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Abstract 

 The main theme of this Ph.D. thesis is about the use of single-walled carbon 

nanotubes (SWCNTs) as mechanical components for (nano)-electromechanical system 

(NEMS) applications. The objective of this work is to develop an industry-relevant 

technique to fabricate devices comprising of horizontally aligned individual SWCNTs 

suspended over the substrate (to ensure their mechanical functionality) at multiple and 

specific on-chip sites in parallel, preferably in a CMOS-compatible process. The major 

motivation for the choice of SWCNTs as mechanical resonators stems from their very 

small physical dimensions. SWCNTs have an extremely small diameter (usually about 

0.5-4 nm) and have a low spring constant, making them very flexible. Also, they have 

a very low linear mass density. Moreover, the enhanced mechanical robustness of 

SWCNTs compared to Si and their superior transduction properties compared to Si 

based materials make them a promising candidate for NEMS applications. Hence, 

SWCNTs are of great interest in the technology roadmap for scaling down the 

dimensions of mechanical devices, as they are bottom-up chemical structures and can 

be relatively easily synthesized.  

 In this thesis, we first show the successful design and fabrication of template 

structures on which parallel growth of CNTs by chemical vapor deposition (CVD) or 

CNT assembly by dielectrophoresis (DEP) at multiple on-chip positions could be 

carried out in parallel. The capacitive coupling design in the samples was taken 

advantage of to assemble CNTs by DEP on to multiple electrode pairs in parallel.  

 Electrochemical deposition (ECD) was successfully used to deposit the catalyst 

nanoparticles required for CNT growth. It offered excellent control in depositing 

catalyst nanoparticles of the required diameter and density. CNTs were grown in a 

localized manner with a good control on the growth density. However, CNTs could not 

be grown with the desired directionality on the templates. Therefore, the experiments 

of directional CVD growth were discontinued and the process of dielectrophoresis was 

used to fabricate horizontally suspended CNTs bridged between the electrode pairs.  

 Preliminary DEP experiments with MWCNTs resulted in successful alignment of 

CNTs and assembly at specific on-chip positions with high spatial selectivity. A strong 

dependence on the electrode angle towards the density of the deposited CNTs is 

observed. Best results are obtained on the electrodes with 45
O
 tip angle, which had 

about 40% of them bridged with single CNTs.  

 Further, the DEP experiments were optimized with SWCNT dispersions. The 

aggregation factor of SWCNTs in liquid media has been successfully quantified using 

optical absorption spectroscopy. A modified approach to estimate the SWCNT 

aggregation factor in dispersions was proposed and verified. The dielectrophoresis 
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process was further optimized with SWCNTs, especially the effect of the frequency of 

the electric field and the concentration of the SWCNT dispersion. With the optimal 

DEP conditions, 40% of the electrode pairs that were bridged by nanotubes had an 

individual SWCNT assembly across a total on-chip area of 1x0.1 cm
2
. The study of 

DEP results over such large area scales is critical for predicting the yield of wafer-scale 

processes. 

 DC electrical measurements could be performed with the as-assembled nanotubes 

after DEP. The gate dependence measurements of the drain current of the suspended 

SWCNTs revealed the presence of both metallic and semiconducting nanotubes 

deposited by DEP. Thermal annealing of SWCNTs in the presence of forming gas was 

found to decrease the total resistance of the nanotube device. Post-DEP Pt ECD on the 

electrodes of the nanotube devices creates a Schottky barrier diode with truly rectifying 

properties.       

 Electromechanical measurements demonstrate a significant change in the 

normalized resistance of the suspended SWCNTs as a function of the actuation 

frequency applied at the substrate. We observe either an increasing (upward) or a 

decreasing (downward) peak for different devices. The frequency at which the 

resistance maximum (or the minimum) is measured was found to be in reasonable 

agreement with the calculated mechanical resonance frequency of the suspended 

SWCNT device assuming a spring model with low tension. The measured resonance 

frequency of the devices ranged between 26 MHz and 35 MHz. The piezoresistance 

effect of SWCNTs could cause this significant change in the normalized resistance at 

their mechanical resonance frequency. We have also established that the chirality of 

the SWCNT determines whether the SWCNT resistance increases, decreases or 

remains unchanged during mechanical resonance.  

 Given the scalability of the DEP process, arrays of such devices assembled in 

parallel could be of interest, for instance as gas or chemical sensors. The results 

obtained in this thesis represent a successful groundwork laid towards a 

manufacturable technique to fabricate arrays of SWCNT resonators over a large 

sample area. In addition to the development and optimization of the fabrication 

technique, the electromechanical measurements of the resonators clearly establish the 

mechanical functionality of the resonators fabricated using CMOS-compatible 

materials and methods and hence their relevance in NEMS applications. Furthermore, a 

clear insight into the fundamental understanding about the behavior of SWCNT 

oscillators during mechanical resonance was obtained from our measurement data.         
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Samenvatting 

 Het hoofdonderwerp van voorliggende doctoraatsthesis is het gebruik van 

enkelwandige koolstofnanobuizen (Eng. Single Walled Carbon NanoTubes : 

SWCNT�s) als mechanische componenten voor (nano)-elektromechanische (Eng. 

Nano-ElectroMechanical Systems : NEMS) toepassingen. Het doel van dit werk is de 

ontwikkeling van een techniek om devices te fabriceren relevant voor de industrie die 

bestaan uit horizontaal gealigneerde SWCNT�s die opgehangen zijn over het substraat 

(om de mechanische functionaliteit te garanderen) op meerdere en specifieke on-chip 

lokaties, bij voorkeur in een CMOS-compatibel proces. De belangrijkste motivatie om 

SWCNT�s te kiezen als mechanische resonatoren kan gezocht worden in de ultrakleine 

fysische afmetingen. SWCNT�s beschikken namelijk over een extreem kleine diameter 

(tussen 0.5-4 nm) en ze hebben bovendien een lage veerconstante waardoor ze zeer 

flexibel zijn. Ook hebben SWCNT�s een zeer lage lineaire massadichtheid. De 

superieure mechanische robustheid en transconductieve eigenschappen van SWCNT�s 

vergeleken met die van silicium  maakt dat SWCNT�s veelbelovende kandidaten zijn 

voor NEMS toepassingen. Bovenstaande voordelen, samen met het gegeven dat deze 

structuren bottom-up chemische structuren zijn en relatief eenvoudig gesynthetiseerd 

kunnen worden, heeft tot gevolg dat SWCNT�s van groot belang zijn in de 

technologische roadmap om de afmetingen van mechanische devices verder te 

reduceren. 

 In dit proefschrift tonen we eerst aan dat we in staat zijn om template structuren te 

ontwerpen en te fabriceren waarop de parallele groei van CNT�s d.m.v. chemische 

dampdepositie (Eng. Chemical Vapor Deposition : CVD) of CNT assemblage d.m.v. 

diëlektroforese (Eng. Dielectrophoresis : DEP) op verschillende on-chip lokaties in 

parallel kan gebeuren. Om CNT�s d.m.v. DEP te assembleren op meerdere elektrode 

paren in parallel hebben we gebruik gemaakt van de capacitieve koppeling aanwezig in 

het ontwerp van de monsters. 

 We hebben op succesvolle wijze gebruik gemaakt van elektrochemische depositie 

(Eng. Electrochemical Deposition : ECD) om de nanodeeltjes die dienen als katalysator 

(en noodzakelijk zijn voor de CNT groei) te deponeren. De ECD heeft ons enerzijds in 

staat gesteld om een uitstekende controle te krijgen over het deponeren van de 

katalysator nanodeeltjes met de juiste afmetingen en dichtheid. Anderzijds waren we 

niet in staat om CNT�s te groeien met de gewenste directionaliteit op de templates. Om 

die reden hebben we de experimenten met directionele CVD-groei stopgezet en het 

DEP-proces aangewend om horizontaal gesuspendeerde CNT�s opgehangen tussen 

twee elektroden te fabriceren. 

 Preliminaire DEP experimenten met meerwandige koolstofnanobuizen hebben 

geleid tot de succesvolle alignatie van CNT�s en assemblage op specifieke on-chip 
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posities met een hoge ruimtelijke gevoeligheid. Er is een grote afhankelijkheid 

waargenomen van de elektrode-hoek m.b.t. dichtheid van de gedeponeerde CNT�s. De 

beste resultaten worden verkregen wanneer de elektroden over een tip-hoek van 

45 graden beschikken. Ongeveer 40% van de elektrode-paren met zo�n tip-hoek 

werden overbrugd met één enkele CNT. 

 Verder werden de DEP experimenten geoptimaliseerd m.b.v. SWCNT dispersies. 

De aggregatiefactor van SWCNT�s in vloeibare media is op succesvolle manier 

gekwantificeerd door gebruik te maken van optische absorptie spectroscopie. Een 

aangepaste benadering om de aggregatie-factor af te schatten van SWCNT�s werd naar 

voor geschoven en geverifieerd. Het diëlektroforese proces werd verder 

geoptimaliseerd met SWCNT�s, i.h.b. het effect van de frequentie van het elektrische 

veld en de concentratie van de SWCNT�s in de oplossing. In optimale DEP condities, 

heeft 40% van de elektrode-paren die overbrugd zijn met nanobuizen een individuele 

SWCNT assemblage over een chipoppervlakte van 1x0.1 cm
2
. De studie van de 

resultaten van de DEP experimenten over zulke grote oppervlaktes is van kapitaal 

belang om de opbrengst (yield) van processen op wafer-schaal te voorspellen. 

DC elektrische metingen werden uitgevoerd m.b.v. de geassembleerde nanobuizen na 

DEP. De metingen om de gate-afhankelijkheid van de drain stroom na te gaan in 

gesuspendeerde SWCNT�s hebben de aanwezigheid van zowel metallische én 

halfgeleidende DEP gedeponeerde SWCNT�s onthuld. Thermische gloeiing (Eng. 

Annealing) van SWCNT�s in aanwezigheid van het vormend gas heeft tot gevolg dat 

de totale weerstand van de nanobuis daalt. Post-DEP Pt ECD op de elektroden van de 

nanobuis devices vormt een Schottky barrière diode. 

