CNT devices. The 

difference between the two images is that, in (a) there are many short, curly nanotubes almost 

covering the catalyst islands, while in (b), only a few short nanotubes grow from the islands. The 

difference could be caused by deviations of the local catalyst composition from the overall 

composition, which happens during the catalyst deposition process
31

. 

 

Fig. 2.5 SEM images of successfully grown CNTs from catalyst islands 

However, the results can deviate from ideal due to many factors. For example, in Fig. 2.6 we see 

ultra long nanotubes initiating from somewhere other than the catalyst islands (illustrated with 

arrows). In both cases, relatively long and straight CNTs have grown from the catalyst islands, 

but the ultra long tubes (exceeding 400 µm) have grown from random catalyst residues on the 

substrate. The catalyst residues might have deposited on the substrate due to the small air bubbles 

in the SU-8 layer which causes the thin SU-8 to be easily etched away during RIE, thus enabling 

(a) 

 

(b) 
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catalyst deposition at these bubble locations. Or it could simply adsorb onto the SiO2 surface 

during the catalyst lift off process. When the SiO2 surface is not cleaned properly, catalyst could 

attach to the substrate.  The composition of those catalyst residues can be significantly different 

from the average composition used with the islands
31

 and thus produce completely different and 

random CNTs, in this case, much longer and straighter nanotubes. 

 

Fig. 2.6 Ultra-long CNTs grown from catalyst residues on sample surface 

Other problems that can occur include catalyst-contaminated background, short or no CNTs, 

dense curly CNTs, and entangled long straight CNTs. Examples are shown in Fig. 2.7. Image (a) 

shows a substrate with CNTs everywhere, which indicates catalyst all over the surface. It could 

be caused by ineffective cleaning of the surface, or insufficient rinsing after catalyst lift off, or 

both. This problem was solved by thoroughly cleaning and rinsing in later experiments.  Image (b) 

shows a perfect set of catalyst islands with only a few extremely short CNTs. It could be caused 

by the deviation of catalyst composition from the average value after being removed from the 

Long CNT grown from 

catalyst residue 
Catalyst 

Array 
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stirrer, resulting in a composition that is unfavorable for CNT growth
31

. In image (c), several long, 

curly CNTs are produced, and there are lots of kinks along the nanotube. Speculation is that this 

is related to the turbulence in the gas flow, although further research is needed to clarify the cause. 

Image (d) shows tens of straight CNTs initiating from two islands very close by but that are 

entangled together. This is caused by the many local catalyst nanoparticles that favor long, 

straight CNT growth, which are formed by the segregation of catalyst during the deposition 

process
31

. Of the problems above, the catalyst segregation is beyond experimental control at this 

time. However, given thorough cleaning of the substrate and sufficient stirring of the catalyst, 

about a third of the catalyst array can yield good nanotubes, which is sufficiently good for 

CNTFET fabrication needs. 
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Fig. 2.7 Problems with CNT growth: (a) lots of nanotube growth all over the surface; (b) very few 

and short nanotubes; (c) entangled long kinked nanotubes; (d) straight nanotubes networks. 

2.6 Electrode Patterning 

Once the carbon nanotubes are grown and located by FESEM imaging, electrodes can be 

patterned to contact the nanotubes so that electron transport measurements can be made for 
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individual nanotubes. Two different techniques can be used to pattern the electrodes: 

photolithography and electron beam lithography. 

2.6.1 Photolithography 

Photolithography is widely used in micro scale device fabrication, providing fast, simple, precise, 

and easily repeatable definition of micron-sized structures. A mask is usually made using more 

advanced techniques, and can be used repeatedly to quickly make multiple devices. A drawback 

of this technique lies in its dependence on the mask, and its precision is limited to the micron 

scale. Down to the nano regime, the resolution is quite limited. 

Although the SWCNT is only a few nanometers in diameter, the electrodes used to make contact 

to the nanotube are often a few microns wide and hundreds of microns long. Therefore, 

photolithography is still suitable for electrode patterning. The optical mask is shown in Fig. 2.8. 

The four corners have coarse alignment marks, which correspond to the corner patterns of the 

catalyst islands mask (as shown in Fig. 2.2). The center pattern defines the electrode pads and 

contact lines. Next to the contact lines, there are two clear boxes on the left and right of the 

electrodes, which are used for second alignment with the parallel lines next to the catalyst islands. 

In this figure, all white boxes are clear, while other areas are dark and can’t be seen through. 
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Fig. 2.8 Mask for patterning electrodes using photolithography 

A positive tone photoresist is used in this process. Commercial Shipley 1813 is purchased from 

MicroChem Corp. and diluted with SU-8 developer by a volume ratio of 14:3.6, which produces 

about 1µm coating at 4000rpm. This dilution is necessary because the half micron thick catalyst 

islands are barely visible under the normal Shipley 1813 coating thickness of about 1.5 µm, 

which makes alignment difficult. The diluted photoresist is denoted as S1809 in this dissertation. 

The process flow is as follows: 

1. Spin coat S1809 at 4000rpm for 45 sec; 

2. Prebake S1809 at 90°C for 60 min; 

3. Align sample and mask properly and expose to UV for 2 sec; 

4. Soak sample in chlorobenzene for 5 min and take out, dry with nitrogen immediately; 

5. Develop in CD-30 developer for 2 min, rinse with deionized water for 2 min, nitrogen 

dry. 
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The alignment is carried out in three steps. First, a rough alignment is conducted using the coarse 

alignment marks patterned at the corners of the sample, as shown earlier in Fig. 2.2 and Fig. 2.8. 

Then second alignments are made using the clear boxes next to electrodes which show the 

parallel lines around the catalyst islands, as shown in Fig. 2.9(a). Finally, fine adjustments are 

made with respect to the specific catalyst islands where the nanotube grows from, shown in Fig. 

2.9(b).  

 

 

Fig. 2.9 Alignment process for electrode patterning. (a) Rough alignment using the clear boxes 

next to the islands, (b) Final adjustment using the catalyst islands as alignment marks. 

(a) 

(b) 
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After exposure, the sample is soaked in chlorobenzene to harden the surface of the photoresist, 

which will then cause an undercut in the profile after development as the hardened surface 

dissolves at a much slower rate than the bottom. This undercut is created so that when we deposit 

metal, the metal will not coat the entire sidewalls, and during lift off, the etchant can etch from all 

directions, which makes the process both faster and cleaner. The differences between vertical 

sidewalls and undercut profile are demonstrated in Fig. 2.10 below. In the final profiles vertical 

sidewalls end up with residual metal overhanging from the sidewall deposition, or even failure of 

lift-off, while for undercut profile the metal structure is well defined and clean.  

                      

Fig. 2.10 Comparison of vertical and undercut profiles in lift-off results 
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An SEM image of successfully patterned device is presented in Fig. 2.11. The conduction channel 

is 4 µm, and the width of the electrode is 16 µm. The edges of the electrode are clearly defined.  

 

Fig. 2.11 SEM image of an completed FET device using photolithography 

2.6.2 Electron Beam Lithography 

Patterning of metal can also make use of electron beam lithography, which uses electrons instead 

of photons to transmit energy to the resist. Without a predefined physical mask, electron beam 

lithography usually uses computer software to control and direct a well defined, focused electron 

beam, to expose the desired areas directly. It works in the same way as a pen is conventionally 

used to write or draw a pattern, but here a focused electron beam takes the place of the pen tip. 

The resolution of this direct-write technology largely depends on the diameter of the focused 

electron beam, which can approach a few nanometers for commercial electron beam lithography 

systems. The main drawback of this technology is low throughput, as it takes a long time for a 

fine nanometer scale electron beam to write a large area. 



28 
 

Here we use commercial software Nano Pattern Generating System (NPGS) in combination with 

a Zeiss FESEM to carry out electron beam lithography.  First, catalyst islands are patterned using 

photolithography and nanotubes are grown.  Then DesignCAD 2000 is used to design the 

electrodes pattern, which is shown schematically in Fig. 2.12, with the white being catalyst 

patterns, the blue being electrode patterns. The pattern file is then integrated into a RUNFILE and 

combined with other commands such as Change-Aperture, Stage-Move, to make an automated 

process. The acceleration voltage of electrons for electron beam lithography is 30 kV. 

 

Fig. 2.12 CAD design of the contact electrodes using electron beam lithography 

A bilayer process is used for electron beam lithography to create undercut in the profile to 

facilitate lift off, similar to the process used with optical lithography. Both methyl 2-

methylpropenoate (MMA) and PMMA 950 C2 (MicroChem
 
Corp.) are used directly from bottle. 
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The undercut forms during the development process because the MMA layer develops at a faster 

rate than PMMA, given similar exposure conditions. The detailed process recipe is included in 

Appendix 1. 

2.7 Metal Deposition 

After the electrodes are patterned in resist, the sample is loaded into a CVC sputtering system for 

metal deposition. Cr/Au is used for the electrodes, since Au has good contact with CNTs and high 

electrical conductivity, while a thin layer of Cr serves as the adhesion layer between Au and the 

SiO2 substrate. The sample is loaded into the vacuum chamber through a load-lock and is allowed 

to sit overnight to remove any water vapor and other contaminants introduced during loading. 

The base pressure in the chamber is on the order of 10
-6

 Torr. After Ar is introduced, chamber 

pressure is maintained at 8×10
-3

 Torr and the DC power is turned on to start the sputtering. 

Usually a pre-sputtering step is carried out before the actual sputtering on the sample, to fully 

remove metal oxide which may be present on the metal target. The pre-sputter thickness is 200Å 

for Cr, and 100Å for Au. The actual sputtering rate onto the substrate is 0.5Å/s for both Cr and 

Au, with the final thicknesses of 25Å and 800Å, respectively. After the desired thicknesses are 

reached, the power is turned off, and the sample is allowed to cool in vacuum for 2 min, and then 

taken out for subsequent lift off in acetone. For successfully patterned electrodes, it takes 5-10 

minutes to lift off completely. Then the sample is rinsed with acetone and isopropanol, and dried 

with nitrogen. SEM images of electron beam patterned devices are shown in Fig. 2.13. The length 

of the conduction channel can vary from device to device, and the lift off is very clean and fast 

compared to photolithography. 
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Fig. 2.13 SEM images of SWCNT-FET device fabricated using electron beam lithography 

2.8 Electrical Characterization 

2.8.1 Measurement Setup 

An initial measurement of the CNT transport characteristics is performed before any treatment of 

the nanotube. The measurement setup is illustrated in Fig. 2.14. A bias voltage of 20 mV is 

applied between source and drain electrodes, and a sweeping gate voltage is applied to the silicon 

back gate. Au coated tungsten probes are used to contact the electrodes, and the back-gate is 

contacted by physically removing a small portion of the silicon dioxide layer using diamond 

scribe. The electric current going through the source-drain circuit is monitored as a function of 

gate voltage which sweeps from -10 V to 10 V at steps of 0.2V.  

(a) (b) 
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Fig. 2.14 Illustration of the setup for device characteristic measurements (not to scale) 

2.8.2 Typical Characteristic Curves 

Within the above specified range of the gate voltage, three typical gate dependence curves exist, 

corresponding to three types of nanotubes: semiconducting, ambipolar, and metallic. The 

characteristic graphs are presented in Fig. 2.15 and represent the CNTs grown during this 

research. The first graph is a typical p-type semiconducting nanotube. When a negative gate 

voltage is applied with increasing magnitude, holes are introduced to the CNT and the device is 

turned ON. The second graph shows an ambipolar behavior. At negative gate voltages, the CNT 

shows a p-type conductance, which increases as the voltage goes more negative. However, at 

positive gate voltages, after a transition point, the CNT also shows an n-type conduction behavior, 

as the current is seen to go up with positive voltages. In both of these graphs, the arrows indicate 

the direction of gate sweeps. The third graph is a typical metallic nanotube performance. The 

conductance of the nanotube is high, and it is not dependent on the gate voltage. 



32 
 

 

Fig.2.15 Typical transport characteristics for single nanotube FETs, showing (a) semiconducting, 

(b) ambipolar, and (c) metallic behavior. The arrows indicate the direction of gate sweeping. 
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As seen in Fig. 2.15 (a) and (b), the threshold voltage, where the device turns OFF (zero current 

flow) when the gate voltage sweeps from -10V to 10V, is different from the threshold where the 

device turns ON when sweeping from 10V to -10V. This phenomenon is called hysteresis.  A few 

investigations have attributed hysteresis to reasons such as charge traps in bulk SiO2, O2 related 

defect traps near the nanotube or at the Si/SiO2 interface, or the water molecules near the 

nanotube.  Kim et al. showed that the nanotube transport hysteresis is due to water molecules 

around the nanotube and SiO2 surface bound water close to the nanotubes
32

. Bradley et al. 

proposed that hysteresis is induced by ionic motion, and small hysteretic devices can be achieved 

by preventing ionic contamination, while hysteresis could be intentionally introduced by coating 

the device with charged polymers
33

. Experimentally, heating under vacuum (evaporating SiO2 

surface bound water molecules) and coating device with a passivating polymer, have both been 

used to remove the hysteretic effects completely
32

. 