 Elektromechanische metingen geven een significante verandering aan in de 

genormaliseerde weerstand van de opgehangen SWCNT�s als functie van de 

actuatiefrequentie die werd opgelegd aan het substraat. We nemen ofwel een 

toenemende of een dalende piek waar voor de verschillende devices. De frequentie 

waarbij het maximum (of minimum) van de weerstand werd gemeten, is in goede 

overeenkomst met de berekende klassieke mechanische resonantiefrequentie van het 

gesuspendeerde SWCNT device, in de veronderstelling dat een veermodel met lage 

spanning van toepassing is. De gemeten resonantiefrequentie van de devices ligt tussen 

de 26 en 35 MHz. Het piëzoresistief effect van de SWCNT�s kan de oorzaak zijn van 

deze significante verandering in de genormaliseerde weerstand wanneer de 

mechanische resonantiefrequwentie wordt aangelegd. We hebben ook aangetoond dat 

de chiraliteit van de SWCNT bepalend is voor het weerstandsgedrag (stijgend, dalend, 

onveranderd) van de SWCNT. 

 Gegeven de schaalbaarheid van het DEP proces, kunnen rijen van zulke devices die 

parallel geassembleerd worden, interessant zijn voor gas of chemische sensoren. De 

resultaten verkregen in dit proefschrift vormen een succesvolle basis voor een 

industriële techniek om rijen van SWCNT resonatoren over een grote 
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monsteroppervlakte te fabriceren. Bovenop de ontwikkeling en optimalisatie van de 

fabricatietechniek, tonen de elektromechanische metingen van de resonatoren duidelijk 

de mechanische functionaliteit van de resonatoren, gefabriceerd m.b.v. CMOS 

compatibele materialen en methoden, en bijgevolg ook hun relevantie in NEMS 

toepassingen. Bovendien is, dankzij de gemeten data, een duidelijk inzicht verkregen in 

de fundamentele aspecten m.b.t. het gedrag van SWCNT oscillatoren in mechanische 

resonantie. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VI 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



! !

 

VII 
 

List of Abbreviations  

AC  : Alternating current 

AFM  : Atomic force microscopy 

a.u.  : Absorbance units  
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Chapter 1 

 

Introduction  

 



2  CHAPTER 1: INTRODUCTION 

 Synopsis 

 The central theme of this Ph.D. thesis is the use of single-walled carbon nanotubes 

(SWCNTs) as mechanical components for (nano)-electromechanical system (NEMS) 

applications. Topics such as industry-friendly fabrication techniques and 

electromechanical testing of SWCNT mechanical resonators shall be primarily 

addressed in this thesis. This chapter gives a detailed introduction to SWCNTs and 

NEMS devices that is relevant for the discussions presented later in this thesis. A brief 

description about the state-of-the-art in this field is presented, followed by the mission 

statement of this thesis work.         

1.1 Introduction to NEMS 

1.1.1 History  

 Nano-electromechanical systems are the nano-scale version of micro 

electromechanical systems (MEMS), which have both an electrical and a mechanical 

component in them [1]. MEMS belongs to a much broader category of devices called 

transducers [1]. Transducers are devices whose operation involves an interplay 

between different forms of energy [1]. There are a wide variety of transducers used in a 

broad range of applications like electromagnetic, electrochemical, thermoelectric, 

radioacoustic and electromechanical transducers (also called actuators).      

 Of these, the electromechanical transducers have been of special interest because 

such devices found interesting applications in several commercial [2-4] and niche 

R&D products [5-8]. The heart of every MEMS is a component that is capable of 

mechanical motion (or displacement). The mechanical component could for example 

be in the form of a cantilever (like an oscillating pendulum) or a doubly clamped beam 

(like a guitar string). The term �electro� in MEMS refers to two major aspects in such 

devices. One, it refers to the manner in which electrical signals are used to induce 

mechanical motion in the cantilevers or suspended beams and secondly, the electrical 

properties of the device material, which can undergo significant changes with the 

mechanical displacement. This change in the electronic properties of the device 

material is in turn used to sense the mechanical motion. This strong coupling between 

the electrical and mechanical behavior of MEMS makes them very interesting, both for 

fundamental studies and commercial applications.      

 During the early 1960s, a new family of semiconductor devices called the metal 

oxide semiconductor (MOS) transistors [9] were born. MOS technology today is 
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almost omnipresent and is used in the production of microprocessors, microcontrollers, 

random access memories (RAM), digital logic circuits and several analog circuits such 

as image sensors and data converters. Towards the early 1980s, the standard CMOS 

process flows, based on monocrystalline silicon wafers (Figure 1.1), started to be used 

for the fabrication of micron-sized electromechanical devices in addition to the 

fabrication of transistors and integrated circuits. This lead to the big bang in the MEMS 

(micron-sized electromechanical systems) industry [10]. This way, standard processes 

that were tried and tested for their yield and repeatability, could then be used to 

fabricate MEMS devices in batches using full silicon wafers.   

 

Figure 1.1. (a) A picture showing monocrystalline silicon wafers of different sizes. In 

1970s, the standard size of a wafer was 1.5�. The state-of-the-art technologies use 8� 
(200 mm)-12� or (300 mm) sized wafers. The industry is progressing towards the next 

generation of wafer size, namely the 450 mm Si wafers.  (b) A comparison of the size of 

200 mm and 450 mm wafers.    

(a) 

(b) 
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 In 1965, it was proposed that scaling down the physical dimensions of the MOS 

transistors could significantly improve their performance [11]. Moreover, it was 

realized that this scaling down could result in a higher device integration density on a 

given wafer area, leading to an overall reduction in the cost of the device. This kick-

started a race in the electronics industry towards an aggressive shrinking down of the 

physical dimensions of devices [11]; a race whose chequered flags are yet to be 

reached. This trend of scaling down gradually also influenced the MEMS world [10], 

although not as aggressively as the electronics industry.  

 It was first proposed in the mid 1990s and later successfully demonstrated that 

when the dimensions of the MEMS devices were scaled down to the nano regime 

(called NEMS devices), the mechanical and the transduction properties of the devices 

could be enhanced [12]. For example, it was suggested that NEMS offers huge promise 

in terms of higher mechanical resonance frequencies, lower power consumption and 

much higher sensitivities compared to their MEMS counterparts [1]. This lead to a 

huge interest in the development of NEMS towards commercial applications. 

Furthermore, NEMS also opened up a vast topic of interest in fundamental research, in 

which special quantum mechanical phenomena like zero-point motion [13], single 

electron and tunneling [14], coulomb blockade and quantum dot behavior [15] could be 

studied. This lead to the birth of the acronym QEMS (quantum electromechanical 

systems), which are exotic devices that continue to be of huge interest in basic 

research. Devices of such length-scale present us with unique opportunities to study 

new and exciting phenomena at the atomic and quantum regimes. In spite of this 

enormous interest, the market for NEMS is yet to reach its full potential, mainly 

because their fabrication process is filled with challenges and roadblocks. 

1.1.2 Working principle of NEMS 

 An example of a NEMS device from the literature is shown in Figure 1.2. As 

described in the previous section, it has both an electrical and a mechanical component 

(also called the resonator) in it. Most often in MEMS or NEMS devices, the 

mechanical motion is induced by electrostatic methods, with the help of an AC 

electrical field. The AC field with a certain range of actuation frequencies (depending 

on the physical dimensions of the resonator) sets the resonator in mechanical motion. 

When the actuation frequency is exactly equal to its mechanical Eigen-frequency, the 

resonator hits the state of �resonance� during which its vibration amplitude is 

significantly higher than at other actuation frequencies. The general expression for the 

resonance frequency of a doubly clamped narrow, string-like beam in the case of no 

residual tension is given as [1]: 
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where E is the Young�s modulus, I is the second moment of inertia, r!is the density, S 

is the cross-sectional area and L is the length of the resonator. It is preferred that the 

Young�s modulus of the resonator is high as this would mean that it is mechanically 

strong and additionally result in higher resonance frequencies. The density and the 

cross-sectional area of the resonator also determine its mechanical resonance 

frequency. The length of the resonator, a design parameter that can be changed easily, 

has the biggest influence on the resonance frequency of the resonator.      

        

 

Figure 1.2. SEM image of a doubly clamped InP nanowire resonator with a side-gate, 

which is used as an actuation electrode. Image reproduced from [16].   

1.2 Introduction to Carbon nanotubes  

1.2.1 History 

 Carbon is the 15
th
 most abundant element found in the earth�s crust and the 4th

 most 

abundant element (by mass) in the universe, after hydrogen, helium and oxygen. 

Carbon, to some extent, is synonymous with �life.� It is the 2
nd

 most abundant element 

(about 18.5%) in the human body, only after oxygen. Carbon is also the fundamental 

component of all organic compounds. Catenation, the unique property of carbon atoms 

to form stable chemical bonds with other carbon atoms and form long chain 

compounds, is the basis of the most important life processes on earth. Several different 

allotropic forms of carbon have been known for many centuries. The traditionally 

known allotropes of carbon (Figure 1.3) are amorphous carbon, diamond and graphite. 

The latter two are the crystalline forms of carbon, in which the atoms are bonded to 

each other in a symmetrical manner in space. In diamond, the carbon atoms are bonded 
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to each other in a tetrahedral arrangement (Figure 1.3a) with sp
3
 hybridized chemical 

bonds. In graphite (Figure 1.3b), the carbon atoms are bonded to each other in a 

trigonal arrangement with sp
2
 hybridized chemical bonds to form hexagonal 

(honeycomb) lattice. Layers of the hexagonal lattice are closely packed with each other 

with the help of strong van der Waals forces to form a 3-dimensional network. The sp
2
 

carbon-carbon bond is one of the strongest bonds in nature and this makes graphite 

mechanically robust. Also, the p-electron cloud over the hexagonal lattice of graphite 

results in delocalized electrons available for electrical conduction. Hence, graphite is 

an electrical conductor, unlike the other allotropes.     

 

Figure 1.3. The conventionally known allotropic forms of carbon showing the difference in 

the atomic structures of  (a) diamond, (b) graphite and (c) amorphous carbon.   

 Recently, more exotic allotropes of carbon were discovered. The first one among 

them was Buckminster Fullerene (also called fullerenes or buckyballs), which are 

hollow spherical molecules made of carbon (Figure 1.4a). They were discovered in 

1985 by a group of scientists comprising of Richard Smalley, Harold Kroto and Robert 

Curl [17], while analyzing mass spectra of carbon compounds formed in interstellar 

(c) 

(a) (b) 
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space (Figure 1.5). Years later in 1991, Sumio Iijima, an electron microbiologist at 

NEC Research Corporation in Japan reported the observation of carbon nanotubes in 

the historic paper titled, �helical microtubules of graphitic carbon [18].� Carbon 

nanotubes are hollow cylindrical versions of the buckyballs (Figure 1.4b), with either 

closed or open tips. More recently in 2004, scientists reported mechanical exfoliation 

of a single-atomic layer of graphite, called graphene (Figure 1.4c) [19]. The discovery 

of fullerenes, carbon nanotubes and graphene started a blitzkrieg of research activities 

focusing on the synthesis of these novel materials and their fascinating properties.         