2.8.3 Factors That Impact Device Characteristics 

The characteristic curve of a carbon nanotube FET device is largely dependent on the physical 

attributes of the nanotube device, such as CNT length, diameter, chirality, defects, and its contact 

with the metal electrode. For example, the resistance of a 4 µm long CNT can range from tens of 

kilo ohms to hundreds of mega ohms by differences in these factors. However, external factors 

such as contact metal, environmental humidity, and applied coatings can also have an important 

effect on the device characteristics. Those factors will be discussed in more detail below. 

a) Contact Metal 

Carbon nanotube FETs are considered Schottky Barrier (SB) devices
34-36

. The SB potential height 

ϕSB, together with carrier density, determine the device’s characteristics. For a given device, the 
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SB for holes are given by the difference between the metal Fermi level and the level of the CNT’s 

valence band, ϕSB = |ϕm – ϕCNT – (EF – EV)|, as depicted in Fig. 2.16(a). Similarly, for electrons, 

the SB is given by the difference between the metal Fermi level and the CNT’s conduction band, 

ϕSB = |ϕm – ϕCNT + (EC – EF)|, as shown in Fig. 2.16 (b). Here ϕm is the metal work function, 

ϕCNT is the CNT work function, EF is the CNT Fermi level, and EV and EC are the CNT valence 

band and conduction band energy, respectively. 

 

 

Fig. 2.16 Schottky Barrier diagram for (a) holes (b) electrons at the metal-CNT contact 

When the metal Fermi level does not lie in the middle of the CNT’s bandgap, the SB for electrons 

and holes is different, and the device exhibits asymmetric conductance curve
36

. More specifically, 

(a) 

(b) 
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high work function (low Fermi level) metal devices tend to have low SB for holes and usually 

have higher p-type conductance than n-type conductance at the same gate, thus showing a p-type 

behavior. This is observed for most SWCNT-FETs because oxygen doping of the metal contact 

lowers the metal Fermi level, thus lowers the SB for holes and the device displays p-type 

conductance. Low work function metal devices, on the other hand, have higher SB for holes and 

lower p-type conductance, can exhibit n-type conductance. Fig. 2.17 depicts the band diagram 

and the SB for holes in a nanotube device with different metal contacts, showing SB heights 

changing in opposite direction with the metal’s work function. This trend is proved 

experimentally by observing higher conductance for high work function metals than low work 

function metals for similarly fabricated devices
 37

. Note that for M1 the bands of CNT bend 

upwards, while for M2 and M3 the bands bend downward. This is because the Fermi level of M1 is 

higher than that of CNT (while Fermi level of M2 and M3 are lower than CNT), causing an 

opposite bending of the bands. 

 

 

Fig. 2.17 Schottky Barrier for holes in a nanotube FET with different contact metals 
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b) Humidity in Environment  

Carbon nanotubes easily interact with various molecules in the environment and change their 

electrical property. An example is water molecules in the vicinity of the nanotube which 

contribute significantly to the hysteresis of carbon nanotube devices because of the charge 

trapping effect
 32

. There are two types of water charge traps in a carbon nanotube FET device. 

First is water molecules adsorbed on the nanotube surface, which is weakly bound and can be 

removed easily by pumping in vacuum. The second type is water molecules bound to the SiO2 

surface. Since the nanotube lies directly on the SiO2 surface, those surface-bound water 

molecules close to the nanotube can interact with the nanotube and change its electrical 

performance. Different from water molecules adsorbed on the nanotube surface, the SiO2 surface-

bound water molecules form strong hydrogen bonds and cannot be removed by pumping in 

vacuum. Instead, their removal requires heating in vacuum to T>200°C
32

. However, even after 

heating in vacuum, once exposed to ambient environment again, the SiO2 surface will quickly 

rehydrate itself by reacting with water in the environment. Therefore, electrical measurements 

taken in ambient environment can be biased due to variations in humidity in the environment. 

c) Polymer coating 

Polymers can also interact with carbon nanotubes and modify their transport characteristics. Kim 

et al. has found that coating carbon nanotube FETs with PMMA removes most of the hysteresis 

of the device due to the hydrogen bond between PMMA and silanol groups on SiO2
32

. Bradley et 

al. has demonstrated controllable modulation of carbon nanotube hysteresis by coating the 

nanotube device with charged polymers
32

. In addition, Shim and coworkers have used a polymer 
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called polyethylene imine (PEI) to functionalize the nanotube, in order to convert a p-type device 

into an n-type
 38

.  

2.9 Film Devices 

A lot of research has focused on CNT film or network devices, which are easier to fabricate and 

more robust than single nanotube devices, yet still sensitive. In this work we have tried different 

ways to grow CNT films by catalytic CVD, and we found that the catalyst composition, as well as 

the way catalyst is applied to the substrate, has an important effect on the quality of the CNT 

films. Here a high quality film indicates good uniformity, high CNT yield, and little catalyst 

residue or other impurities. 

2.9.1 CNT film growth 

On the first trial we used 1× catalyst, as we did for individual SWCNT growth, applied by simply 

dropping a drop of the catalyst on the substrate and letting it dry completely in air. Then the 

substrate was loaded into the furnace for CNT growth. The gas flow rate, growth temperature, 

and growth time were kept the same as before. Fig. 2.18 shows SEM images of the sample at 

different locations. As seen from (a) and (b), the catalyst coating on the surface is not uniform. 

During the drying process, alumina nanoparticles move around and eventually aggregate at 

certain locations, while on other parts of the surface, alumina nanoparticles are sparsely 

distributed. As a result, the SWCNT film is not uniform across the surface. Images (c) and (e) 

show the CNT film grown from aggregated alumina at different magnifications. We see a dense 

CNT network intertwined together, and a lot of catalyst nanoparticles sitting inside the network. 

Images (d) and (f) show CNTs in regions with few alumina nanoparticles. The CNT network is 

less dense compared to the alumina supported film, as we see much larger gaps in between the 
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nanotubes, and no catalyst nanoparticle are seen in such areas. This very clean as-grown CNT 

film has promising applications as it eliminates the washing and etching process which is 

commonly used to remove catalyst particles, but damages the nanotube as well. 
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Fig. 2.18 SEM images of SWCNT films at different locations at (a) 

and (b), and difference magnifications 
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The inhomogeneous, random distribution of CNTs and alumina nanoparticles in the CNT film 

above largely restricts its applications.  Since the nanoparticles aggregation happens during the 

drying process of the catalyst, a faster drying would probably reduce the aggregation and result in 

more uniform coating. Therefore we adopt a spin coating method in following experiment. The 

catalyst is dropped onto the sample surface which is spinning at high speed, making the catalyst 

dry quickly and providing uniformity across the surface. After the spin coating, the samples are 

baked for 3 min at 90°C to promote adhesion. A series of catalyst are prepared and deposited to 

the sample at different spin speed, as shown in the tables below. 

Table 1 Catalysts composition 

Catalyst No. Fe(NO3)3•9H2O (mg) MoO2(acac)2 (mg) Al2O3(mg) Methanol (ml) 

1 1.6 0.5 0 20 

2 1.7 0.6 15 20 

3 8.2 2.6 0 20 

4 8.1 2.7 5 20 

5 8 2.6 15 20 
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Table 2 Sample Preparation 

Sample No. Catalyst Spin Speed (rpm) Amount of catalyst (drop) Spin time (min) 

1 1 1000 1 1 

2 1 2000 1 1 

3 2 2000 3 1 

4 2 2000 5 1 

5 3 3000 5 1 

6 3 3000 10 1 

7 4 3000 5 1 

8 4 3000 10 1 

9 5 3000 5 1 

10 5 3000 10 1 

 

The SEM images of sample 1 and 2 are presented in Fig. 2.19. They are both from catalyst one 

which contains no alumina nanoparticles, but spin coated at different speeds. The CNTs on both 

samples form random networks and the length of the nanotube ranges from a few microns up to 

hundreds of microns. However, there is a difference in the density of the nanotubes grown 

between the two samples. Sample one, which is spun at a lower speed, shows much more dense 

films than sample two, which is in agreement with our expectations.  
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Fig. 2.19 SEM image of sample 1 and 2 at different magnifications 

Sample 3 and 4 both use catalyst 2, and are both spun at 2000rpm. The difference is that 5 drops 

of solution are applied to sample 4 while only 3 drops are used for sample 3. Fig. 2.20 shows a 

series of SEM images of the two samples at different magnifications. There is no significant 

difference between the two, as for both samples, a thick CNT film is grown on the surface, and 

the film is fairly uniform across the whole sample. Some of nanoparticles are seen in the 

nanotube films on both samples. Considering that the optical images of the samples showed a 

considerable amount of particles on the surface after catalyst application, the majority of particles 

are probably covered by the thick CNT films, and only a small fraction of them are suspended in 

the film. 
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Fig. 2.20 SEM image of sample 3 and 4 at different magnifications 

Sample 5 and 6 are both spin-coated with catalyst three, which has 5 times the concentration of 

catalyst one. Sample 6 has twice the dosage of sample 5. SEM images of those two samples are 

shown in Fig. 2.21. There is a single layer of CNT networks lying on the SiO2 surface, and the 

nanotubes are pretty clean in terms of particle impurities. However, the density of the CNTs 
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varies greatly across the same chip, as was observed for samples using catalyst one. This 

indicates that the CNT uniformity is a common problem for catalysts without alumina 

nanoparticles.  

 

Fig. 2.21 SEM images of sample 5 and 6 

Sample 7 and 8 are spin coated with catalyst four, with sample 8 having twice the dosage of 7. 

Both samples have grown dense, uniform, and intertwined single-layer CNT networks, as we can 

see SiO2 in the background. Since there is no significant difference in the quality of the CNTs, 

only SEM images of sample 7 at different magnifications are shown in Fig. 2.22. The CNT 

networks looks fairly uniform at low magnifications, but as we increase the magnification to the 

micron scale, local non-uniformity still exists. 
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Fig. 2.22 SEM images of sample 7 

The last two samples are spin coated with catalyst five, which contains the standard concentration 

of alumina, but five times the concentration of Fe and Mo. As the SEM images show (Fig. 2.23), 

there are fairly uniform CNT films, which look very similar to the ones in Fig. 2.22. Considering 

the difference in the catalysts lies in the concentration of alumina nanoparticles, we expect to see 

more nanoparticles in the film. However, this is not observed through SEM imaging. It seems that 

at 3000rpm spin speed, the difference in nanoparticle concentration is diminished by the high 

speed spin-off effect.  
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Fig. 2.23 SEM images of sample 9 and 10 

In summary, all samples with alumina nanoparticles showed reasonable CNT film uniformity. 

Spin coating at 2000rpm produced very thick CNT films with obvious alumina nanoparticles, 

while spin coating at 3000rpm results in a clean and uniform CNT network. Therefore, for CNT 

film growth, the critical factors to ensure a uniform, dense CNT network is the presence of 

sufficient alumina nanoparticles, and slow spin coating (< 2000rpm).  
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2.9.2 Device Fabrication and Characterization 

Sample 3 described in the previous section is used for device fabrication. An aluminum wire with 

a diameter of 25 µm is used as a shadow mask to make a gap of about 20 µm, while all other 

surfaces are coated with aluminum as the metal electrodes. The aluminum is coated by thermal 

evaporation, at a rate of 3Å/s, to a final thickness of 1000Å. A device schematic is shown in Fig. 

24 (a), and SEM images after Al evaporation are shown in Fig. 2.24(b) – (d). The gap formed is 

23.8µm, and the CNTs in the gap are very clean, while the CNTs not masked are coated with Al, 

making the diameter close to 100nm. An electrical measurement shows that the resistance of the 

CNT film, which is 23.8µm × 7mm, is on the order of a few kilo ohms without gate. However, 

we found the gate is shorted to the CNT film, probably due to the overhanging nanotubes on the 

edges contacting back gate.  
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Fig. 2.24 (a) CNT film device schematic and (b) – (d) SEM images of SWCNT film device 

To avoid the CNTs on the edges contacting the back gate, we use electron beam lithography to 

pattern the substrate so that only small areas in the center are coated with catalyst. Note that on 

the pre-patterned surface, the drop-and-dry method turned out to be better than spin-coating. 

Using a drop-and-dry technique, we have grown uniform and dense CNT films at specified 

locations successfully, as shown in Fig. 2.25.  