 

Figure 1.4. Atomic structures of (a) C60: Buckminster fullerene, (b) carbon nanotubes and 

(c) graphene sheet.            

(a) (b) 

(c) 
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Figure 1.5. Time of flight mass spectra of carbon clusters prepared by laser vaporization of 

graphite. This was the first experimental evidence of the existence and stability of the C60 

allotrope of carbon. Reproduced from [17].   

1.2.2 Structure  

 Carbon nanotubes (CNTs) are hollow tubular structures made up of the hexagonal 

honeycomb lattice of carbon atoms (Figure 1.4b). Typically, the diameter of nanotubes 

is in the range between 1-100 nm and their length varies from 10 nm to a few 

centimeters [20]. They are a wonderful example of nanostructures produced by bottom-

up chemical synthesis with very special material properties (refer to chapter 3 for a 

detailed discussion on the growth techniques of CNTs). CNTs can be visualized as 

rolled-up graphene sheets. Depending on the number of graphene layers present, 

nanotubes can be classified as single, double or multi-walled CNTs (Figure 1.6) [21]. 

Among these, single-walled carbon nanotubes (SWCNTs) are of primary interest [21].

SWCNTs were first synthesized by the research group at IBM, USA [22] in 1993. 

SWCNTs represent a classic example of quasi-1-dimensional materials in terms of 

electronic transport [23].  
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Figure 1.6. A representation of (a) a single-walled carbon nanotube (SWCNT) and (b) a 

multi-walled carbon nanotube (MWCNT). MWCNTs have multiple concentric layers of 

graphene rolled-up inside each other.   

 Nanotubes can be rolled-up from a graphene sheet along particular wrapping 

orientations (Figure 1.7), called the chiral axis, which is defined by (i) a chiral index 

(n,m), (ii) a wrapping (or chiral) vector W and (iii) an orthogonal vector, T. The 

wrapping vector can be any linear combination of the unit vectors, a1 and a2 of the 

honeycomb lattice. The angle between the unit vector a1 and W is called the chiral 

angle of the CNT (Figure 1.7), which is defined as [24]:  

2 2

3( )
arccos

4( )

n m

n m mn
f

æ ö+
ç ÷=
ç ÷+ +è ø      

 (1.2) 

The radius, r of the nanotube can be defined with the help of the chiral index as [24]:  

2 203

2 2

aW
r n m mn

p p
= = + +

3W

      

(1.3) 

where a0 (=0.14 nm) is the distance between the nearest carbon atoms in the graphene 

lattice. Based on this definition, three kinds of nanotubes can be distinguished; with 

chiral indices (n,n), (n,0) and (n,m). They are respectively called armchair, zigzag and 

chiral nanotubes (Figure 1.7). The properties of the nanotubes, especially their 

electronic properties, are extremely sensitive to their chirality. The following section 

describes the properties of CNTs that make them a promising candidate as mechanical 

components for NEMS applications.           

(b) (a) 
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Figure 1.7. (On the left): A representation of a graphene sheet showing the different 

possible wrapping vectors along different directions, resulting in the different chiralities of 

nanotubes. (On the right): Examples of SWCNTs with chiral indices (6,6): armchair, (9,0): 

zigzag and (11,3): chiral nanotubes. Reproduced from [25].      

1.2.3 Electronic and mechanical properties  

 SWCNTs have very interesting electronic and mechanical properties that make 

them ideal candidates for being used as mechanical components in nano 

electromechanical systems. To understand the electronic properties and charge 

transport through nanotubes, it is important to understand their electronic band-

structure. Since SWCNTs are rolled-up sheets of graphene, their band-structure can be 

derived from that of graphene. Figure 1.8 shows the real space and reciprocal space 

lattices of a graphene sheet. The electronic properties of a material are dependent on 

the electron distribution near the Fermi energy [24]. The 2-D dispersion relationship of 

graphene can be obtained for the bonding (+) and anti-bonding (-) bands using a tight-

binding approximation [25]:  

2

2 0

3
( , ) 1 4cos cos 4cos

2 2 2

yx x
D x y

k ak a k a
E k k t

æ ö æ ö æ ö= ± + +ç ÷ ç ÷ ç ÷ç ÷ è øè øè ø
 (1.4) 

Where E2D is the energy of the 2-dimensional graphene lattice as a function of the 

reciprocal space vectors kx and ky, t0 (=2.5 eV) is the nearest neighbor C-C overlap 
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integral and a (=0.24 nm) is the lattice constant [25]. This dispersion relationship is 

plotted in Figure 1.9 for both bands as a function of kx and ky. It can be seen that the 

conduction band �touches� the valence band at six points at the level of the Fermi 

energy (EF) which coincide with the corners of the first Brillouin zone (Figure 1.8) 

[24]. They are called the K-points or the van Hove singularities [24]. This is the reason 

that graphene is referred to as a semi-metal, or a zero band-gap semiconductor [24]. 

This also gives rise to the unique properties of graphene like the zero effective mass for 

the electrons and holes transport [25]. This in short is the band-structure of graphene. 

 

Figure 1.8. Real space (on the left) and reciprocal space (on the right) lattices of graphene. 

In the real space, the unit cell is represented by the area enclosed in the light grey area, 

which consists of two carbon atom, which are the two distinct atoms in the graphene 

lattice. In the reciprocal space, the first Brillouin zone is represented by the light grey area, 

which forms the shape of a hexagon. Reproduced from [25].        

 Given the cylindrical geometry of the nanotubes, we define two k directions in the 

reciprocal lattice of the nanotube, k|| and k�, corresponding to its axial and the radial 

directions respectively (Figure 1.10). Typically, the diameter of a CNT is much smaller 

than its length. This means that the quantization of the energy states in the k-space 

along the CNT length is much less significant than along the circumference. As a 

result, the wave vectors along the k|| direction are densely spaced and can be effectively 

considered continuous compared to the quantized wave vectors along k�. The band-

structure of CNTs is derived from that of graphene by imposing the following cyclic 

boundary conditions [25] to compute the allowed values of k�: 

 2W k dk jp p^× = =W k dkdkdkkk dkd       (1.5) 

where d is the nanotube diameter and  j is an integer.  
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Figure 1.9. Energy dispersion relationship of graphene over the first Brillouin zone 

(calculation based on equation 1.3). At the Fermi level, the conduction and the valence 

bands touch each other. This results in zero band-gap  

 The spacing, Dk� between the quantized wave vectors is equal to (2/d), which 

implies that the smaller the nanotube diameter, the larger the circumference-

quantization will be. This quantization leads to the formation of the 1-D sub-bands 

(certain allowed k� bands). These 1-D sub-bands around the first Brillouin zone in the 

reciprocal space form the electronic band-structure of the nanotubes (Figure 1.11). One 

of the most wonderful properties of nanotubes is going to become apparent now. Based 

on the position of the 1-D sub-bands relative to the K-points, SWCNTs can either be 

metallic or semiconducting. When the 1-D sub-bands intersect with the K-points 

exactly, where the conduction and the valence bands meet, the nanotube is metallic.  

Otherwise, the nanotube is semiconducting.  

 

Figure 1.10. Directions of the radial (k") and the axial (k|| ) k vectors around a SWCNT.    
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Figure 1.11. 1-D energy dispersion relationship of (a) a metallic SWCNT and (b) a 

semiconducting SWCNT. Reproduced from [25].    

The positions of the 1-D sub-bands, relative to the K-points are dependent on the 

geometry of the Brillouin zone, that is, in other words the relative positions of the 

carbon atoms in the nanotube lattice (or the chirality). Hence, nanotubes can be 

metallic or semiconducting based on their chirality. Figure 1.12 shows typical 

examples of electronic density of states of metallic and semiconducting SWCNTs.  

 CNTs also possess attractive mechanical properties in addition to their interesting 

electronic properties. Nanotubes are among the strongest materials known to date [26]. 

They owe their mechanical robustness to the strong sp
2
 C-C bond in the graphene 

lattice [26]. The two most important mechanical properties of a material are, the elastic 

modulus, E (s!= eE) that describes the stress (s) - strain (e) relationship and the tensile 

strength (ss), which is the maximum mechanical stress that a material can endure 

before deforming. It was theoretically predicted that the elastic modulus of nanotubes 

could range between 0.3-1.3 TPa [27], while their tensile stress could be between 10-

40 GPa [28]. However, it is complicated to measure these parameters due to the small 

size of the CNTs. AFM and electron microscopy were successfully employed and 

elastic modulus in the range of 1 TPa and tensile strength around 40 GPa were 

measured experimentally confirming the theoretical predictions [26, 29]. Moreover, 

SWCNTs have a very low mass density (around 1350 kg m
-3

) [30], making them 

extremely flexible, while being mechanically strong at the same time. These 

measurements also led to the observation that a mechanical modification of nanotubes 

resulted in the changes in their electronic conduction [31-32]. This is because the 

electronic properties of CNTs are highly sensitive to geometric configurations of the 

atoms. This strong coupling between their mechanical and electronic properties of 

CNTs, makes them extremely interesting materials for NEMS applications. 

(a) (b) 
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Figure 1.12. Density of states (DOS) of a semiconducting SWCNT (on the left) and a 

metallic SWCNT (on the right). It can be seen that for the semiconducting nanotubes, there 

is a small band-gap around the Fermi level (E=0 eV) and the DOS varies with changing 

energy. For a metallic SWCNT, the DOS remains constant for a range of energies around 

the Fermi level and then starts to vary for higher energies. This is the reason why the 

conductance of the metallic SWCNTs cannot be modified by applying a gate voltage as the 

DOS around the Fermi level is constant. However, semiconducting SWCNTs can be gated 

and their conductance can be modified in a comparatively easier manner by applying a 

gate voltage. Reproduced from [33].          

1.3 State-of-the-art on CNT resonators  

 As described in the previous section, CNTs show huge promise for use as 

mechanical resonators in NEMS applications due to their interesting electronic 

properties, mechanical robustness, flexibility and their piezoresistance behavior that 

helps in detecting the mechanical displacement of nanotubes from the changes in their 

electrical conduction. One of the first works in the literature on CNT resonators was 

reported in 1999 [34], soon followed by Gao et al. in 2000 [35], when they measured 

the elastic modulus of MWCNTs. In early works like these, the mechanical motion of 

the nanotubes was directly imaged in an electron microscope chamber. Typical 

resonance frequencies in the order of 1 MHz were measured for these MWCNT 

resonators [34]. In 2004, an electrically controlled actuation/detection technique, taking 

advantage of the piezoresistance behavior of the nanotube to detect its own mechanical 

motion was first demonstrated [36]. This had a huge impact in the CNT-NEMS world, 

as it turned out to be an elegant technique to successfully measure resonance 

frequencies up to the gigaHertz regime. This provided the much needed impetus for the 

fabrication and testing of a variety of CNT-based NEMS like flexural resonators [36], 

torsional resonators [37] and longitudinal resonators [13] for niche applications such as 

ultra-sensitive mass sensors [38].  Moreover, devices at the length-scale of typical 

NEMS structures present us with unique opportunities to study new and exciting 
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phenomena at the atomic and quantum regimes. This opened up a vast topic of research 

interest, in which special quantum mechanical phenomena like zero-point motion [13], 

single electron and tunneling [14], coulomb blockade and quantum dot behavior [15] 

could be studied.                      

 In the literature, NEMS prototypes with CNTs are usually fabricated by growing 

nanotubes by the chemical vapor deposition (CVD) process [39] on insulating 

substrates, followed by post-growth lithographic techniques to define the appropriate 

electrodes [15, 25, 30, 36]. Such processes are however highly serendipitous, and are 

not relevant for industrial-scale production. Therefore, industry-relevant fabrication 

techniques for processing a specific amount of SWCNTs per device at pre-defined, on-

chip locations with the appropriate orientation are greatly desirable. Moreover, it is 

important to have the nanotubes suspended to ensure mechanical functionality in 

NEMS applications. Typical CVD growth temperatures between 600 
O

C � 1200 
O
C are 

often necessary to grow CNTs of a good crystalline quality. Such high temperatures are 

however not suitable for above-CMOS heterogeneous integration schemes. On the 

other hand, nanotubes have also been assembled at room temperature from a solvent 

medium onto pre-fabricated templates by dielectrophoresis (DEP) [40]. During DEP, a 

non-uniform electric field is used to induce an aligning torque and a translational 

motion in electrically neutral particles caused by polarization effects [41]. Fabricating 

SWCNT resonators using CMOS-friendly materials and methods is highly desirable as 

it could lead to devices and systems with increased functionalities. This thesis 

addresses precisely this technological gap, which is currently a major roadblock for the 

fabrication of SWCNT-based mechanical resonators.      

1.4 Motivation and Objective of the thesis  

 The major motivation of this thesis in using carbon nanotubes as mechanical 

resonators in NEMS applications against more conventional materials like silicon (Si) 

can be seen from Equation 1.1. The mechanical resonance frequency is directly 

proportional to the Young�s modulus of the resonator material and inversely to the 

resonator�s cross-sectional area and mass density. Table 1.1 shows a numerical 

comparison of these parameters between Si and SWCNTs [1].  
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Parameter SWCNT Si 

Young�s modulus (E) 0.3-1.3 TPa
*1

 0.13-0.22 TPa
*2

 

Mass density (r) 1350 kg/m
3
 2320 kg/m

3
 

Typical radius (r) 1-2 nm ~60 nm
*3

 

Typical cross-sectional area (S) 3.14-6.28 x10
-18

 nm
2
 ~1.88 x10

-15
 nm

2
 

Typical resonance frequency
*4

 22-46 MHz 0.47-0.62 MHz  

 Table 1.1. A comparison of physical parameters between SWCNT and single crystalline Si, 

showing the motivation for SWCNT NEMS devices. 
*1

: Values depending on diameter and chirality of SWCNTs.  
*2

: Values depending on crystallographic orientation and doping.  
*3

: An indication of typical minimum radius or thickness of Si beams that can be fabricated     

using conventional lithographic and etch techniques [42].  
*4

: Fundamental flexural mode resonance frequency calculated for a 1 mm long resonator.    

   

     The Young�s modulus of SWCNTs is typically about 3-10 times larger than that of 

Si, resulting in mechanically robust beams and much higher resonance frequency of 

SWCNT resonators. The typical area of cross section of SWCNT resonators is about 3 

orders of magnitude smaller than typical Si beams that have been reported in the 

literature till now. The mass density of Si is about 2 times that of a SWCNT. These 

factors lead to a mechanical resonance frequency that is two orders of magnitude 

higher for the SWCNT resonators compared to Si resonators. It is also worth 

mentioning at this juncture that for similar reasons, our objective was to fabricate 

mechanical resonators from SWCNTs rather than MWCNTs. This is because; 

SWCNTs have a higher Young�s modulus [24], lower mass density and smaller radii 

resulting in higher mechanical resonance frequencies compared to MWCNTs.             

 The objective of this work is to develop an industry-relevant technique to fabricate 

devices comprising of horizontally aligned individual SWCNTs suspended over the 

substrate (to ensure their mechanical functionality) at multiple and specific on-chip 

sites in parallel, preferably in a CMOS-compatible process. It is important to 

emphasize that the major motivation behind this thesis is more to develop and optimize 

the fabrication process rather than to focus on obtaining the best electrical or 

electromechanical performance of our devices. However, we shall endeavor to measure 

the performance of our devices fabricated by industry-friendly techniques to ensure 

that the devices are indeed mechanically active.                 
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1.5 Thesis outline  

 This thesis begins with the description of the design and fabrication of the generic 

template structures that were used as test-vehicles (chapter 2) for the localized CNT 

growth and directed assembly experiments. Two techniques, namely localized CNT 

growth and directed assembly were both tested to fabricate horizontally suspended 

SWCNTs in a CMOS friendly manner.  

 Chapter 3 discusses the experiments involving electrochemical deposition of the 

catalyst particles and localized nanotube growth from these particles. Chapter 4 

presents a detailed description of the theory and working principle behind of the 

Dielectrophoresis process. Chapter 5 deals with the directed assembly experiments of 

multi-walled carbon nanotubes (MWCNTs) by dielectrophoresis (DEP) on-to the pre-

fabricated electrode structures (described in chapter 2). This chapter describes the 

experimental methods for preparing MWCNT dispersions in an organic solvent and for 

performing the directed assembly experiments. The results of the dielectrophoresis 

experiments are then discussed in detail. The MWCNTs were found to be selectively 

deposited on the templates and the effect of the electrode geometry on the yield of 

MWCNTs between the electrode pairs was studied. This chapter then discusses the 

optimization of DEP parameters with SWCNTs. The first part of the chapter contains 

detailed descriptions of the characterization of the SWCNT dispersions using Raman 

and optical spectroscopic techniques. Following this, a direct relevance of our 

spectroscopic studies of the dispersions in successfully achieving controlled SWCNT 

assembly by dielectrophoresis is demonstrated.  

 Chapter 6 is dedicated to the results of the electrical characterization of SWCNTs 

assembled between the pre-fabricated electrode pairs by dielectrophoresis. The results 

of DC electrical characterization of the suspended SWCNTs are first discussed, after 

which the experiments towards reducing the contact resistance of the SWCNTs are 

presented. The second part of the chapter presents the results of the electromechanical 

measurements of suspended nanotube resonators along with detailed theoretical 

discussions to support our measurement data. Chapter 7 presents the conclusions and 

the main highlights of this thesis, justifying the success of this work towards meeting 

the above-mentioned objectives. A detailed benchmarking of the performance 

capabilities of a typical SWCNT resonator against a top-down Si resonator is presented 

to prove the merits of nanotube resonators for commercial applications. To end with, 

the thesis presents an outlook into the future prospects of this work and the possible 

applications of SWCNT mechanical resonators.             
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2.1 Introduction  

 This chapter discusses the design and fabrication of the generic template structures 

that were used as test-vehicles for the experiments of localized CNT growth and 

directed assembly, which will be described in the forth-coming chapters. Arrays of 

triangular electrode pairs were designed and fabricated as template structures for the 

growth and directed assembly experiments. The electrodes design was such that 

multiple electrodes could be addressed in parallel, increasing the throughput of the 

processes. The templates were fabricated on 200 mm wafers using standard Si micro-

fabrication process steps. This chapter also describes the complete process flow used 

for the fabrication of the templates. 

2.2 A brief introduction to the process flows 

 The objective of this thesis, as mentioned in the introduction chapter, is to develop 

an industry-relevant technique to fabricate horizontally aligned individual SWCNT 

resonators suspended over the substrate (to ensure their mechanical functionality) at 

multiple and specific on-chip sites in parallel. For achieving this objective, we identify 

two fabrication techniques, namely Dielectrophoretic assembly of carbon nanotubes 

(DEP) on-to pre-fabricated templates [1] and directed growth of carbon nanotubes [2].  

 The process flow of DEP involves dispersing commercial carbon nanotube samples 

(in the powder form when synthesized) in a liquid medium. A droplet containing the 

CNTs suspended in the liquid medium is then placed on a silicon chip with pre-

fabricated templates on its surface. A non-uniform electric field is applied on the 

template structures to attract the suspended CNTs to the specific sites on the chip 

where the gradient of the electric field square is maximum1 [1]. In order to maximize 

the gradient of the field on the chip surface, we propose to design and fabricate 

template structures with a sharp tip, such as a triangular (metallic) electrode pair, with 

an air-gap between them, as shown in Figure 2.1a. Due to the concentration of the field 

gradient close to the tips, the nanotubes that are suspended in the liquid medium are 

attracted towards the tips of the electrodes and are deposited on them. These triangular 

(metallic) structures also act as electrode terminals to electrically contact the deposited 

carbon nanotubes to characterize them electrically.  

                                                   
1 Chapter 4 discusses the principle of the DEP process in detail and explains the role of the 

non-uniform electric field in aligning the CNTs. 
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 The process flow for the directed CNT growth method was also proposed based on 

the triangular electrode structures that were designed for the dielectrophoresis process. 

Figure 2.1b and c show a schematic illustration of the process flow of the directed CNT 

growth method. In short, it involves depositing a nanotube growth catalyst particle at a 

specific position in a localized manner on the electrode pair with the help of E-beam 

lithography (Figure 2.1b) and growing horizontally aligned carbon nanotubes that are 

directed towards the opposing electrodes such that they bridge the air-gap between the 

electrode pair (Figure 2.1c). Chapter 3 describes the techniques and results of the 

catalyst deposition and the nanotube growth in detail. 