 

Fig. 2.25 SEM images of SWCNT film grown on patterned areas 

 Photolithography is employed to pattern the electrodes, using Shipley 1809 as the resist and Al 

for the electrode metal. The completed device is shown in Fig. 2.26. There are two problems with 



49 
 

this device: first, the metal electrodes lift off was not successful. The designed shape of the 

electrode is denoted by the red dashed lines, and we find that the parts that are on top of the CNT 

film are mostly lifted away. Second, the CNTs are contaminated during the process, as evidenced 

by the thickened nanotubes. Based on these two facts, it is suspected that the photoresist Shipley 

1809 is trapped in the dense CNT film and can’t expose and develop fully. This leaves residual 

photoresist in the film and causes the metal electrode on the film to lift off in acetone. A different 

pattern technique is needed, or the CNT film needs to be thinner for the process to work.  

 

Fig. 2.26 SEM image of a completed SWCNT film device 

  



50 
 

Chapter 3. Functionalization of SWNT 

SWCNTs, outstanding for their small size, physical robustness and exceptional chemical stability, 

have been recognized as one of the most promising candidates for making nanoscale integrated 

devices. Their small size and one-dimensional geometry make them highly sensitive to dopants, 

which also make them ideal candidates for sensors. Recently, FETs with SWCNTs as the 

conduction channel have been fabricated and used for highly sensitive chemical and biological 

sensing. Kong et al. reported a dramatic change in CNT conductance upon exposure to NH3 and 

NO2
 18

, and Chen et al. found CNTs interact with various proteins nonspecifically and induce 

significant conductance change 
39

. However, due to the interactions with various molecules at the 

same time, such unmodified sensor devices is not selective in the ambient environment. In order 

to eliminate non-specificity, a proper functionalization process is needed. 

This chapter will introduce the functionalization techniques that are used to modify the SWCNTs 

for specific sensing applications. First, related work in the literature will be reviewed, and the 

cons and pros of different techniques will be addressed. Then the techniques investigated 

experimentally in this research will be presented, and the chosen technique, electrodeposition of 

metal nanoparticles, will be described in detail.  

3.1 Literature review 

Although SWCNTs are very sensitive to dopants and can interact with various molecules, such 

interactions can’t be utilized for specific molecule sensing unless other parallel, non-specific 

interactions can be excluded. Therefore, a lot of research has been dedicated to developing 

effective functionalization methods, to enhance specific interactions in various conditions. 

3.1.1 Use of Linking Molecules 
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People started research on specific sensing by making use of well known affinity pairs, such as 

biotin-streptavidin. A common procedure is to attach one molecule from the pair to SWCNTs, 

and use the probed nanotubes to detect the other molecule. However, the sensing probe often does 

not bind to the carbon nanotubes with sufficient strength. To solve this problem, a linking 

molecule is often used. Usually such a linking molecule has one functional group that binds 

strongly to the carbon nanotube, while having another group that can bind to the sensing probes. 

Dai’s group has functionalized SWCNT sidewalls non-covalently with a bi-functional molecule, 

1-pyrenebutanoic acid, succinimidyl ester, with a high degree of control and specificity
39

. 

Dekker’s group has further developed this scheme for specific sensing of glucose
40

. Additionally, 

Lee has reported using carbodiimidazole-activated Tween 20 (CDI-Tween) as a linking molecule 

between SWCNTs and artificial oligonucleotides – aptamers for selective sensing of DNA
7
.  

3.1.2 Creating Carboxyls on Nanotubes by Oxidation 

For vertically aligned nanotube forests, oxidation has been used to introduce carboxyl groups to 

the nanotubes, especially on the tips, rendering the nanotube chemically reactive. Meyyappan and 

Rusling have both reported carboxyl functionalization by oxidizing nanotube tips to form 

carboxylic acid using a mixture of H2SO4 and HNO3
41-42

, and Ren has realized the same 

oxidization by electrochemical treatment of CNTs in 1.0 M NaOH solution at 1.5 V for 90 s
12

. 

The vertically aligned CNTs are protected by a spin-coated film so that only the CNT tips are 

exposed to oxidation. Using this technique, sensing probes have been successfully attached to the 

tips of nanotube forests by reacting with the carboxyl group
12

. 

3.1.3 DNA and SWCNT Interactions 
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Much work on SWCNT as biosensors focused on the interaction between SWCNTs and DNA 

molecules, particularly the functionalization of SWCNT with single-strand DNA sequences, 

which can then be used to detect complementary DNA binding. Potential applications include 

cellular delivery, gene expression
43

, and biomolecular sensing
44

. Consequently, a lot of effort has 

been dedicated to studying the interaction between DNA and nanotubes. 

The direct interaction of SWCNTs and DNA is reported by Johnson who has successfully 

functionalized SWCNTs with DNA sequences for chemical sensing by applying DNA solutions 

to SWCNT devices for 45 min followed by nitrogen drying
45

. They found that DNA 

functionalized SWCNTs are more sensitive than bare carbon nanotube devices, have rapid 

response and short recovery time, and  are very promising for electronic nose and electronic 

tongue applications. Dordick has adopted the strategy of non-covalent functionalization of 

SWCNTs with cationic moiety 1-pyrenemethylamine hydrochloride which will bind strongly to 

the negatively charged DNA backbone
46

. They demonstrated that this SWCNT-DNA complex 

can be used as templates for RNA polymerase-catalyzed gene transcription, thus leading to in 

vitro protein synthesis. Kostarelos used electrostatic formation of SWCNT-DNA complexes, by 

first covalently functionalizing the SWCNT with ammonium or lysine
47

. They investigated 

further the parameters that affect efficient formation of the SWCNT-DNA complexes and 

effective gene transfer, and found that the SWCNT surface area and charge density are critical for 

electrostatic formation of conjugates. An advanced electrically addressable covalent 

functionalization of SWCNT with DNA is explored by Hamers
44

. The covalently attached nitro-

group on the SWCNT is treated with electrochemical reduction to form amino groups, and then 

covalently linked to thiol-modified DNA oligonucleotides by a heterobifunctional crosslinker 

SSMCC (sulfo-succinimidyl 4-(N-maleimidomethyl) cyclohexan-1-carboxylate). DNA 
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hybridization showed excellent biological selectivity of these DNA-modified nanotubes. This 

approach has the ability to selectively modify individual devices in an array with different 

biomolecules by sequential electrochemical reduction, and thus has promising potential for 

fabricating ultra-high density sensor arrays for a wide range of biosensing and diagnostic 

applications. 

3.1.4 SWCNTs Decorated with Metal Nanoparticles 

Recently, carbon nanotubes have been decorated with metal nanoparticles to make composite 

materials
11, 48-50

, which can have enhanced catalytic efficiency, and gas storage, and gas sensing 

capabilities
11, 49, 51

. Xing et al. have shown that Pt nanoparticle-carbon nanotube (Pt-CNT) 

composites have higher efficiency in electrochemical adsorption and desorption of hydrogen
52

. 

Star et al. have made NH3 and NO2 sensors by electrochemically decorating carbon nanotube 

network FETs with various metal nanoparticles from metal salt solution
53

. Using the same 

technique, Lee et al. have deposited Au and Ni nanoparticles on the nanotube sidewalls to serve 

as binding sites, providing a new approach for biological functionalization of nanotube devices
54

. 

3.2 Using Electrodeposition to Functionalize SWCNTs 

For FETs with SWCNTs as the conducting channel, functionalizing the nanotube requires not 

only successful attachment of molecules to the nanotube, but also preservation of the nanotube’s 

intrinsic electronic properties. In addition, in a device environment, the specificity of the 

attachment becomes important since any unintended attachment will potentially introduce noise 

to the device. Due to these considerations, many of the above mentioned methods are not easily 

applicable to nanotube FETs. For example, the oxidation method is not applicable because it 

damages the physical structure of the nanotube and compromises its electronic properties. In this 
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project we use an electrical field directed deposition method to realize specific functionalization. 

A few different materials have been tested. 

3.2.1 Avidin 

Avidin is a tetrameric protein found in chicken egg white, and has a strong affinity to biotin with 

a dissociation constant KD ≈ 10
15

M, which is practically irreversible. An avidin tetramer is 

estimated to be between 66-69 kDa in size and has four biotin binding sites, which makes it 

possible to make biotin-avidin-biotin sandwiches. If avidin or biotin is immobilized on a surface, 

this biotin-avidin complex can be used to introduce various molecules to the system. Hoshi and 

Anzai have electrochemically deposited a thin film of avidin on a platinum electrode by applying 

an alternating potential of a triangular waveform, and then immobilized biotin-labeled glucose 

oxidase to the electrode to make glucose sensors. The electrochemically deposited avidin 

maintained its binding activity to biotin
55-56

. 

Fluorescently labeled avidin FITC A-2001 is purchased from Vector Laboratories, which is 

highly purified and has very low nonspecific binding characteristics. The excitation wavelength is 

495nm and emission wavelength is 515nm. The avidin is dissolved in phosphate buffer saline 

(PBS) and stored at 0-4°C in a brown bottle before use. 

Considering the isoelectric point of avidin is 10.5, and the pH value of PBS is 7.4, the avidin 

molecules will carry a positive net charge in PBS. So we first tried a simple electrical deposition 

technique as illustrated in Fig. 3.1. A drop of 20 µg/ml avidin solution was applied to the device, 

and a positive voltage Vd was applied to an external electrode contacting the solution surface, 

while both electrodes contacting the nanotube were grounded. The deposition time was 20 to 30 

min. However, neither fluorescent microscope imaging nor SEM imaging of the samples showed 

evidence of successful avidin deposition. We speculate that the positive charge on the avidin 
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molecules is so small that the electric force is not strong enough to direct the avidin molecules to 

the nanotube. 

 

Fig. 3.1 Illustration of Electrodeposition Setup for Avidin 

As a second trial, electrolysis was carried out by applying alternating potential from -0.5V to 

2.1V at 200V/s to the nanotube for 10 min as reported
55

. The concentration of the avidin solution 

was 20µg/ml. However, still no avidin deposition was observed. One possible reason is the 

extremely small electrode surface area compared to the Pt electrode used in the literature. The 

electrode in our device has a maximum surface area of 1.6×10
-2

mm
2
 including the metal contacts, 

while the Pt electrode in the literature is at least 30mm
2
 in area, which is almost 2000 times larger. 

Another consideration is the much lower concentration of avidin used in this experiment. In Ref. 

55, the avidin concentration is on the order of a few mg/ml, while here the concentration is 

20µg/ml. Increasing the concentration is one possible solution, however, it diminishes the 

advantage of a nanoscale device for being economic and requiring minimal reagents. 

3.2.2 Chitosan 
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Chitosan is a polysaccharide produced from deacetylation of chitin, which is a structural element 

in shells of crabs and shrimps. Its chemical formula is shown in Fig. 3.2. Chitosan has abundant 

amino groups with pKa values of about 6.3, which makes the molecule water soluble at pH lower 

than 6.3 when the amino groups are protonated, while at pH above 6.3, the amino groups are 

deprotonated and the molecule becomes insoluble.  In addition, its abundant amino groups readily 

react with proteins and other biological entities and can immobilize various molecules to its 

surface. Therefore, chitosan has been widely used in biological micro devices. Here we use 

chitosan as a linking molecule between CNTs and bio-receptors. 

 

Fig. 3.2 Molecular Structure of Chitosan 

Chitosan’s pH dependent solubility in water has been explored to electrochemically deposit it 

onto electrode surfaces of micro devices
 57- 58

. Wu and Fernandes have both deposited chitosan on 

a negatively biased electrode, by electrolyzing water and creating a pH gradient near the electrode 

surface. As the pH at the negative electrode rises above critical pH 6.3, chitosan becomes 

insoluble and deposits as hydrogel onto the electrode surface, as illustrated in Fig. 3.3. Wu has 

found that the thickness of the deposition depends on the time, concentration of chitosan, and the 

deposition current density. 
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Fig. 3.3 Mechanism of pH gradient formation and chitosan deposition  

1% w/v chitosan solution is used for the deposition. First 0.2g of chitosan is weighed and put into 

a 50ml beaker and deionized water is added to make a 20ml solution. Then HNO3 is slowly added 

to the solution to adjust the pH for chitosan to dissolve. A small amount of insoluble material is 

filtered. After all the chitosan dissolves, NaOH solution is added drop by drop to the solution to 

slowly adjust the pH to 6.3. As soon as the solution becomes cloudy, the addition of NaOH is 

stopped, and a drop of HNO3 is added to dissolve the cloud. A carbon electrode is used as the 

anode and an Au coated glass slide is used as the cathode. The thickness of the Au is 100nm. 

After applying a voltage of 2.0V for 10 min, the glass slide is taken out from the solution and 

dried under N2 stream. The deposited chitosan are in the form of hydrogel. After drying, it forms 

a heterogeneous film on the Au surface. SEM images of the dried chitosan are shown in Fig. 3.4. 

Image (a) and (b) show the chitosan film at different magnifications, (c) shows the chitosan film 
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at the solution surface which is heterogeneous, and (d) shows the uncoated Au surface as a 

control. Addition of acid onto the dried chitosan re-dissolves the white precipitates, which 

confirms that the composition of the deposited film is chitosan.  

 

Fig. 3.4 SEM images of chitosan deposited on Au surface. (a)-(c) are 

deposited chitosan film, and (d) is the uncoated, sputtered Au substrate. 