 

Figure 2.1. (a) An illustration of the DEP process in which the CNTs that are suspended in 

the liquid medium are deposited between the triangular electrode pair (separated by an 

air-gap). The gradient in the electric field is maximum close to the tip of the electrodes 

where the CNTs are attracted to (described in Chapter 4). (b) An illustration showing the 
nanotube growth catalyst particle deposited locally with the help of E-beam lithography 

and electrochemical deposition (described in Chapter 3). (c) A schematic illustration of the 

CNT growth process showing a horizontally aligned carbon nanotube grown between the 

two electrodes bridging the air-gap (described in Chapter 3).          

(a) (a)))

(b) (b)

(c) 
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2.3 Design of templates 

 As mentioned in the previous section, dielectrophoresis (DEP) [1] and directed 

growth of CNTs [2] were identified as suitable methods for fabricating horizontally 

aligned suspended carbon nanotubes. For both these techniques, it is important to have 

template structures that allow the fabrication of the desired CNT devices in parallel at 

multiple sites with the right nanotube orientation. This chapter presents in detail the 

design and fabrication of these template structures that are used in both the methods to 

fabricate CNT-based NEMS structures.                        

 Three lithographic layers were designed to fabricate the template structures. 

Vertical via structures to connect surface bond-pads to a bottom metallic layer, 

electrode structures on the sample surface, and catalyst holes on top of the electrode 

structures for patterning the catalyst deposition areas formed the three lithographic 

layers. These will be explained in detail in Section 2.3.1 and Section 2.3.2. While the 

vias and the electrode structures were patterned by optical lithography (with 365 nm 

and 248 nm lithographic technologies respectively), the catalyst holes were patterned 

by electron beam (e-beam) lithography because of their very small target dimension. 

Figure 2.2(a) shows a screen-shot of the design of one individual die. This design was 

then stepped to pattern a full 200 mm wafer, as shown in Figure 2.2(b). 

2.3.1 Structures and features in the reticle design                    

 The layers to be defined by optical lithography were the following: 

a.! MEMSVIA layer 

b.! ELEKTR layer  

The MEMSVIA layer consisted of a 10x10 matrix of square shaped vias 

(400x400 nm
2
) for each bond-pad to be defined in the die. These via holes acted as 

connecting pins between the surface bond-pads and a metallic bottom electrode layer. 

This bottom metal layer could be used as a ground plane during dielectrophoresis or as 

a back-gate during electrical characterization. The purpose of the bottom metal layer 

and the vias will become more apparent in the later sections and chapters, when the 

principles of dielectrophoresis and the 3-terminal electrical characterization are 

discussed.   
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Figure 2.2. (a) Design of a single 2x2 cm2 chip (or die). (b) The design of the 200x200 mm 
wafer with the multiple individual dies.             

The ELEKTR layer consists of the following structures and features: 

(a)! Structures dedicated for alignment and measurement of critical 

dimensions during optical lithographic steps.  

(b)! An array of eight �+� shaped markers (~100x100 mm
2
) along each 

edge of the die. These are used as alignment markers for defining the 

catalyst holes with e-beam lithography (Figure 2.3).  

(c)! 4-probe �van der Pauw� structures [3] for measuring the sheet 

resistance of the metallic layer used for patterning the electrodes.  

(d)! 2-probe electrode structures consisting of multiple triangular electrode 

pairs, separated by an air-gap. One electrode of every pair, called the 

bias electrode (BE) is connected to a common electrode, the universal 

electrode (UE). The other electrode of every pair is called the floating 

electrode (FE) (Figure 2.4).2     

(e)! 4-probe electrode structures as shown in Figure 2.5.  

(f)! A series of square-shaped dummy structures (5x5 mm
2
) that are used 

to fill in the empty spaces around the above structures. This helps to 

get a better filled-to-empty area ratio on the chip to improve the etch 

performance of the layers.  

                                                   
2 The reasoning behind the nomenclature of the electrodes will become more apparent 

during the discussion of the dielectrophoresis process. 
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Figure 2.3. A detailed view of the left bottom corner of the die showing the triangular 
visual marker and the series of �+� shaped E-beam markers. (Inset shows a zoom of the E-

beam markers).   

 The 2- and the 4-probe electrode structures acts as electrical contacts for the 

deposited or grown CNTs and were designed with the following variations:   

(a)! The air-gap between the electrodes range from 200 nm to 1500 nm (in 

steps of 100 nm). The motivation behind the different electrode gaps 

is to obtain CNT resonators of different lengths.      

(b)! The area of each triangular electrode in an electrode pair is either 

30 mm
2
 or 60 mm

2
.    

(c)! The triangular electrodes are designed with different angles at the tip, 

namely 15, 30, 45 and 60 degrees. The difference in the angle of the 

electrode tips will help create a different electric field gradient. This 

will be discussed in detail during the discussions on the process of 

dielectrophoresis in Chapter 4.    

2.3.2 Catalyst holes with e-beam lithography  

  Carbon nanotube growth requires a suitable catalyst as described in the 

introduction chapter. Since our objective is to fabricate individual SWCNT resonators, 

it is important to have a very low density of catalyst particles (ideally, just one 

nanoparticle) at the appropriate location(s) on the chip. This requires a very small area 

to be patterned before the catalyst preparation step. The 2- and the 4-probe electrode 

structures (described in Section 2.3.1) are used as templates for patterning the catalyst 

holes. 
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Figure 2.4. Arrays of 2�probe electrode structures. These consists of triangular electrode 
pairs with an air-gap in-between. The text label next to the electrodes series indicates the 

area of the triangular electrode, the angle at the tip of the electrode and the gap between 

them in each series.         

 

Figure 2.5. Design of the arrays of 4-probe electrode structures. These electrodes were 
also designed with the different electrode geometries and gap spacing.     

Circular holes of diameter about 70 nm (Figure 2.6) are patterned by e-beam 

lithography. Since the target diameter of the holes for this work is extremely small, 

conventional optical lithography (at least the 248 nm lithography technology) cannot 

be used because its resolution is not good enough to pattern such small holes. Electron 

beam lithography (EBL) on the other hand, has already been used to pattern structures 

with feature size down to 15 nm [4]. EBL is a mask-less lithography technique that 
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uses focused electron beams to directly �write� the required patterns on the samples.  

The catalyst holes are patterned on all the 2- and the 4- probe electrode structures, with 

an offset of 700 nm to 1 mm inwards from the electrode tip, depending on the electrode 

geometry. Since all the bias electrodes in one die (or a full-wafer) are connected to the 

universal electrode, it is possible to deposit catalyst in parallel on all the different 

electrodes by a parallel technique like electrochemical deposition (ECD) [5]. This will 

be discussed in detail in chapter 3.  

 

 

Figure 2.6. An illustration of the design of a 70 nm catalyst hole on top of the electrode 
structures. The catalyst holes are patterned with E-beam lithography and the catalyst 

particles were deposited by electrochemical deposition selectively inside the exposed 

catalyst holes. Please refer to Chapter 3 for more discussions on this.       

2.4 Wafer-scale fabrication of templates        

 Figure 2.7 shows a cross-sectional illustration (not to scale) of the stack of materials 

used for the fabrication of the electrode structures. Two different process flows were 

used for our studies, each with different stack of materials. In the future chapters of this 

thesis, the different stacks will be referred to as �stack A� (Figure 2.7a) and �stack B�

(Figure 2.7b). Parallel fabrication of SWCNTs at multiple on-chip sites while having 

each electrode pair electrically independent from the other, could be achieved with the 

help of a design that is based on capacitive coupling [1]. In this scheme, one electrode 

among each electrode pair is biased (bias electrode-BE) by using a combination of AC 

and DC voltages with respect to the GE (ground electrode), while the other electrode is 

left floating (floating electrode-FE). The individual floating electrodes all couple 

capacitively to the bottom metallic layer (in Stack A) or the Si substrate (in stack B). 

The structures are designed in such a manner that the BE of each electrode pair over 

the entire die (2x2 cm
2
) or wafer (200 mm), shares a common electrical connection 

(universal electrode-UE), while the individual FEs are electrically isolated 
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(Figure 2.8b). The Si substrate acts as a common GE for all the electrode pairs on the 

wafer. Hence, by probing at two specific points (UE and GE), it is possible to address 

each electrode pair on a die or a 200 mm wafer in parallel to carry out DEP using this 

scheme.  

2.4.1 Stack A 

 The fabrication of the stack A samples started with 200 mm p
++

 doped silicon (Si) 

wafers, on which a 1 mm thickness of high density plasma (HDP) silicon oxide (SiO2) 

was deposited to isolate the substrate from the rest of the layers. This was followed by 

the deposition of a titanium (Ti) / aluminium (Al) / titanium nitride (TiN) stack 

(20 nm / 880 nm / 60 nm). This bottom metallic plane could be used as a back-gate (for 

3-terminal measurements) during electrical characterization or as the ground electrode 

(GE) during dielectrophoresis3. After this, a 600 nm thick HDP SiO2 layer and a 

400 nm thick SiC layer were deposited as isolation layers. The wafers were then 

sintered at 455
O

 C for 30 minutes to allow out-gassing of the trapped gases from the 

SiC layer, which is a layer of high density and stress. This helps in relaxing the stress 

in the SiC layer.  

 

Figure 2.7. Illustrations (not to scale) of the cross-sectional view of the stack of materials 
used in the fabrication of the samples. (a) Stack A, in which the surface bond-pads were 

connected to the bottom Ti/Al/TiN metallic layer with the help of a series of tungsten vias. 

The surface electrodes were patterned with a 150 nm TiN layer for some wafers and for 

others with 30 nm TiN/120 nm Pt. (b) Stack B, in which a thermal oxide was grown on the 

Si substrate and the surface electrodes were patterned with a 100 nm TiN layer.           

                                                   
3 The reasoning behind the nomenclature of this electrode will become more apparent 

during the discussion of the dielectrophoresis process. 
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 At specific locations on the top surface of the samples (on top of the SiC layer), 

bond-pads leading to the GE were designed. To electrically connect the surface bond-

pads to the bottom metallic plane (GE) (through the SiO2/SiC layers), series of 

400x400 nm
2
 square-shaped vias (the MEMSVIA layer) were printed on the resist 

layer on top of the SiC with optical I-line lithography (with 365 nm wavelength 

source). The vias were etched into the SiC/SiO2 layer using a fluorine dry etch 

chemistry. The vias were then filled up by depositing a TiN liner and CVD tungsten 

(W). The TiN liner increases the adhesion between the W and the SiC layers. The 

wafers were then planarized with a chemical mechanical polishing (CMP) step of the 

W layer, stopping on SiC. This results in wafers with the SiC layer on top and with 

exposed W vias only at the positions where surface bond-pads to the bottom metallic 

layer are connected. A TiN layer (150 nm) was then deposited by physical vapor 

deposition (PVD) technique.  The surface electrodes and bond-pads (and the other 

structures in the ELEKTR layer) were finally patterned using deep-UV (DUV) optical 

lithography, using a 248 nm wavelength source. This was then followed by TiN etch 

using a pure HBr chemistry in an RF plasma environment. This process flow resulted 

in samples with TiN electrodes on the surface and a series of bond-pads connected to 

the bottom metallic layer. Some typical scanning electron microscope (SEM) pictures 

of the as-fabricated structures after planarization and after the full process flow are 

shown in Figure 2.8a and Figure 2.8b respectively. A difference in the contrast 

between the two electrodes (UE, on the left-hand side and FE, on the right-hand side) 

can be observed (Figure 2.8b). This is because the surface area of the FE is much lower 

than that of the UE. So, the electrons (from the SEM beam) charge-up the FE more 

intensely than the UE, because of the higher charge accumulation on the FE. Since the 

electrodes are on an insulating substrate, the charges accumulated on the electrodes 

cannot drain to the substrate. This results in the contrast of the metallic electrodes.       

 A part of the stack A wafers were processed with platinum (Pt) surface electrodes 

instead of TiN electrodes. The above process flow remained the same till the chemical 

mechanical polishing (CMP) operation. After the planarization of the wafers, a 30 nm 

TiN and a 120 nm platinum (Pt) layer were deposited in a single process step, without 

breaking the vacuum of the deposition chamber between the two depositions. This was 

done to avoid the formation of an interfacial oxide on the TiN surface. The TiN/Pt 

layers were then etched using an argon (Ar) sputter-etch in an RF plasma environment. 

Since Pt is chemically very inert, it is difficult to etch the Pt layer with the standard dry 

or wet etch chemistries used for etching metals. Hence, a strong sputter etch process is 

required to pattern the Pt layer. A SEM picture of typical electrode structures resulting 

after the TiN/Pt etch is shown in Figure 2.9. 
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Figure 2.8. SEM images of the samples processed with stack A. (a) Typical cross-sectional 
view of the layers after planarization. The W vias (highlighted with white-dashed border 

lines) are used to connect to the bottom metallic plane. (b) Top-view SEM image of a 

typical electrode pair (after the full process flow) with one of the electrodes in the pair 

being connected to a common metallic plate (UE) and the other electrode electrically 

floating (FE). Inset: A detailed view of the electrode pairs with the air-gap in-between 

them.          
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Figure 2.9. A top-view SEM image of the electrode pairs with stack A, fabricated with 
30 nm TiN / 120 nm Pt layers. This corresponds to the layout shown in Figure 2.3. Unlike 

the TiN structures, no considerable contrast difference between the UE and the FE was 

observed in the SEM images of the Pt structures. This could be because Pt charges-up 

more efficiently from the electron beam, because of its higher atomic number compared to 

Ti.                 

2.4.2  Stack B  

 Figure 2.7b shows an illustration of the cross-sectional view of the stack of 

materials used in the fabrication of wafers with stack B. The fabrication of these wafers 

also started with 200 mm p
++

 doped silicon (Si) wafers. A 500 nm thick thermal oxide 

layer was grown on the front and back side of the wafers at 950
O
 C. This was followed 

by the deposition of a 100 nm thick TiN layer. The surface electrodes were then 

patterned using DUV optical lithography, using a 248 nm wavelength source. This was 

then followed by a TiN etch using a pure HBr chemistry in an RF plasma environment. 

This process flow resulted in samples with TiN electrodes on the surface. Some typical 

scanning electron microscope (SEM) pictures of the as-fabricated structures after the 

complete process flow are shown in Figure 2.10. The wafers with stack B were 

fabricated because their process flow was much easier compared to the ones with stack 

A and could be used as samples for rapid testing of the dielectrophoresis process. The 

highly doped Si substrate was used as the GE during DEP and as the gate electrode 

during electrical characterization, in place of the bottom metallic electrode in stack A 

(Figure 2.8a).  
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Figure 2.10. Top-view and (Inset:) cross-sectional SEM images of the templates fabricated 
with stack B after the full process flow.    

2.5 Summary of this chapter 

·! A wafer-scale design was made with three lithographic layers to process the 

template structures required to fabricate carbon nanotube devices by DEP and 

directional growth methods.  

·! The templates will act as pre-defined on-chip sites for the fabrication of the 

nanotube resonators.  

·! The three lithographic layers consisted of  

o! the patterns of the via structures, used to connect the surface bond-pads to 

the bottom metallic layer (in the case of stack A). 

o! the surface electrodes (2- and 4-probe structures), which acted as electrical 

contacts for the nanotubes. 

o! the catalyst holes patterned by e-beam lithography.  

·! The templates with the two different stacks of materials, namely stack A and 

stack B, were fabricated on 200 mm wafers using optical lithography and 

standard Si micro-fabrication techniques.  
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3.1 Introduction  

 This chapter discusses the experiments involving electrochemical deposition of the 

nanotube growth catalyst particles and localized nanotube growth. The first section of 

this chapter starts with a brief introduction on electrochemical methods used for the 

deposition of the CNT growth catalyst. We then describe the optimization of catalyst 

deposition on blanket substrates (with no pre-defined templates) by ECD. The second 

section of the chapter starts with an introduction about the techniques used for growing 

CNTs, with special emphasis on the catalytic CVD process. The chapter then describes 

the CNT growth experiments on TiN blanket substrates. The catalyst nanoparticles are 

then deposited by ECD in parallel at several pre-defined positions on templates, with 

the help of e-beam lithography. Finally, we present the results of the localized 

nanotube growth experiments on the electrode structures.  

3.2 Growth catalyst and electrochemical deposition  

 The introduction of this thesis already briefly discussed the importance of a catalyst 

during CNT growth by CVD. To be able to grow good quality carbon nanotubes (with 

high levels of graphitization and low defect density), a transition metal catalyst is most 

often required [1]. The size (diameter) and the density of the catalyst particles will 

directly determine the diameter of the resulting nanotubes and their growth density [2]. 

Hence, it is important to be able to control the catalyst deposition process to achieve 

the desired CNT diameter and density for a particular process scheme or application. 

Since our objective was to (preferably) grow an individual SWCNT bridging each 

electrode pair, it would be good to have a very low density of catalyst nanoparticles 

(ideally, just one) at each CNT growth site. Furthermore, the catalyst deposition at the 

desired on-chip sites has to be preferably performed in a parallel manner using 

techniques that are compatible with Si micro fabrication techniques. This would help 

the integration of the CNT fabrication process with well-established CMOS process 

flows [3]. Taking the above factors into consideration, we chose to deposit the CNT 

growth catalyst on the pre-fabricated templates by the method of electrochemical 

deposition (ECD) [4]. 

 Among the various metals that have been used as catalyst for growing CNTs by 

CVD, iron (Fe), nickel (Ni) and cobalt (Co) are the commonly used catalysts [1]. These 

metals are often also used in combination with a catalyst promoter, like molybdenum 

(Mo) [1]. Since we were interested in developing a CNT fabrication process which 

would allow an easy integration with CMOS process flows, an appropriate growth 
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catalyst had to be chosen. Additionally, it is preferred to deposit the chosen catalyst 

material by ECD as this would allow parallel and selective catalyst deposition as 

discussed further below. Among the three catalyst metals listed above, Fe is a 

commonly used catalyst, having most success in growing single-walled carbon 

nanotubes (SWCNTs) [1]. However, the presence of Fe has a very detrimental effect 

on the CMOS device performance as it creates an effective recombination center in the 

band-gap of silicon and drastically decreases the minority carrier lifetime [5]. 

Moreover, Fe diffuses quite rapidly during thermal processing and therefore would be 

very mobile during the high temperature processes, like during nanotube growth [5]. 

Hence, the choice of Fe as the growth catalyst was ruled out. Co and Ni on the other 

hand, are more commonly used materials in CMOS process flows, especially as metal 

silicides to fabricate ohmic contacts and gate electrodes [6]. Additionally, Ni 

electroplating on metallic surfaces is a very well established process, commonly used 

to increase corrosion resistance of metals. We therefore chose Ni as our growth catalyst 

to be deposited by ECD. As described in chapter 2, the template structures were 

fabricated with TiN surface electrodes. So, the ECD of Ni nanoparticles was performed 

on blanket TiN substrates and in templates on top of TiN electrode structures.  

 The major objective of the experiments presented in this chapter was to 

electrochemically deposit Ni nanoparticles with as small diameter as possible 

(preferably around 2-3 nm) at specific sites on the TiN electrodes and to grow 

SWCNTs from them. Since our final objective was to fabricate an individual SWCNT 

resonator, we were interested in depositing a very low density of catalyst particles 

(ideally, an individual nanoparticle) by ECD. Also, the objective was to grow the 

(SW)CNTs to lengths of about 1.5 mm, as the longest electrode gap between the 

electrode  structures was 1.5 mm and this therefore would be the minimum length 

required to bridge these gaps by the nanotube. Our choice of the final catalyst synthesis 

parameters and the nanotube growth recipes were made based on these specifications.            

3.2.1 Introduction to ECD 

 Electrochemistry is the branch of chemistry that deals with the chemical reactions 

that take place at the interface of a solid electrode (a metal or a semiconductor) [7] in a 

solution medium, which is usually an ionic conductor (the electrolyte). Figure 3.1 

shows an illustration of a general system, called the electrochemical cell, in which 

electrochemical reactions are carried out. An electrochemical cell consists of two half-

cells, each with an electrolyte and an electrode as shown in Figure 3.1. The two half-

cells are called the anode and the cathode respectively. Among the various kinds of 

electrochemical reactions, like electrochemical deposition (or plating), etching (or pore 

formation) etc, the class of reactions that lead to electrochemical deposition are of 
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particular interest in our study as they can be used to deposit the CNT growth catalyst 

metal. 

 Electrochemical deposition involves the deposition of a metal on the surface of the 

cathode by reduction of the desired metal ion from an aqueous electrolyte solution. 

This is represented in terms of a chemical reaction as: 

( ) ( )M  + ne   Mn

aq s

+ - ®
       

(3.1), 

 

Figure 3.1. A general schematic representation of an electrochemical cell (in particular, a 

Galvanic cell), showing the two half-cells being connected by an electrically conducting 

salt-bridge.     