Increasing the deposition voltage is reported to increase the thickness of deposited chitosan
57

. To 

confirm this, another deposition with 2.5V is carried out on a different sample for 10 min. First 

we see air bubbles coming from the Au surface, which is anticipated to result from the 

electrolysis of water and will create the necessary pH gradient. Later, a thick white hydrogel 
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forms on the surface of the Au. This white hydrogel can be easily removed physically by water 

rinsing. After drying, the white film is imaged under SEM. Not only is the resulting chitosan film 

thicker, but also its heterogeneity has increased, as shown in Fig. 3.5. Image (a) shows the part of 

Au that is at the interface of solution (left) and air (right). The thickness of the chitosan film 

decreases as the Au approaches the solution surface as shown in (b), where chitosan is not as 

abundant as inside the solution. From higher magnification images (c) and (d), we see that the 

roughness of the chitosan film is on the order of a few hundred nanometers.  

  

Fig. 3.5 SEM iamges of chitosan deposited at 2.5V 
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When this method is used to deposit chitosan onto SWCNT devices, a few problems are 

encountered. First, during the formation of the pH gradient, the electrolysis of water releases H2 

from the cathode, in this case, the SWCNT, which often breaks the nanotube, and sometimes 

even peels off the thin contact electrodes. This did not cause problems with the large electrodes 

used in earlier work. Second, the spatial resolution of the chitosan deposition is good down to 

micro scale, but deteriorates quickly down to nanometer scales. Third, the anode for SWCNT-

FET devices is a closely located Cr/Au electrode, which is not inert. Instead, it oxidizes quickly 

by the applied voltage before the electrolysis of water takes place. Therefore, no pH gradient is 

formed and chitosan deposition is not available. As a result, chitosan deposition onto individual 

nanotubes is not applicable at this time. 

3.2.3 Metal Nanoparticles  

Our initial deposition of metal nanoparticles on nanotube devices was accidental. It occurred 

when there was a gate leak during the measurement of the conductance of the SWCNT in PBS 

solution. The gate voltage of 10 V, intended to be applied to the back gate, was actually applied 

to the source electrode. As soon as the voltage was applied, water was electrolyzed and gas 

bubbles came out from the electrodes. After 10 min, the sample was rinsed with deionized water 

and dried. Both contact electrodes and the nanotube were coated with newly deposited 

nanoparticles with diameters on the order of a few hundred nanometers. SEM images of the 

nanoparticles are shown in Fig. 3.6. Note that the nanoparticle coating is relatively homogeneous 

on the metal electrodes, but on the nanotube tips and edges of the electrodes, nanoparticles tend to 

accumulate and grow into larger ball-like structures. 
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Fig. 3.6 SEM images of Au nanoparticles deposited on SWCNT-FET 

A closer examination of the above image reveals a thickness difference between the source (top) 

and the drain (bottom) electrodes. In addition, there seems to be damage to the source electrode as 

we see rumples and cracks on the electrode surface. Images of the source electrode further from 

the nanotube show that the electrode is actually peeled off at certain locations, as shown in Fig. 

3.7. Taking into account all the images and the experiment process, we deduce that the deposited 

nanoparticles are electrode metal particles. First, the only possible materials involved in the 

experiments are: PBS, Cr/Au electrode, SiO2, and Si. PBS should be removed during the 

deionized water rinsing procedure after deposition, and SiO2 and Si are very stable in PBS even 

with applied voltage. Second, we do see a decrease in the amount of in the source electrode. This 

supports the idea that material from the positively biased source electrode is electrodeposited on 

the drain electrode surfaces. The electrode peel-off could be caused by the electrolysis of water, 
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which produces H2 and O2 and are released from the electrodes. When the gas molecules leave 

the electrode surface, they exert a pulling force on the electrode away from the substrate, and 

cause the electrode to peel off from the substrate. In addition, the electrodeposition of metal 

produces defects and holes in the metal film, which degrades the adhesion as a whole and 

promotes the peeling off process. 

 

Fig. 3.7 The peel-off and crumbles formed at the source electrode 
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Until now all experimental evidence suggest that the deposited nanoparticles are electrode metal, 

the next step is to examine the specificity of the deposition. Fig. 3.8 shows a few random 

locations of the device, and we consistently find that any nanotube that is connected to the 

electrode is coated with nanoparticles; otherwise it stays clean. This verifies that the deposition is 

electrically directed and it is highly selective. Thus, this technique can be used to controllably 

deposit metal nanoparticles onto nanotube devices. This will be discussed in detail in the next 

section. 

 

Fig. 3.8 SWCNT networks on the surface, showing selective, electrically directed deposition 
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3.3 Au Nanoparticle Decoration of SWCNTs 

Carbon nanotubes have long been the subject of intensive research for their outstanding 

mechanical, electronic and chemical properties. Recently, a lot of research has expanded their 

scope to carbon nanotube based materials, such as CNT-polymer composite
59

, CNT-metal 

nanoparticle complex
60, 61

, etc. Carbon nanotubes in composites can act either as an additive
62

 or 

as support template
63

, to achieve the desired performance. 

 Metal nanoparticles represent a new class of material that has unique electronic, magnetic, and 

catalytic properties, which differ greatly from the bulk material
50

. The properties of the 

nanoparticles depend largely on the shape and size, and the applications include physics, 

chemistry, materials science, biology and medicine
50

. In particular, metal nanoparticle-CNT 

composites have been studied in depth and are widely used in catalysis
60

 and nanotechnology
10

. 

In this work we use the metal nanoparticles as a linker to link bio-receptors to the CNTFET to 

make the device selective in sensing. 

3.3.1 Literature review on metal nanoparticle-CNT complex 

Current research has been focusing on the synthesis, characterization, and application of 

nanoparticle-CNT complex materials. This review section will be organized according to 

different synthesis methods. 

3.3.1.1 Direct metal evaporation/sputtering 

Many evaporating/sputtering systems can produce a metal grain size of sub nanometers. 

Therefore, a very straightforward method to decorate CNTs with metal nanoparticles is to directly 

evaporate metal onto the nanotubes. By controlling the deposition rate and time, the nanoparticle 

size and density can be tailored accordingly. Kim and Star have both adopted this method to 
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decorate SWCNTs with various metals
51, 53

. Kim has deposited Al and Pd nanoparticles on 

SWCNT devices and found that Al decorated nanotube showed enhanced response to NH3 and 

NO2 sensing
51

.  Star has functionalized SWCNTs with different catalytic metal nanoparticles Pt, 

Sn, Pd and Rh, and they all showed consistent response to respective target gases. 

3.3.1.2 Reduction of metal ions with reducing agent in solution 

Metal salt solutions are commonly used as a source of metal for depositing metal nanoparticles. 

The metal ions can be reduced by a reducing agent in the presence of carbon nanotubes and van 

der Waals interaction between the metal nanoparticle and CNT will direct the nanoparticles to the 

CNTs. Various methods are used to promote the reduction process, including heat and light. Here 

the CNTs are not only acting as the support material, but also a template to tailor the size and 

amount of the metal nanoparticles, according to the work of Xue et al.
64

. 

This method has been modified by functionalizing the CNTs using oxidation to generate 

functional groups and provide preferential nucleation sites for the reduction of metal ions in the 

solution. Lordi has created carboxylic groups on SWCNTs by nitric acid treatment and has 

successfully deposited Pt nanoparticles with diameter of 1-2 nm on the SWCNTs
65

. Li et al. has 

found that Pt nanoparticles supported on oxidized multi-walled CNTs have significantly 

improved catalytic performance compared to Pt nanoparticles on commercial carbon
66

. 

3.3.1.3 Spontaneous CNT-metal ion redox reactions 

Without a reducing agent, Pt and Au nanoparticles could still be formed in the presence of CNTs, 

where the authors propose a direct redox reaction between the metal ions and the carbon 

nanotubes
67

. The nanoparticles are formed exclusively on the SWCNT sidewalls a few minutes 

after the nanotubes are immersed into the metal salt solution. However, this deposition method 
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works only with high redox potential metals such as Au and Pt. Other low redox potential metal 

nanoparticles can’t be prepared using this method
50

. 

3.3.1.4 Reduction of metal ions with applied voltage 

A potential can be applied to the salt solution in place of a reducing agent as well. By immersing 

the CNTs in the metal solution and controlling the applied potential, metal nanoparticles can be 

deposited on CNTs
68-70

. With this method, CNT functional groups such as carboxyl do not act as 

activators. Instead, the metal nanoparticles deposit all over the CNTs and form metallic 

nanowires. 

For nanotube based devices, a similar technique is used. The metal salt solution is applied to the 

device, and a positive voltage is applied across the solution and the CNTs. Metal ions are reduced 

at the negatively biased CNTs and deposit as nanoparticles
53-54

. This is an electrically directed 

deposition, and can apply to various metals. 

3.3.1.5 Electroless deposition 

Another deposition technique takes advantage of the differences in the redox potentials of metals 

and deposits metal nanoparticles without using any additional reducing agent, or applied potential. 

Here the target metal is in ionic form in solution, and the CNTs are supported on a metal substrate 

which has a lower redox potential than the target metal
48

. Both the CNTs and the metal substrate 

are immersed in solution. The deposition of the metal nanoparticles occurs when the substrate 

metal is oxidized and dissolves into the solution, while the metal ions in the solution are reduced 

and deposit on the nanotubes. Here the CNTs and the metal substrate serve as the cathode and the 

anode of a galvanic cell, respectively. This method can be applied to any metal as long as a lower 

redox potential metal exists. 
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3.3.2 Experimental Setup for Electrodeposition of Au nanoparticles 

As demonstrated earlier, Au nanoparticles have been successfully deposited on SWCNT devices 

by applying a high voltage of 10 V to the Au electrodes. However, a few problems need to be 

solved before this technique can be used to functionalize SWCNT devices. First, the positively 

biased electrode, which is one of the contact electrodes for the SWCNT device, is damaged due to 

dissolution of the metal into electrolyte. The damaged electrode makes further electrical 

measurements of the device impossible, which is fatal to sensing applications. Second, the 

electrolysis of water occurs under the applied voltage and generates H2 and O2, which damages 

the electrodes when they are released from the electrode surface. Third, the deposited 

nanoparticles are a few hundred nanometers in diameter, and they totally wrap the nanotube and 

possibly make it a metallic nanowire, which is not desirable for sensor applications. To address 

these issues, a few modifications are made to the previous device configuration and experimental 

parameters. 

The first measure taken in an attempt to solve these problems is to reduce the deposition voltage. 

An applied voltage of 10 V is pretty high for metal deposition, which causes the side effects of 

too much metal loss in contact electrodes, water electrolysis, and large particle sizes. By reducing 

the voltage, the metal loss from the electrode is expected to decrease and water electrolysis is 

expected to be eliminated. The voltage can be decreased until the point that the electrodeposition 

process no longer happens. The results of the first round of reductions are shown in Fig. 3.9. The 

deposition voltages are 5V, and 3V, respectively, and the deposition time is 5 min. For 5V 

depositions, with the inset image showing the device before deposition, we find a huge amount of 

nanoparticles growing into bush like structures at the ground electrode. Meanwhile, metal loss at 

the positively biased electrode is obvious. At 3V, there are significantly fewer nanoparticles 
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compared to 5V, but there are still plenty of them and they form a tree like structure along the 

nanotube across the electrodes.  

 

Fig. 3.9 SEM images of Au nanoparticles deposited at different voltages. Inset 

shows SEM images of the same device before Au nanoparticle deposition 

Further reduction of the deposition voltage goes to 1.5V and 1.0V, respectively. The results show 

that 1.0V is not enough to activate the electrodeposition process, while at 1.5V, the deposition 

continues. Fig. 3.10 shows the nanoparticles wrapping around the nanotubes. However, after the 

metal nanoparticle deposition at 1.5V, the metal electrodes have lost good contact with the 
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underlying nanotube, indicating significant damage to the metal contacts. Therefore, a new device 

configuration is needed to avoid damage to the contact electrodes. 

 

Fig. 3.10 SEM images of a device before and after Au nanoparticle deposition at 1.5V for 2 min.  

To address this issue, we modified the device layout to include a third electrode, which does not 

contact the SWCNT and is not intended to be used for electrical measurements. Rather, the third 

electrode only serves as a source of Au and will be sacrificed after the Au deposition. We call this 

electrode the “in-situ sacrificial electrode” (iSE). A modified device layout is presented in Fig. 

3.11. The sacrificial electrode is composed of a bilayer of metals Cr/Au, at 25Å and 800Å, 

respectively. It is usually 5-20 µm from the contact electrodes and is 5 µm wide. 
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Fig. 3.11 Modified device configuration with a sacrificial electrode 

The setup used for electrodeposition of Au with this new device configuration is illustrated in Fig. 