 The redox (REDuction-OXidation) reactions leading to the metal deposition occur 

at the material interface between the electrode and the electrolyte in the two half-cells 

of the electrochemical cell. The electrode-electrolyte interface, also known as the 

electrical double layer (Helmholtz double layer), consists of the outer surface of the 

solid electrode, a layer of adsorbed water molecules and solvated ions. This leads to the 

development of a local electric potential at the electrode surface with respect to the 

respective electrolyte of the half-cell. This is known as the electrode potential. The 

potential difference between the anode and the cathode is defined as the potential 

difference of the electrochemical cell (Ucell), which leads to a current flow between the 

two electrodes when they are connected. Even though the potential difference between 

the two electrodes can be measured, the absolute electrode potential of one half-cell 

cannot be measured independently. Therefore, a hydrogen electrode,                                          

( ) 2 (g)2H   2e   Haq

+ -+ ®
      

(3.2), 
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is defined as a standard universal electrode with 0 V electrode potential [8]. The 

electrode potentials of all the other electrode-electrolyte systems are then calibrated 

with respect to the standard hydrogen electrode (SHE).  

 An electrochemical reaction in a half-cell like the reaction (3.1) will occur 

spontaneously when the Gibbs free energy change (DG) associated with the reaction is 

negative, as given by the equation: [7]  

cellG nFUD = -        (3.3) 

where n is the number of electrons exchanged during the reaction and F is Faraday�s 

constant (~96485 C/mol). When the free energy change associated with the reaction is 

positive, the reaction is no longer spontaneous and an external potential is necessary to 

carry out the reaction.  

 The amount of material produced during an electrochemical reaction (for example 

the number of moles or the thickness of the metal deposited on the cathode surface) is 

directly related to the current flowing between the anode and the cathode per unit time, 

i.e. the charge flowing through the system [4]. 

3.2.2 ECD of catalyst on blanket substrates  

Figure 3.2 shows an illustration of the 3-electrode set-up used for the 

electrodeposition of the CNT growth catalyst on blanket substrates and templates. 

Autolab PGSTAT30 set-up (Metrohm) controlled by the general purpose 

electrochemical system (GPES) software was used to control the applied potential or 

current and measure the feedback from the system. The set-up consists of the following 

components.  

(a)! An aqueous solution of a nickel salt, which acts as the source of Ni
2+

 ions in 

the system. Two different electrolytes were used in our studies. One was a 

0.1 M NiSO4.6H2O + 0.1 M Na3C6H5O7 chemistry (citrate bath) with the pH 

adjusted to 6.9 with NaOH pellets and the other was a 0.01 M Ni(NO3)2 + 

1 M NaCl chemistry (chloride bath) and NH4Cl was used to adjust the pH to 

8.3.  

(b)! The working electrode (WE), the electrode at which Ni
2+

 reduction occurs, is 

the TiN blanket substrate with an exposed electrode area of 1.54 cm
2
.  

2

( ) ( )Ni   2e   Niaq s

+ -+ ®      (3.4) 
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(c)! A Pt mesh is used as a counter electrode (CE), where the oxidation of water 

takes place. 

( ) 2( ) 2 ( )4OH   O 2 4aq g lH O e- -® + +     (3.5) 

(d)! A Ag/AgCl/3M NaCl reference electrode (RE), with an electrode potential of 

0.209 V with respect to SHE was used to measure the potential at the working 

electrode. To control precisely the particle density and diameter of the ECD Ni 

nanoparticles on TiN, it is first important to study and understand the 

electrochemical cell and the parameters used for the deposition process. 

  

Figure 3.2. An illustration of the 3-electrode set-up used for Ni depositions on TiN blankets 

and templates. The substrate on which the Ni was deposited formed the working electrode 

(cathode) in the set-up. A Pt mesh was used as a counter electrode (anode). The potential 

was applied at the WE with respect to the Ag/AgCl/3M NaCl reference electrode. The RE is 

placed as close as possible to the WE with a luggin capillary to accurately measure the 
potential across the WE.   

 In the literature [4, 7], the chloride and citrate baths were used to deposit Ni 

nanoparticles of small diameters and low deposition density. Hence, we chose to use 

these deposition electrolytes for our experiments. A standard technique by which an 

electrochemical cell can be studied is cyclic voltammetry (CV) [9]. During a CV 

experiment, the potential of the working electrode (UWE) is scanned at a particular rate 

between two pre-set potentials. It is often one of the first experiments conducted in 

most electrochemical studies as it quickly gives information about redox potentials of 

the species of interest in the electrochemical cell and other competing reactions in the 

system. In a typical experiment, the UWE was scanned from the open circuit potential 

(the UWE at which no current flows through the system) towards the more negative 
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potential region to study the cathodic processes. At the first set potential, the direction 

of the potential scan is reversed and scanned towards the other set-potential in the 

anodic regime, passing through the open circuit potential (OCP). The potential sweep 

is allowed to continue until the UWE reaches the OCP again, which is the potential at 

which no current flows through. Figure 3.3 shows typical examples of CV response 

curves for Ni deposition on a blanket TiN substrate. 

   

 

 

 

Figure 3.3. Typical example of a cyclic voltammograms (scan rate: 20 mV/s) on 2x2 cm
2
 

TiN blanket substrates (with an effective WE area of 1.54 cm
2
 defined by an O-ring) with 

(a) chloride bath and (b) citrate bath chemistries.          

 We observe that the cyclic voltammograms of both the citrate and the chloride 

baths are very similar to each other. There is a strong Ni
2+

 reduction peak, at an onset 

potential of about -1.0 V and a rather weak oxidation peak centered around -0.4 V 

Anodic scan (oxidation) 

Cathodic scan (reduction) 

Anodic scan (oxidation) 

Cathodic scan (reduction) 
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during the anodic scan. This is an expected feature in the voltammograms of Ni 

deposition as Ni that is deposited on the surface readily oxidizes and hence cannot be 

stripped efficiently, especially in a non-acidic medium. The cyclic voltammograms 

also help in determining the potential to be applied during the Ni deposition 

experiments. In the case of the solutions studied in our experiments, we concluded that 

a reduction potential greater than -1.0 V has to be applied in order to reduce the Ni
2+

 

ions to metallic nickel on the TiN substrate. 

 To deposit a matrix of Ni nanoparticles on TiN blanket substrates, we apply a 

constant current (or current density) to the working electrode (TiN substrate) for a 

given amount of time in the Ni electrolytic bath. This technique of deposition of Ni 

particles under constant current density is known as galvanostatic deposition. The time 

of deposition was calculated from Faraday�s law based on the amount of charge 

required to deposit the target (equivalent) thickness of the Ni particles. For instance, 

Figure 3.4 shows the potential response curve of a typical galvanostatic deposition 

experiment of Ni on a blanket TiN substrate. To deposit a Ni layer of (equivalent) 

thickness 1 nm, a cathodic current density of -5 mA/cm
2
 was applied to the TiN 

substrate for a period of 0.6 s (obtained from Faraday�s law).       

Figure 3.4. A typical example of the potential response curve during galvanostatic 

deposition of Ni on TiN blanket substrate using the citrate bath (Effective electrode area: 

1.54 cm
2
). A constant current density -5 mA/cm

2
 was applied for 0.6 second. The target 

(equivalent) thickness was 1 nm (calculated from Faraday�s law). Ag/AgCl/3M NaCl 

reference electrode was used.         

 Detailed studies on the nucleation models and size-controlled electrochemical 

synthesis of metal nanoparticles by controlling the charge of the electrochemical bath 

have been widely reported in the literature [4, 7, 9]. The current applied to the WE and 

the deposition time, in other words, the total charge supplied to the system determines 
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the amount of Ni deposited. This is true when the current efficiency of the 

electrochemical system is 100 %. The current efficiency of a system is determined by 

the fraction of the total charge that is consumed in bringing about unwanted or other 

side-reactions rather than the reaction of interest (in our case, reduction of Ni
2+

 to Ni) 

[7]. In such cases, when a fraction of the charges is lost in competing reactions like the 

oxidation of water, the equivalent thickness of the Ni layer deposited in reality will not 

be the same as the one calculated from Faraday�s law. Therefore, the actual thickness 

of the deposited Ni layers was measured using Rutherford Backscattering Spectrometry 

(RBS) [10]. Figure 3.5 shows the results of the RBS measurements of Ni layers with 

different (equivalent) thicknesses. Figure 3.6 shows typical SEM pictures of Ni 

nanoparticles deposited on TiN blanket substrates by galvanostatic depositions. 

 Ni particles were deposited at a constant current density of -5 mA/cm
2
 for 0.6, 0.9 

and 1.2 seconds respectively with target (equivalent) thicknesses of 1, 1.5 and 2 nm. 

The actual (equivalent) thicknesses measured by RBS were respectively 0.2, 0.6 and 

0.8 nm. 

 

Figure 3.5.An example of RBS measurement of metallic Ni particles deposited on TiN 

blanket substrates using the citrate chemistry (as shown in Figure 3.6.      
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Figure 3.6. Typical SEM pictures of Ni nanoparticles deposited on TiN blanket substrates 
(citrate chemistry). The average particle size was measured by taking the statistical mean 

of many individual nanoparticles from each sample.   

 Table 3.1 shows a comparison of the diameters of the Ni catalyst particles deposited 

by the two different chemistries and their current efficiencies. The average particle 

sizes were measured from the SEM pictures. 

Chemistry 

Target Ni 

thickness 

(nm) 

RBS Thickness 

(nm) 

Current  

Efficiency 

Average Ni 

particle diameter 

(nm) 

Citrate  

bath 

1 0.2 20% 7.2 

1.5 0.6 40% Data not available 

2 0.8 40% 15.5 

Chloride 

bath 

1 0.3 30% 12.5 

1.5 0.4 26% Data not available 

2 0.7 35% 16 

 Table 3.1. Comparison of the current efficiencies and the diameter of the Ni nanoparticles 
deposited using the two different chemistries.   

 It can be clearly seen that the citrate bath results in Ni nanoparticles with much 

smaller diameter than the chloride bath. The possible reason for this behavior is 

discussed in section 3.3.2 along with the results of CNT growth from the catalyst 

particles from the two different chemistries.   
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 Since our final objective was to deposit (ideally) one catalyst nanoparticle per 

growth site (with the help of lithographic techniques), the deposition was not studied or 

optimized for particle density, which is otherwise a commonly studied parameter for an 

ECD process. In the forthcoming section, the experiments on CNT growth on these 

ECD Ni catalyst particles are presented.             