3.12.  Here a drop of electrolyte PBS is applied to the device, and a positive voltage Vd is applied 

to the sacrificial electrode, with both contact electrodes grounded. Au atoms from the sacrificial 

electrode are oxidized by the positive potential and dissolve in the PBS as Au ions, and are 

reduced at the grounded electrode/CNT and redeposit as metal atoms. Here the applied voltage is 

reduced to avoid electrolysis of water, and finer adjustments will be made later to control the size 

and density of Au nanoparticles. 
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Fig. 3.12 Setup for Au nanoparticle deposition with the new device configuration 

3.3.3 Deposition results with iSE 

Results of Au nanoparticle deposition on a device patterned by photolithography are presented in 

Fig. 3.13. This device has a few parallel nanotubes as the conducting channel, and the channel 

length is 4 µm. The Cr/Au sacrificial electrode is patterned later using e-beam lithography, and is 

20 µm wide. The closest distance from sacrificial electrode to the contact electrodes is 4 µm. The 

applied deposition voltage is 1.5 V, and the deposition time is 2 min. During the deposition 

process, no electrolysis of water is observed. After the deposition, the sample is rinsed with 

deionized water intensively, and dried with nitrogen. The SEM images show that the sacrificial 

electrode is damaged after the deposition, as it takes on a much darker appearance after the 

deposition, which indicates electrical discontinuity. A lot of metal nanoparticles are observed to 

have deposited on all the carbon nanotubes that are contacted by the electrodes. The nanoparticles 

are discretely but fairly evenly distributed along the nanotubes, and the particle sizes are fairly 

homogeneous. 
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Fig. 3.13 SEM images of a CNT device (a) before and (b) after Au nanoparticles deposition  

Away from the conducting channel, we measured the size of the nanoparticles on ambient 

nanotubes. The reason to avoid the conducting SWCNTs is that, at high magnifications, high 

energy scanning electrons repeatedly hit the CNT and can create defects in the nanotube and 

impair its electronic performance. As shown in Fig. 3.14, except for a few smaller ones, the 

nanoparticles are mostly around 200 nm. Each of these nanoparticles has substructures of smaller 

(b) 

(a) 



73 
 

nanoparticles with diameters of 10-20 nm. Two hypothesized mechanisms exist for the formation 

of such large nanoparticles. First, when the deposition starts, smaller nanoparticles are first 

deposited on the nanotubes and act as preferential nucleation sites for further deposition
71

. As the 

deposition proceeds, these small nanoparticles grow larger with time. Second, the nanoparticles 

form instantaneously and the particle size is dependent on the deposition voltage and current. 

 

Fig. 3.14 High magnification SEM images of the nanoparticles 
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To test these hypotheses, a sample is used for repeated depositions at 30s intervals. That is, the 

sample is connected to the circuit for deposition for 30s, and rinsed and dried for SEM imaging. 

This is done repeatedly for up to three times. We find no consistent growth in the nanoparticle 

size after repeated deposition. However, this test itself may be defective since it requires rinsing 

and imaging between repeated depositions, which changes the electrolyte composition and even 

device properties, and could produce very different results from continuous deposition for longer 

time.  

One more experiment is carried out to investigate the impact of deposition time on the particle 

size and density. Here Au deposition is carried out on a new sample, at 1.5V, for 1min. The 

resulting nanoparticles are compared to the result obtained with 2min deposition time above. As 

shown in Fig. 3.15, this device has 3 nanotubes contacting two electrodes, and they are all 

decorated with sparsely distributed Au nanoparticles. In addition, the electrodes are covered with 

densely distributed Au nanoparticles. The measured nanoparticle has a diameter of 71.35nm. We 

roughly estimate the average diameter of the nanoparticles to be about 100nm. On the previous 

sample, even the smallest nanoparticles are over 120nm, so the shorter deposition time has 

significantly reduced the nanoparticle size. On the right side of the graph are two SEM images 

taken by using secondary electron signals. Secondary electrons are low energy electrons that are 

generated from the sample surface by primary electron irradiation. Their small mean free path 

allows for fine resolution, and is especially useful for imaging fine topography structures. The 

images show that other than the nanoparticles visible with In-lens signal, there are some more 

much smaller nanoparticles lying either on the nanotube or simply on the substrate, as highlighted 

in red circles. The diameters of these nanoparticles are less than 10nm.  
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Fig. 3.15 Comparative In-lens and Secondary electron signal images 

revealing sub 10nm Au nanoparticles on the CNT and SiO2 substrate 

Next we reduced the deposition voltage to 1.2V to see the impacts. The deposition time is kept at 

2min and the electrolyte used is PBS. As shown in Fig. 3.16, the nanoparticle density is 

comparable to the results from 1.5V and 1min, while the particle size is significantly smaller. The 

measured smallest nanoparticle has a diameter of 30nm, while the majorities are about twice the 

diameter, so the average diameter of the nanoparticles is about 60nm, and this is almost half of 

the diameter at 1.5V. Considering that earlier deposition experiments at 1.5V for 30s did not 
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produce nanoparticles consistently, we adopt the voltage instead of the time as the variable to 

tune nanoparticles in future experiments. 

 

Fig. 3.16 SEM images of Au nanoparticles deposited at 1.2V for 2 min 

So far all the results above are obtained with samples that are patterned with photolithography 

and have a big sacrificial electrode which is 20µm wide. When we moved on to experiments with 

e-beam patterned samples where the sacrificial electrodes are 5µm wide, the nanoparticle size 

decreased further. Fig. 3.17 shows a nanotube decorated with nanoparticles which are deposited 

at 1.2V for 2 min. The nanoparticle sizes are mostly around 10nm, and at most 20nm. This is a 

third of the size obtained with optically patterned devices, which have 10 times greater sacrificial 

electrode surface area. So it is suspected that the sacrificial electrode surface area, thus the Au ion 

concentration in the electrolyte, is an important factor in determining the nanoparticle diameter.  
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Fig. 3.17 SEM image of Au nanoparticles deposited at 1.2V for 2 min with a narrower iSE 

A silver enhancement experiment has been performed to verify that these nanoparticles are Au. 

Silver enhancement is typically used to enhance the size of small gold particles for easier imaging 

with light and electron microscopy. In the following experiment, SPI-Mak
TM

 silver enhancement 

kit (Structure Probe, Inc.) is used, where the silver from one solution (initiator) is reduced by 

another solution (developer) and builds up preferentially onto gold surfaces. First, a droplet of 

initiator is applied to the sample, and a droplet of developer is added, then the solutions are 

allowed to react for 20 min at room temperature.  Then the sample is rinsed thoroughly with 

deionized water for 5 min, dried under a nitrogen stream, and loaded for SEM imaging. Fig. 3.18 

shows a Au nanoparticle decorated nanotube (a) before and (b) after silver enhancement, where 

all the Au nanoparticles have grown to approximately ten times their original size after the 

enhancement. Note there is also noticeable background particulate after 20 min of enhancement, 

as small particles are evident on the SiO2 surface. However, the enhanced Au nanoparticles are 

much larger than the background particulate, supporting the fact that the Au nanoparticles indeed 

decorate the SWNT. 
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Fig. 3.18 Comparative SEM images of CNT/Au nanoparticle before and after silver enhancement 

It has been shown above that the nanoparticle size and density are highly dependent on the 

deposition voltage. At 1.5V, the nanoparticles are a few hundred nanometers in diameter and are 

abundant; while at 1.2V, the nanoparticles are as small as less than 10 nanometers, and are very 

scarcely distributed. A systematic experimental investigation is implemented to study the 

deposition results within 1.2V to 1.5V range. First, four devices are deposited with Au 

nanoparticles at 1.2V, 1.3V, 1.4V, 1.5V, respectively, with all other parameters the same. The 

SEM images of the four devices after deposition are shown in Fig. 3.19. At both 1.2V and 1.3V, 

the results are similar: there are very few nanoparticles and the diameter is tens of nanometers. At 

1.4V and 1.5V, the nanoparticles are hundreds of nanometers and the average distance between 

nanoparticles is less than1µm. It seems the relationship between the particle size and density with 

the voltage is not linear, but rather, there is a very sensitive range, which is between 1.3V and 

1.4V, where the size and density change drastically with small voltage change.  
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Fig. 3.19 SEM images of Au nanoparticles deposited at different voltages 

Next the investigation narrowed the voltage range to between 1.3V and 1.4V only, and the 

interval size is 0.02V. The SEM images in Fig. 3.20 show a series of carbon nanotubes decorated 

with Au nanoparticles. With the deposition time held constant at 2 minutes, by slightly increasing 

the deposition voltage Vd, the number of nanoparticles has increased substantially, and the size of 

the nanoparticles also shows an increasing trend, from 20 nm to as large as 300 nm. Note that at 

all voltages, the sizes of the nanoparticles are not homogenous, and the variation of particle size 

increases with deposition voltage. At 1.3V, for this specific device, there is only one nanoparticle 

deposited on the nanotube, and the size of the nanoparticle is about 60nm. This is of special 
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interest for sensor applications because it makes single molecule sensitivity possible by 

minimizing possible defects and noise caused by the nanoparticles. At 1.32V, there are 4 

nanoparticles, and the sizes are 170nm, 160nm, 100nm, 110nm, respectively. At 1.34V, there are 

7 nanoparticles, and the diameters are 67nm, 324nm, 337nm, 212nm, 246nm, 201nm and 33nm, 

respectively. At the highest voltage 1.36V, there are over 30 nanoparticles on the nanotube, and 

the size ranges from 27 nm to over 300 nm.  In the middle, there are over 10 nanoparticles with 

diameters less than 100nm, and on the two sides, nanoparticles are typically much larger, with 

diameters of hundreds of nanometers.  

 

Fig. 3.20 SEM images of Au nanoparticles show that the particle size and density 

changing drastically over a small range (1.32V - 1.36V) of applied voltage. 
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3.4 Silver Nanoparticles 

Other than Au, the above electrodeposition method can be used to deposit various metals, by 

varying the electrolyte and deposition voltage. The electrolyte is chosen so that the solution has 

certain conductivity, and it does not contain ions that will form insoluble salt with the target metal 

ions. The deposition voltage, on the other hand, is dependent on the redox potential of the 

metal/metal ion pairs. 

Silver nanoparticle/CNT complex are of research interest for their potential applications in 

electrodes, broadband optical limiters, and catalysts
72-75

. The deposition techniques of Ag 

nanoparticles include electroless reduction, evaporation, γ-irradiation, and mirror reaction
74-77

. 

Here we introduce electrodeposition of Ag nanoparticles onto individual nanotubes by using the 

same technique as used above for Au. 

The samples are fabricated using the same process as described earlier except that both the 

contact and sacrificial electrodes are composed of a single layer of 800Å of Ag, sputtered at 1Å/s.  

The electrolyte solution has to be changed because PBS contains multiple ions that can form 

insoluble salt with Ag
+
, such as PO4

3-
, Cl

-
. Here we use deionized water as electrolyte. 

Considering the standard redox potential of Ag
+
/Ag is 0.7996V, much lower than that of Au

3+
/Au 

1.498V, we start the experiment with a lower applied voltage at V = 1.0V. When the voltage is 

applied to the sacrificial electrode, the current between the sacrificial electrode and contact 

electrode increases quickly and eventually reaches and stabilizes at maximum, where the 

resistance is near zero, indicating electrical continuity between the two electrodes. SEM images 

in Fig. 3.21 show that there are lots of Ag particles deposited on the SiO2 surface between 

sacrificial electrode and contact electrodes as well as on the nanotube and contact electrodes. 

Along the nanotube, Ag nanoparticles completely coated the SWCNT sidewalls. In the section 
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between the contact electrodes, the nanoparticles are a few hundred nanometers and they simply 

align along the nanotube. Beyond the electrodes, however, the nanoparticles form tree-like 

structures, with the SWCNT as the main stem and lots of branches stretching out horizontally to a 

few micrometers. Between the sacrificial electrode and contact electrodes, the nanoparticles form 

densely contacted structures which connect the three electrodes directly.  

 

Fig. 3.21 SEM images of Ag nanoparticles deposited at V = 1.0V 

The excessive nanoparticle deposition above is probably caused by excessive voltage applied. 

Therefore the deposition voltage is reduced to 0.5V and 0.45V, respectively, and it is found that 
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the number of the nanoparticles have reduced, and is positively related to the voltage applied. As 

shown in Fig. 3.22, the density and size of the Ag nanoparticles have decreased significantly from 

0.5V to 0.45V. Compared to Au nanoparticles, these Ag nanoparticles take very different shapes. 

Other than spheres for Au nanoparticles, the Ag nanoparticles look like snowflakes, with lots of 

small branches stretching out from the center. However, for sufficiently small nanoparticles, such 

as the ones obtained at V = 0.45V, the shape of the particles are similar to the Au. The size of 

these particles is less than 300nm. It is possible that small particles tend to possess ball-like 

structures, while larger particles start to grow specific structures according to its lattice type. 

 

Fig. 3.22 SEM images of Ag nanoparticles deposited at different voltages 
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3.5 Modification in device characteristics by metal nanoparticles 

The interaction between carbon nanotube and various molecules can be exploited to make 

chemical and biological sensors. Different detection techniques, including optical, 

electrochemical, and electrical techniques, have been reported to be effective in literature
7, 44, 49

. In 

this project we propose an electrical detection method, therefore, the semiconducting property of 

the nanotube is essential to successful sensing, and a high on-off ratio is highly desirable because 

it transforms into a high signal/noise ratio in sensors. However, previous work has reported that 

the carbon nanotube FET devices lose or decrease their sensitivity to gate voltage, after being 

decorated with metal nanoparticles using an evaporative technique
51, 53

. This is undesirable for 

sensing applications. Here the device characteristics are examined after metal nanoparticle 

deposition with the method described earlier in chapter. 

3.5.1 Au Nanoparticle Modifications 

First, a FET device consisting of a few carbon nanotubes is decorated with Au nanoparticles with 

deposition voltage of 1.5V for 2 min. An initial measurement is taken before the deposition, and a 

second measurement is taken as soon as the deposition is finished and the sample is rinsed 

thoroughly with deionized water and dried.  A comparison of the characteristics of the pristine 

nanotubes and Au nanoparticle decorated nanotubes is shown in Fig. 3.23, with the inset showing 

a SEM image of the device after Au nanoparticle deposition. The SEM image shows that the 

device has 2 parallel nanotubes connecting the electrodes (the third one is broken before the Au 

deposition), and there are 10 nanoparticles with diameters of 100-300nm deposited on the two 

nanotubes. The current vs. gate curve shows that the device has a p-type semiconducting behavior, 

and the Au nanoparticle decorated nanotubes have almost unchanged sensitivity to gate voltage 

compared to the pristine nanotubes, with the on/off ratio kept at the same order of magnitude. 
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However, the ON-state current is slightly increased, by 10%. Another change that is apparent 

after the Au nanoparticle deposition is that the threshold voltage of the device has shifted toward 

the positive side, by roughly 2 Volts. In addition, the n-type conductance observed for the pristine 

nanotubes at gate voltages higher than 9V has have disappeared after the Au nanoparticle 

deposition. This can be explained by the threshold shift because when the threshold is shifted 

rightward for 2 Volts, the n-type conductance originally observed at 9V is shifted to 11V, which 

is not within the measurement range.  

 

Fig. 3.23 Device characteristics of the SWCNT-FET before and after Au nanoparticle decoration 

Another device having only a single nanotube across the electrodes is decorated with Au 

nanoparticles with the deposition voltage 1.2V for 2 min. Fig. 3.24 shows the characteristic curve 

of the device before and after Au nanoparticle deposition, with the inset being a SEM image of 

the device after Au nanoparticle deposition. Only one nanoparticle of about 30nm is observed on 
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the nanotube after the deposition. The single Au nanoparticle decorated device shows the same 

gate sensitivity and an increased ON-state current, which is consistent with the results with multi-

tube device. However, this device decorated with a single nanoparticle shows a larger increase in 

on-current in percentage, compared to the first one.  

 

Fig. 3.24 Device characteristics before and after Au nanoparticle decoration 

3.5.2 Ag Nanoparticle Modifications 

The first device is a multi-tube FET, as seen by the SEM image in Fig. 3.25. There are 3 parallel 

nanotubes as the conducting channel, and after deposition at 0.4V for 2 min, the nanotubes are 

decorated with Ag particles of snow flake shapes and round shapes. The particle size ranges from 

tens of nanometers to hundreds of nanometers. The device I vs. Vg curve shows that after Ag 

deposition, the device on-conductance is slightly increased, by about 5%, or the device threshold 

has shifted to the right by about 1V.  
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Fig. 3.25 Device characteristics of a SWCNT-FET before and after Ag nanoparticle decoration 

A second device consisting of a single nanotube is used to further study the Ag nanoparticle 

effects. After deposition under the same condition as the device above, the nanotube is decorated 

with a few small Ag nanoparticles, as seen in the inset SEM image of Fig. 3.26. This device, 

however, shows a reduced On-state current after the Ag nanoparticle deposition. In the meantime, 

we observe a decrease in device hysteresis. Since the two measurements are taken on two 

different days in ambient lab condition, the hysteresis change can be due to environmental 

variations. 
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Fig. 3.26 Device characteristics of a SWCNT-FET before and after Ag deposition 

With the contradicting results obtained, a third trial is done repeating the experiment above. 

Surprisingly, this time there is barely any change in the device characteristic curve after Ag 

nanoparticle deposition. Considering the small magnitude in the modifications and the ambient 

lab condition for measurements, we suspect that the changes are caused by the fluctuations in 

ambient measurement conditions. Therefore, the changes measured are not consistent. To more 

accurately determine the effects of the Ag nanoparticles, an accurately controlled measurement 

condition must be maintained to exclude noise variations.  

3.6 Investigation of the Interaction Mechanism 

Although carbon nanotubes have been extensively used in fabricating nanoscale electronic 

devices, such as sensors, the sensing mechanism, that is, how the carbon nanotube device 
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interacts with analyte and produces an electrical signal, is still unclear. Controversial results have 

been reported regarding the sensing mechanism. Some research groups have reported that the 

nanotube-electrode contacts, instead of the nanotube itself, are responsible for sensing responses. 

Those sensing experiments include NO2 gas sensing
78

, various protein sensing
79

, and DNA 

sensing
80

. In this scheme, the analyte molecules react with the metal electrode and change its 

work function
10

. As discussed earlier, different work function corresponds to different Schottky 

Barrier height and different device conductance. As a result, when the work function of the 

electrode metal is changed by interactions with analyte molecules, a change in the device 

conductance is anticipated and can be detected electrically. Nonetheless, other researchers have 

found that even with the nanotube-electrode contact region passivated, carbon nanotube FETs are 

still effective in biological sensing. Mizutani’s, Lee’s, and Tao’s groups have utilized SiO, SU8, 

and Al2O3 layers, respectively, to protect the CNT-electrode contacts, and still realized successful 

sensing of antigen, tumor marker, and virus, respectively
81-83

. Here the analyte molecules interact 

directly with the nanotube, through direct charge transfer, or gating effect. The controversy adds a 

lot of difficulty to the design and fabrication of high performance sensors. Therefore, clarification 

of the interaction mechanism is critical to the realization of next generation sensors. 

Here we consider the Au nanoparticles deposited onto the carbon nanotube device as “analyte 

molecules” and the induced changes in device characteristics as “sensing responses”. Note that 

when the Au nanoparticles are deposited, they deposit not only on the nanotube sidewalls, but 

also on the contact electrodes. To differentiate the effects of the contact electrodes and the 

nanotube sidewalls, two types of devices are designed for this investigation. First, the CNT FETs 

are spin-coated with PMMA 950 C2 at 4000rpm for 45 sec, followed by hard bake at 180°C for 2 

min. Then the PMMA is patterned by electron beam lithography. For Type I device, the PMMA 
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is patterned such that the metal contacts are passivated by PMMA coating, leaving only the 

carbon nanotube sidewalls for further interactions. For Type II device, the PMMA is patterned 

such that only the nanotube-metal contact are exposed for further interactions, with most of the 

nanotube and all other surfaces covered with PMMA. A schematic is shown in Fig. 3.27. 

 

Fig. 3.27 Schematic of (a) Type I device and (b) Type II device 

The devices are then deposited with Au nanoparticles at the exposed areas using an 

electrochemical deposition technique
84

. Figure 3.28 shows microscope images of the actual 

devices. Type I device is shown on top, with the nanotube between metal electrodes exposed for 

metal deposition. The left two images are optical microscope image before and after Au 

deposition, respectively, while the right image shows a SEM image of the nanotube in the PMMA 

trench decorated with Au nanoparticles.  The type II device in the bottom has everywhere covered 

under PMMA except for two narrow openings at the metal contacts. The Au nanoparticles are 

partially deposited on the electrode, and a small section of the nanotube, as shown in the SEM 

image on the right. 
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Fig. 3.28 Optical and scanning electron microscope images of the two types of devices 

The device characteristics are measured right before PMMA coating, and then spin coated with 

PMMA, and measured again under the same ambient lab environment, meaning, during the 

second measurement, both the CNT and the metal contacts are covered with PMMA. We find that 

for all devices, the PMMA coating decreases the device hysteresis significantly. In addition, 

depending on the bare device’s characteristics, the changes are somewhat different from device to 

device. Figure 3.29(a) shows a device with a small hole current at negative gate voltages and near 

zero electron current at positive gate voltages. After PMMA coating, the hole current is reduced 

by nearly 50%, while the electron current is almost unchanged. A device with a higher hole 

current and a small positive electron current, shown in (b), shows about a 75% decrease in its 

hole current, and a significantly magnified electron current after PMMA coating.  
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Fig. 3.29 Device characteristics before and after PMMA coating 

The change in device hysteresis has been discussed in Chapter II and is related to the water 

molecules around the nanotube
32

. When PMMA is coated on the SWCNT device, the ester groups 

of PMMA can hydrogen bond with the silanol groups on SiO2, which combined with hard baking, 

can remove SiO2 surface bound water and the hysteretic charge trapping in them, and thus 
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reduces the device hysteresis significantly
32

. As for the changes in device conductance, a similar 

phenomenon has been reported for carbon nanotube FETs coated with polyethylene imine or 

polyethylene glycol polymers
85-86

. The authors attribute the shift in transport characteristics to the 

electron donating property of the NH2 groups which are abundant in the polymers. Moreover, 

Artyukhin has reported a reversible shift in threshold voltage after coating the device with 

polymers carrying alternating charges
87

, which can translate into a change in conductance within 

a specified gate range. Here the charges on the polymer are thought to have an additional gating 

effect on the device and thus cause a shift in external threshold gate voltages. In our case, PMMA 

is charge neutral and does not contain any NH2 groups. Therefore, the above mechanism may not 

apply to the PMMA-SWCNT-FET interaction. We believe that the PMMA interact with the 

CNTFET by changing the metal’s Fermi level and thus the device’s Schottky barrier. It has been 

discussed earlier that most CNTFET exhibit p-type behavior due to the oxygen doping of the 

metal contact, which lowers the metal Fermi level and reduces Schottky barrier for holes
88, 36,

. 

When the PMMA is coated on the CNT device, the metal is no longer exposed to oxygen and the 

doping effect no longer exists. The metal Fermi level is restored to its original higher value, 

resulting in increased Schottky barrier for holes and decreased Schottky barrier for electrons. As a 

result of this, the hole current decreases, and the electron current increases. 

Next we examine the transport property after PMMA patterning with electron beam lithography 

for the two types of devices. The desired removal area of PMMA is exposed with electron beam 

irradiation, and developed in methyl isobutyl ketone developer, rinsed with isopropanol and 

deionized water, dried under a nitrogen stream. The transport characteristics is then measured and 

compared to that before PMMA patterning. The comparative graphs for the two types of devices 

are shown in Fig. 3.30. After removal of PMMA on the carbon nanotube for Type I device shown 
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in (a), the hole conductance has a minimal increase, while the electron conductance is slightly 

reduced. On the other hand, after PMMA removal at the contacts for Type II device shown in (b), 

the device shows a slightly increased hole conductance and significantly reduced electron 

conductance. A hypothesis is proposed to explain the interaction mechanism between PMMA and 

the SWCNT device. When PMMA is removed from the CNT sidewalls in Type I device, the 

CNT is exposed to oxygen which has a doping effect on the nanotube
89

. As a result of oxygen 

doping, the hole density increases, and thus the current is increased and the electron current is 

decreased. For Type II device, when PMMA is removed from the contact, oxygen doping of the 

metal takes place. As a result of this, the Schottky barrier for holes decreases, and the Schottky 

barrier for electrons increases. Therefore, hole current increases and electron current decreases. 



95 
 

 

Fig. 3.30 Electronic transport property of (a) Type I and (b) Type II 

devices before and after electron beam patterning of PMMA 

After the Au nanoparticles have been deposited, the device transport property is measured again 

immediately, before PMMA removal, as shown in Fig. 3.31. These are Type I devices, and the 

dashed rectangles in the SEM image indicate the PMMA open area of the device, and the SEM 
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images are taken after all PMMA has been removed. In the first device shown in (a), only a single 

nanoparticle decorates the nanotube sidewall, and the device displayed an enhanced hole current 

and reduced electron current. Considering Au has a work function higher than that of SWCNT, 

we think Au nanoparticles have a doping effect by withdrawing electrons from the nanotube. As a 

result, the hole density increases and the electron density decreases, resulting in the observed 

increase in hole current and reduced electron current. For the second device, where there is a near 

continuous coating of Au nanoparticles along the sidewall of the SWCNT, we find both the hole 

and electron currents are significantly reduced. This is due to screening effect induced by the 

continuous coating of Au on the nanotube surface
53, 51

. 
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Fig. 3.31 Transport property of Type I device before and after Au nanoparticle deposition 

For Type II device shown in Fig. 3.32, there are two 1µm wide open areas at the contacts, 

exposing a short section of the nanotube and the Au electrode. Au nanoparticles are deposited all 

over the exposed area of the electrode and on the exposed section of the nanotube. The transport 

property of the device has not changed significantly after Au deposition, except for a slight 
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increase in saturation conductance at negative gate. This is probably caused by hole doping from 

the Au nanoparticles on the short sections of nanotube sidewalls. 

 

Fig. 3.32 Transport property of Type II device before and after Au deposition 

In summary, we have investigated the interaction between SWCNT-FET and Au nanoparticles 

using PMMA coating as a passivation layer. It was found that the PMMA coating itself has 

twofold interactions with the device. First, the PMMA coating and baking cause desorption of 

oxygen from the metal contacts, causing the Fermi level of metal to go up, resulting in a change 

in the Schottky barrier at the contacts. Second, the PMMA removes oxygen doping to the 

nanotube, therefore changes the carrier density and device properties. As for Au nanoparticle 

interactions with nanotube, it is confirmed in this investigation that after Au nanoparticle 

deposition, the enhanced hole current at negative gate is primarily due to hole doping from the Au 

nanoparticles to the nanotube instead of change in contacts.  
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Chapter 4. Selective Bio-molecule Immobilization 

Some metals have strong affinity to specific chemical groups, and the affinity can be utilized to 

realize effective surface modifications. For example, gold atoms are known to interact strongly 

with sulfur atoms in thiols and form a strong covalent bond, with the bond-force as large as 

1.4nN
90

. This property has been widely used in various applications such as gold nanoparticle 

labeling of thiol-terminated bio-molecules
91

, formation of self assembled monolayers
92

 (SAM), 

etc. 

Here we use the Au nanoparticles deposited on the CNT sidewalls as anchoring sites to 

immobilize thiol-terminated bio-molecules to the nanotube for sensor applications. The strong 

covalent bond between the gold and thiol provides for a more robust bond compared to 

nonspecific adsorption of biomolecules onto the CNT sidewalls. In addition, the excellent 

conductivity of the metallic Au nanoparticles makes the delivery of the chemical event at the 

biomolecule to the CNT channel much easier. A schematic of such a sensor is shown in Fig. 4.1. 

 

Fig. 4.1 Schematic of a biosensor using Au nanoparticles as receptor anchors 
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4.1 Direct Binding to Thiolated Bio-molecules 

For proof of concept, Au micro patterns are sputtered on SiO2 substrate before testing on Au 

nanoparticles. The Au patterns are cleaned in piranha for 10min, and rinsed with deionized water 

and nitrogen dried before incubating with thiolated bio-molecules. Here tetracysteine-tagged Blue 

Fluorescent Protein (BFP) is used (The preparation of the BFP is described in detail in Appendix 

2). BFP is a color mutant of green fluorescent protein with excitation wavelength 382nm and 

emission wavelength at 446nm, respectively. The cysteine tag, which contains a thiol terminal, 

serves to bind selectively and efficiently to Au surfaces. The Au micro pattern is allowed to react 

with 100µM BFP solution in PBS, with 20% of glycerol, for at least 12 hours and then rinsed 

with deionized water and dried before confocal imaging. A 405nm laser diode is used as the 

excitation laser source, and the filters are set to collect light from 420nm-480nm for imaging. Fig. 

4.2 shows an area on the sample surface, with the right half being SiO2 surface, and the left half 

being Au. The Au surface has a greater overall brightness than the SiO2. To confirm that this 

brightness difference is caused by differences in protein adsorption, photo-bleach is intentionally 

done to a smaller area of the surface by continuous exposure for 15-30 seconds. Photo-bleaching 

is the photochemical destruction of the fluorophores by excessive exposure to excitation light 

sources.  If the fluorescent proteins are present at the surfaces, a long time exposure of a small 

area will cause photo-bleaching of the proteins in this area, thus resulting in a relatively dark 

region on the surface. Otherwise if the proteins are absent, then the observed brightness would be 

reflected light, which will not change after long-time exposure. As seen in the confocal image, the 

Au surface has a significantly reduced brightness after bleaching, while the SiO2 surface only 

shows a very mild decrease in brightness. This indicates that there is protein adsorption on both 

surfaces, but with much more protein adsorption on the Au surface than on the SiO2. 
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Fig. 4.2 Confocal images of Au pattern on SiO2 substrate after bleaching the center square  

Experiments with other thiolated proteins and peptide at different concentrations generated 

similar results. Fig. 4.3 shows the photo-bleaching results of thiolated peptide fluorescein-

EKADSNKTRIDEANCRATKMLGSG-NH2 (FPC) on SiO2 surface. After exposure to 488nm 

Argon laser for 15sec, the center area showed significantly reduced brightness compared to 

unexposed regions. This indicates that the peptide molecules do bind to the SiO2 surface through 

nonspecific interactions.      
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Fig. 4.3 Photo-beaching results for thiolated peptide FPC on SiO2 surface 

A CNT device with Au nanoparticles deposited on the nanotube is incubated with FPC overnight, 

and rinsed with deionized water and dried. Confocal imaging of the samples is carried out at 

different Z positions, which shows altering brightness on the Au nanoparticles and SiO2 surfaces, 

as shown in Fig. 4.4. This series of images start at a Z position that is above the sample surface, 

where the surface is dark. Then the focal plane moves down to the Au nanoparticle surface, and 

the nanoparticles appear brighter than the surroundings and become visible, as shown in (b). As 

the Z position move lower to the SiO2 surface, the nanoparticles go dim and the SiO2 surface 

reaches maximum brightness, as shown in image (c). When the Z continues to move down, the 

focal plane goes below the SiO2, both Au nanoparticles and SiO2 surface become darker till 

complete darkness.  
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Fig. 4.4 Z-stack confocal images of Au nanoparticles on SiO2 substrate 

All the results above indicate that the biomolecules are successfully immobilized to Au surfaces 

and Au nanoparticles. However, nonspecific interactions of the biomolecules with the SiO2 

surface are still abundant even in the presence of thiols, as evidenced by the fluorescent SiO2 

surface. These nonspecifically bound biomolecules may as well interact with target molecules, 

thus consume reagent and reduce sensitivity. In addition, such interactions could introduce noise 

signal into the CNTFET and compromise the device’s overall performance. Therefore, 

passivation of the SiO2 surface is necessary to achieve selective biomolecule-Au binding. 

4.2 Selective Au-thiol Binding Using Bovine Serum Albumin as Blocking Agent 

Bovine serum albumin (BSA) is a protein that is commonly used as stabilizing agent in enzymatic 

reactions, or as a blocking agent to prevent enzyme adhesion to reaction tubes or other vessels. A 

ready protocol has been developed in Prof. Metallo’s lab to specifically attach thiolated proteins 
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to Au nanoparticles, while blocking nonspecific adsorption on other surfaces using BSA. It works 

as following: 

1. Incubate samples with 10% BSA water solution with 1 mM of dithiothreitol (DTT) for 12 

hours, resulting in BSA passivation of surfaces other than the Au nanoparticle, which is 

protected by DTT. Here DTT also serves to prevent protein aggregations. 

2. Rinse sample with ample deionized water and nitrogen dry. 

3. Incubate treated sample with 30 µM thiolated protein solution for 12 hours, where the 

thiolated protein replaces DTT and bind to the Au surfaces. 

4. Rinse the sample with sodium phosphate buffer (pH = 8) and deionized water, 

respectively, and dry the sample under nitrogen stream. 

First, bulk Au surface on boron silicon glass substrate is used instead of the Au nanoparticles, and 

tetracysteine-tagged enhanced green fluorescent protein (C-eGFP, preparation in Appendix 3) is 

used as the thiolated protein since each cysteine has one thiol group, as shown in Fig. 4.5. eGFP 

is a protein derivative that fluoresces green when exposed to blue light, and the excitation and 

emission wavelength are 488nm and 509nm, respectively. Regular eGFP without the tetracysteine 

is used as control. Here a lithographically patterned Au micro grid on glass substrate is used as 

the test structure.   
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Fig. 4.5 Structure of green fluorescent protein and cysteine 

A glass sample is prepared and treated using the above mentioned protocol using C-eGFP, and 

the confocal images are shown in Fig. 4.6. As expected, the Au surfaces are significantly brighter 

than the glass surfaces. There are some extremely bright dots over the entire surface, and they 

seem to be more concentrated on Au surfaces. These bright dots are suspected to be eGFP 

aggregations.  

  

Fig. 4.6 Confocal fluorescent images of samples incubated with C-eGFP  

(a) (b) 
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A control sample is prepared with everything else the same except that regular eGFP is used in 

place of C-eGFP. No fluorescence is expected to be seen on any part of the surface. The confocal 

fluorescent image is shown in Fig. 4.7, which also shows a very good contrast between Au 

surface and glass surface.  

 

Fig. 4.7 Confocal fluorescent image of control sample incubated with eGFP  

However, when the same experiments are conducted on Au patterns on SiO2 substrate, the results 

are completely different, as shown in Fig. 4.8. Here no contrast is observed between the Au 

surface and the SiO2 surfaces.  
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Fig. 4.8 Au micro-grid on SiO2 substrate after treatment with BSA and eGFP 

A few experiments are conducted to study the difference between the glass surface and SiO2 

surface. For example, glass and SiO2 with Au micro-grid patterns are put into confocal imaging 

before any protein treatment, which shows very bright Au structure on glass, but no contrast on 

SiO2. Then the two samples are treated with fluorescein labeled BSA and imaged again, and the 

results is almost same, as shown in Fig. 4.9. This indicates the consistently good contrast between 

Au and glass is simply due to some intrinsic difference between the two surfaces other than 

protein modifications. This intrinsic difference is their reflectivity. Considering the filter setting is 

from 505nm to near 600nm, the incident light can be reflected by the Au and collected to 

strengthen the signal, while the glass has a low reflectivity, thus shows a much darker background. 

As for SiO2 sample, the bulk silicon underneath the SiO2 surface has a comparable reflectivity to 

Au, therefore, the output signal is also similar. This explains why there is no difference between 

the C-eGFP sample and the eGFP control samples on glass substrates, as well as the drastically 

different results between glass and SiO2 substrates. However, the reason that the protocol didn’t 



108 
 

generate the expected results on the SiO2 surface seems to lie in the ineffectiveness of BSA 

blocking the SiO2 surface since the fluorescence is still observed everywhere after BSA blocking. 

Mooney has patterned BSA SAM on SiO2 substrate by treating it with n-

octadecyltrimethoxysilane (OTMS), where the SAM grows on the OTMS but not the hydrophilic 

SiO2
93

. It is achieved by control the pH of the BSA solution, since dilute BSA solution adsorb to 

hydrophilic surface in only a narrow range of pH around 5.5
93

. In the phosphate buffer used for 

BSA and C-eGFP solution, the pH is around 8, which is not favorable for the BSA adsorption on 

the SiO2 surface. Therefore the BSA treatment could not result in a BSA SAM layer, which is 

supposed to block further protein attachments. 

 

Fig. 4.9 Confocal images of (a) glass and (b) SiO2 samples incubated with FITC-BSA 

4.3 Passivation of SiO2 Surface using Self Assembled Monolayer (SAM) 

An SAM is an organized layer of molecules which consists of a head and a tail, with the head 

showing a specific affinity for a substrate, and the tail having a desired functional group at the 

terminal
95

. SAMs have been widely used for surface property modifications in electronic devices, 

(a) (b) 
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especially microelectrochemical systems (MEMS) and nanoelectromechanical systems (NEMS) 

96
. Its working mechanism is shown in Fig. 4.10. The original substrate has an affinity for head 

group of the SAM, and after modification, the substrate has the property of the terminal 

functional group R. The use of an SAM provides for an effective method to combine the desirable 

properties of the substrate such as electrical conductivity, mechanical robustness, to the SAM 

molecule’s chemical properties. 

 

Fig. 4.10 Schematic of a SAM on substrate 

In order to passivate the SiO2 surface for nonspecific protein adsorption, two properties are 

desired for the SAM molecules. First, the head group should have a strong affinity to SiO2 surface. 

Second, the tail should have good protein resistivity. Blummel et al. has studied the protein 

repellent properties of various polyethylene glycol (PEG) SAMs and found that methoxy-

terminated PEG 2000 has the best protein resistivity
97

. To realize strong affinity to SiO2, silane 

functional group is added to one end of the molecule, as shown in Fig. 4.11 below.  
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Fig. 4.11 Silane PEG molecular structure 

In the presence of water molecules, the silane functional groups of the PEG hydrolyze and form 

trisilanols. The trisilanols interact with the SiO2 and hydrogen bond with the surface bound water 

molecules. With mild heating, the water molecule is lost and a covalent siloxane bond is formed. 

When the distance and orientation between the groups become favorable, the tri-silanol head 

groups can interact with each other and intermolecular crosslinking takes place. This is illustrated 

by Brzoska in the following figure
98

: 

 

Fig. 4.12 PEG silane covalent binding with SiO2 surface and intermolecular crosslinking 

The PEG silane is purchased from Nanocs. Inc as solid white powder and dissolved in methanol 

to make 1mM solution, with 5% of deionized water added to activate the hydrolyzation process. 

One test sample with fresh Au micro patterns (within two weeks) is cleaned in piranha for 2 min, 

rinsed with DI water, dried with nitrogen and soaked into the PEG silane solution for 5 hours at 
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60°C. Then the sample is rinsed with methanol and deionized water, dried with nitrogen, and 

incubated with 100µM FPC overnight. A control sample is cleaned with piranha for 2 min, rinsed 

with deionized water, dried with nitrogen, and incubated with the same FPC solution overnight. 

The confocal images of the two samples are presented in Fig. 4.13. Figure (a) shows the sample 

with a very good contrast between Au and SiO2 surface, and the photo-bleaching result in the 

center confirms FPC adsorption on the Au surface. As for the control sample shown in figure (b), 

there is also significant contrast between Au and SiO2, although the photo-bleaching is not as 

severe as in sample (a). It seems that FPC molecule by itself has a strong preference to Au surface. 

However, in Fig. 4.3 we have seen FPC nonspecifically adsorbs to the SiO2 surface. The 

discrepancy might have resulted from the age of the samples used for the two tests. The CNT 

sample in Fig. 4.3 is a device fabricated more than 6 months ago, where the Au has been 

passivated by oxidation or other reactions in air, therefore has lost its strong affinity to thiols. For 

newly patterned Au surfaces, it can competitively bind to thiols more efficiently than SiO2 and 

thus show a strong specificity. 

 



112 
 

 

Fig. 4.13 Fresh Au samples incubated with FPC (a) after silane PEG treatment (b) without silane 

PEG treatment. The center white boxes show areas which have undergone photo-bleaching. 

An old CNT sample is deposited with Au nanoparticles at 1.5V, sensed with deionized water, and 

dried with nitrogen. Then the sample is treated in hot piranha for 30min, to fully clean the SiO2 

and Au surface. After deionized water rinsing and nitrogen dry, it is found that the sacrificial 

electrode, which is already damaged during Au nanoparticle deposition, is now totally removed 

by piranha treatment. Then the sample is treated with the silane PEG at 60°C for 5 hours and 

incubated with 30µM C-eGFP overnight, followed by thorough rinsing and nitrogen dry. Under 

confocal imaging, the catalyst islands and alignment marks look extremely bright, as shown in 

Fig. 4.14. Figure (a) shows an alignment mark that is not exposed to the C-eGFP incubation, 

while (b) shows a similar alignment mark on the same device that has undergone the protein 

incubation. The alignment mark that has been exposed to C-eGFP shows a distinctive brightness 

compared to the other alignment mark and SiO2 background, indicating lots of protein adhesion. 

Figure (c) shows one of the catalyst islands that have comparable brightness of (b), and (d) shows 
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the result of photo-bleaching one of the five islands, as indicated in the white dashed box. All 

these results prove that the C-eGFP adheres to the catalyst nanoparticles and random CNT 

networks very well. Remember that the catalyst islands are covered with a thick, dense network 

of CNTs, we suspect that may GFP molecules are trapped in the network, which is a considerable 

volume of proteins rather than a monolayer. This is supported by the extreme brightness. 

 

Fig. 4.14 C-eGFP adsorbs to catalyst islands and alignment marks and forms more than one 

monolayer, showing distinctive brightness and the brightness is bleachable. 

The sacrificial electrodes has also shown significant protein uptake from the confocal images, as 

shown in Fig. 4.15. Images (a) and (b) show different locations of a sacrificial electrode, all of 
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which show comparable brightness to the catalyst islands. Image (c) shows photo-bleaching of 

the electrode with respect to the SiO2 background, confirming protein adsorption. Note that the 

SiO2 surface’s adsorption of GFP has been significantly reduced after PEG silane treatment. 

Image (d) shows a contact electrode, which has comparable brightness to the SiO2 surface. The 

difference between the sacrificial electrode and contact electrode has been consistently observed 

on all three devices. 

 

Fig. 4.15 Confocal images of sacrificial electrode (a), (b) and (c) and contact electrode after 

incubation with C-eGFP. (c) shows photo-bleaching results in the center area. 

As mentioned earlier, the sacrificial electrode has been damaged during the Au nanoparticle 

deposition process and almost peeled off during piranha treatment. However, from its sharp 
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contrast with SiO2 background, it is obvious that there is some remainder on the SiO2 surface. We 

suspect that there is a very thin layer of Au remaining, which has been newly exposed to air and 

thus very “fresh”. This fresh Au is unaffected by the PEG silane treatment and interact strongly 

with C-eGFP. This is supported by the image at the interface where the sacrificial electrode 

started to peel off, as shown in Fig. 4.16. On the same electrode, protein adsorbs strongly to the 

areas where the Au has been peeled off, while leaving other areas alone. This excludes the 

possibility that the Au reactivity has changed by the applied positive voltage during Au 

nanoparticle deposition, thus causing the difference between the contact electrode and sacrificial 

electrode. Therefore, the cause of the difference lies in the freshness of the Au surface.  

 

Fig. 4.16 confocal image of the sacrificial electrode showing the interface of the peel-off 

Confocal images of the deposited Au nanoparticles are presented in Fig. 4.17. Note that confocal 

images are inverse of the actual positions. With comparison to the optical and SEM images, it is 

clear that the Au nanoparticles and contact electrodes have been coated with monolayer of C-
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eGFP molecules and fluoresces green. At sections of the nanotube when Au nanoparticles are not 

present, there is no obvious protein adsorption, therefore the nanotube line looks broken in 

confocal images. This is evidence that after PEG treatment, the C-GFP now is specifically 

immobilized to the Au nanoparticles only. 

 

Fig. 4.17 (a) SEM images of SWCNT-FET; (c) Optical image of the device after Au nanoparticle 

deposition; (b) and (d) confocal images of the device showing fluorescent Au nanoparticles. 

A control experiment has been conducted on a CNT sample which has been treated the same as 

the previous one except that there is no PEG silane process. Instead, methanol incubation is used 

in the place of PEG incubation. Confocal image of this control sample is shown in Fig. 4.18(a), 

with comparison to the PEG sample shown in (b). Without PEG treatment, there is abundant 

protein adsorption to the SiO2 surface, rendering the surface highly fluorescent. However, after 

PEG treatment, only the peeled off Au area are highly fluorescent, with the SiO2 and aged Au 
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surface dark. This supports the effective PEG silane blocking of the nonspecific protein 

adsorption on SiO2 surfaces. 

 

Fig. 4.18 Confocal images for sample (a) without PEG treatment (b) With PEG treatment. 

In summary, thiolated proteins including FPC and C-eGFP are found to have some preference to 

adsorb onto fresh Au surfaces compared to SiO2 surface. However, aged Au can lose this 

specificity completely so the molecules also interact with SiO2 surface nonspecifically. Piranha 

cleaning can be used to clean both surfaces, but this process can’t activate aged Au surface for 

thiol adsorptions. Silane PEG can be used to passivate the SiO2 surface to reduce nonspecific 

protein adsorptions; it works well given 5 hours of incubation at 60°C, resulting in significantly 

decreased nonspecific adsorptions. 

4.4 Future work 

The ultimate goal of this project is to make highly sensitive glucose sensors using carbon 

nanotube FETs. The electrodeposited Au nanoparticles serve as specific binding sites for thiol-
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terminated glucose oxidase, and the presence of glucose can be detected using the redox reaction 

between glucose and glucose oxidase. So far, carbon nanotube FETs have been successfully 

fabricated and decorated with Au nanoparticles, next thing to do is to immobilize glucose oxidase 

to the Au nanoparticles on the nanotube and do the sensing measurements. 

4.2.1 Immobilization of GOx 

The glucose oxidase will be functionalized with one or multiple thiols to covalently bind to the 

Au nanoparticles. The samples will be made fresh and the thiolated GOx will be selectively 

deposited to the Au nanoparticles of the carbon nanotube FET, using the above mentioned SAM 

passivation method. Fluorescent labels might also be necessary on the protein to confirm the 

successful attachment using confocal fluorescent imaging technique. 

4.2.2 Sensing measurements 

After the device is fully functionalized, sensing tests can be taken. For glucose sensing, the device 

has to be in an aqueous environment. First, PBS buffer is applied to the nanotube device, and the 

device conductance is monitored in real time with a constant gate. Then various concentrations of 

glucose solution are added into the buffer using a pipette, and the change in conductance is 

recorded. The applied gate voltage will be tested to find the most pronounced signal, and different 

concentrations will be added to measure the sensitivity of the device. 
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Chapter 5. Conclusion 

Carbon nanotube based field effect transistors are fabricated using photolithography and electron 

beam lithography techniques. Photolithography is used to define catalyst islands at precisely 

controlled locations, and the nanotubes are grown by chemical vapor deposition at 900°C. After 

imaging the nanotubes using field emission scanning electron microscope, metal electrodes are 

patterned and a bilayer of Cr/Au is deposited by sputtering. Single nanotube transistors have 

shown both semiconducting and metallic characteristics, while nanotube film obtained from 

growth are generally metallic.  

The single nanotube transistors are decorated with metal nanoparticles, which are 

electrodeposited from a sacrificial electrode. Successfully deposited metals include silver and 

gold. The gold nanoparticles are spherical, and the particle size ranges from a few nanometers to 

hundreds of nanometers, which is controlled to some extent by the deposition voltage. Silver 

nanoparticles, on the other hand, have snowflake shapes and are at least dozens of nanometers. 

The metal nanoparticle decoration does not alter the device’s characteristics, but only slightly 

modifies the conductance at ON-state. Especially, gold nanoparticle increases the ON-state 

conductance, and silver nanoparticles barely cause consistently noticeable changes. 

The gold nanoparticles deposited on the carbon nanotube sidewalls can serve as anchoring sites 

for thiol-terminated biomolecules and form a fairly strong chemical bond. A few thiolated 

proteins and peptides are found to adsorb preferentially to gold surface when exposed to fresh 

gold and silicon dioxide surfaces. The freshness of the Au surface is critical to the Au-thiol 

specificity. However, this preference is not strong enough to exclude nonspecific binding. 

Therefore a SAM passivation process is developed to further reduce nonspecific protein adhesion 
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to silicon dioxide. This technique can be adopted to attach thiol-terminated glucose oxidase to 

gold nanoparticles on the carbon nanotube sidewalls, thus make highly sensitive glucose sensors. 
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Appendix 1: Electron Beam Lithography Recipe for Electrode Patterning 

1. Design electrode pattern files (Fig. 2.12) according to SEM images of SWNTs. 

2. Spin coat MMA at 3500rpm for 45 sec; 

3. Bake at 180°C on hotplate for 2 min; 

4. Spin coat PMMA at 4000rpm for 45sec; 

5. Bake at 180°C on hotplate for 2 min; 

6. Align the sample and expose with 30kV electrons with a dosage of 350µC/cm
2
; 

7. Develop in methyl isobutyl ketone (MIBK) developer for 70 sec, rinse with isopropanol 

and deionized water, followed by nitrogen dry. 
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Appendix 2: Preparation of tetracysteine blue fluorescent protein (BFP) 

Tetracysteine tag CCPGCC flanked with BamHI and NotI sites was inserted into pET28a 

(Novagen) by Quickchange II kits (Qiagen), producing pET28a-TC. The pEBFP was derived 

from pEBFP(Clonetech) containing two additonal substitution Y66H and T145F. The EBFP 

insert was obtained by digesting pEBFP with NotI and HindIII. The EBFP insert was then 

liganded into pET28a-TC, producing pET2aTC-EBFP. The pET2aTC-EBFP was transfected and 

expressed in BL21. The 6His-TC-EBFP was purified by Ni-NTA agarose (Qiagen) according to 

the manufacturer’s protocol. The obtained protein was dialyzed against 1xPBS buffer and stored 

with 25% glycerol and 1mM mercaptoethanol. 
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Appendix 3: Preparation of tetracysteine green fluorescent protein (C-GFP) 

DNA encoding enhanced green fluorescent protein (eGFP) was amplified by polymerase chain 

reaction (PCR), and cloned into the pET-151/D-TOPO vector (Invitrogen). Mutagenesis was used 

(Quikchange II, Stratagene) to generate an eGFP mutant containing a C-terminal 

tetracysteine (CCPGCC) motif (eGFP-TC). The presence of the correct motif was confirmed by 

dideoxy-DNA sequencing. The proteins were over-expressed from BL21(DE3)* cells (Invitrogen) 

and purified under native conditions by immobilized metal affinity chromatography (IMAC). The 

proteins were desalted with centrifugal filters (Amicon) before use. 

 