3.3 Introduction to CNT growth  

 The next step after depositing the Ni catalyst particles on the TiN blanket substrates 

is to grow carbon nanotubes from them. Carbon Nanotubes have been conventionally 

grown by a variety of techniques like arc-discharge [11], laser ablation [12], high 

pressure carbon monoxide (HiPco) process [13] and chemical vapor deposition (CVD) 

[14].  

 During an arc-discharge process, a powerful electric arc is produced at a low 

pressure between two high purity graphite rods separated from each other by a small 

distance (1-2 mm). Currents as high as 100 A are passed through the graphite rod. The 

carbon in the cathode sublimes due to the high discharge temperatures (around 

1000 
O
C to 1500 

O
C) and is re-deposited as carbon nanotubes on the cathode.  

 During a laser ablation process, a high purity graphite rod impregnated with a metal 

catalyst like Co, Nb or Pt is ablated with a high intensity laser pulse in an inert 

atmosphere. During this process, the growth temperature can be as high as 2400 
O

C 

and usually high purity single-walled CNTs (SWCNTs) could be produced by this 

method [13].  

 The HiPco process was first developed by the team of Richard Smalley in 1998. 

During this process, a gaseous catalyst precursor, like iron pentacarbonyl is allowed to 

rapidly mix with a jet of carbon monoxide (CO) gas inside a chamber at high pressure 

and temperature. The catalyst precursor decomposes, forming nanometer sized iron 

particles which catalyze the disproportionation reaction of the CO gas into SWCNTs.  

3.3.1 CNT growth by CVD 

 The CVD process offers a great deal of flexibility in fabricating CNTs. The 

diameter and the density of the CNTs can be controlled from the starting configuration 

of the catalyst particles [2]. CVD is one of the very few techniques by which CNTs can 

be directly grown on a substrate of technological importance, like a Si wafer. Also, the 

nanotube growth temperature during CVD can be varied from as low as 400 
O
C to 

1500 
O
C, making it a more flexible process, suitable for a variety of substrates and 

materials. A major advantage of the CVD process is that it is possible to scale-up the 

amount of nanotubes produced and has been the most promising technique for 
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commercial scale production of CNTs due to its lower price/unit ratio compared to the 

other techniques [1]. Considering the above advantages, we chose to adopt the catalytic 

CVD process to grow CNTs on our blanket substrates and templates with the 

electrodeposited Ni catalyst particles. However, a typical CVD process results in a 

wide chirality distribution of nanotubes and achieving chirality control during CNT 

growth still remains a huge challenge and a hot topic of research.   

 CVD is one of the most commonly used techniques to grow carbon nanotubes in 

the literature [15]. It is a process that involves vapor-phase decomposition of a carbon-

containing precursor on the surface of a metal catalyst particle like Fe, Ni or Co. Figure 

3.7 shows a simple pictorial description of the main steps involved in the CVD process. 

Typically, an array of catalyst nanoparticles supported on a substrate, for instance a 

silicon wafer or a chip, is placed inside the reaction chamber maintained at high 

temperatures (between 400-1500 
O
C). Depending on the chamber temperature and the 

particle size of the catalyst, the nanoparticles can either be in solid-phase or liquid-

phase on the substrate [16]. A carbon-containing gaseous precursor, like methane, 

ethylene or acetylene is allowed to pass over the supported catalyst particles for a given 

period of time. This process can either be carried out at ambient pressure or at low 

pressures. The metal catalysts help in decomposing the carbon precursor at such high 

chamber temperatures into atomic carbon, hydrogen and other hydrocarbon radicals. 

The dissociated carbon atoms continue to diffuse (or dissolve) into the catalyst 

particles until they are saturated with carbon. At this point, all the diffused (or 

dissolved) carbon atoms start to self-assemble in the form of carbon nanotubes. The 

diameter of the grown nanotube has a direct correlation to the size of the starting Ni 

nanoparticle [2, 16]. The reaction chamber is then cooled and the substrate with the as-

grown CNTs from the catalyst particles can be taken out of the chamber.  

 The role of the under-layer on which the catalyst particles are deposited and the 

nanotubes are grown is an important factor in the growth process. Most often in the 

literature, nanotubes are grown on insulating substrates, like SiO2, Al2O3 or zeolites 

[1, 2, 15, 16]. This is because; there is strong interaction between the transition metal 

catalyst (Fe/Co/Ni) particles and the oxide under-layer that prevents them for 

aggregating during the CNT growth at such elevated temperatures [16]. Since the 

catalyst nanoparticles strongly interact with the oxide under-layer, they remain as 

individual particles, acting as effective nucleation sites for nanotube growth. However,  

to grow nanotubes on metallic underlayers (like TiN or Pt) is more interesting for 

practical applications (as they act as electrical contacts to the nanotubes), but is much 

more challenging. This is because; the transition metal catalyst is highly mobile on the 

surface of the metallic underlayer at high temperatures. This causes them to aggregate 

easily and hence to grow nanotubes on metallic layers is a bigger challenge [1, 16]. 

There have been a few reports in the literature on the direct growth of CNTs on non-
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insulating layers [1, 4]. To successfully grow CNTs on metallic underlayers, lower 

growth temperatures and faster nucleation conditions are very important factors [1]. 

          Sometimes, radio-frequency (RF) or microwave plasma is used in the CVD 

chamber. This helps in providing extra activation energy, in addition to the thermal 

energy, to dissociate the gaseous carbon precursors and initiate the nanotube growth. 

As a result, nanotube growth in the presence of a plasma can usually occur at much 

lower temperatures than conventional thermal CVD. This technique is called plasma 

enhanced CVD (PECVD) and Figure 3.8 shows an illustration of a typical PECVD 

reaction chamber [17]. 

 

 

 

Figure 3.7. An illustration of the general growth mechanism of CNTs during CVD process. 
(a) Tip-growth of CNTs occurs when the interaction between the substrate and the catalyst 

particle is weak. (b) Base-growth of CNTs occurs when the substrate-catalyst interaction is 

strong. (Reproduced from Ref. [1]).     
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Figure 3.8. An illustration of the (PE)CVD chamber that was used for growing carbon 
nanotubes on TiN blankets and template structures.  

3.3.2 CNT growth on blanket substrates  

 CNTs were grown on blanket TiN substrates with ECD Ni catalyst by a thermal 

CVD process at temperatures (on the wafer surface) ranging from 450 
O
C to 550 

O
C in 

a CNT growth tool from Oxford Instruments Plasma Technology (OIPT) with an 8-

inch graphite stage. CNTs could be grown at temperatures ranging from 400 
O

C to 

800 
O

C. Since CMOS-compatibility of the CNT fabrication method is one of our major 

objectives, we were restricted to as low growth temperatures as possible, preferably 

400-450 
O
C. The as-grown CNTs were inspected with a secondary electron microscope 

(SEM) for their length and diameter distribution. The following nanotube growth 

recipe was adopted from the reference [18], in which the authors had successfully 

demonstrated nanotube growth on TiN substrate with Ni catalyst particles: 

catalyst pre-treatment: 200 sccm H2 + 600  sccm Ar / 533 Pa / 5 minutes 

CNT growth: 10 sccm C2H2 + 490 sccm Ar / 533 Pa / 10 minutes 

 The catalyst pre-treatment step acts as an activation step prior to the nanotube 

growth. The Ni nano particles deposited by ECD are prone to air-oxidation when 

exposed to atmospheric conditions [1]. Hence, an in-situ pre-treatment in a hydrogen 

atmosphere is used to reduce the nickel oxide to metallic nickel particles. Additionally, 

in cases where metallic thin-films (for example, PVD films) are used as catalyst layers, 

the pre-treatment step is also useful to break the thin-film up into small metallic 

particles, from which the nanotubes nucleate [1]. During the carbon nanotube growth 

step, a carbon containing gas is allowed to enter the reaction chamber (acetylene in our 

recipe) and it dissociates due to the thermal energy of the chamber. The active carbon 

species, like the carbon free radicals, or ions then diffuse on the surface of the metal lic 

catalyst particles and when the particles are saturated, the carbon species precipitates 
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out and self-assemble in the form of carbon nanotubes [1, 2]. The carbon nanotube that 

precipitates out of the catalyst particle continues to grow until the catalyst is poisoned 

or deactivated [1] due to amorphous carbon formation on the particles.           

 We observed successful CNT growth on TiN blankets between 450-550 
O

C 

during the thermal CVD process. The chamber was first heated up to the target 

temperature in the presence of Ar flow. The pre-treatment and the growth steps were 

carried out and finally the chamber was again cooled down to room temperature in an 

Ar atmosphere. Figure 3.9 shows typical SEM pictures of CNTs grown from Ni 

catalyst particles on TiN blanket substrates at 450 
O
C. Figure 3.10a and b show the 

average length and the diameter distributions respectively of the CNTs grown from the 

Ni particles deposited from the two baths respectively (Figure 3.10). 

 

Figure 3.9. Typical cross-sectional SEM pictures of nanotubes grown on TiN blankets. This 
particular growth was carried out on a sample with 1 nm (equivalent) thickness of ECD Ni 

catalyst deposited using the citrate chemistry.  

 Figure 3.10. Plots showing (a) the average CNT length and (b) the average CNT diameter 

grown from the citrate and the chloride chemistries for charge corresponding to 1 and 

2 nm equivalent (target) thicknesses (galvanostatic deposition conditions described in 

Section 3.2.2). TiN blanket substrates with 1 and 2 nm thick Ni film deposited by physical 

vapor deposition (PVD) were used in this study for comparing the CNTs grown from the 

ECD catalysts.     
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We observe that for the growth recipe used in our experiments, the Ni particles 

deposited from the citrate bath resulted in nanotubes with much smaller diameter than 

the chloride bath or PVD Ni, with a minimum diameter of around 7.5 nm. However, 

the minimum CNT diameter achieved from the chloride bath was 14 nm. Also, the Ni 

particles from the citrate bath resulted in longer nanotubes (up to 2 mm), while the 

chloride bath resulted in much shorter nanotubes (0.75-0.85 mm). This could be 

attributed to the slightly acidic pH of the citrate bath that introduces a higher 

concentration of hydrogen ions in the solution during Ni
2+

 reduction. The acidic pH 

might help in an in-situ reduction of the nickel particle surface which is prone to quick 

oxidation. This reduction might help in decreasing the diameter of the Ni particles after 

their deposition. This might also result in Ni species that are catalytically more active, 

hence slowing down the catalyst poisoning effect during the nanotube growth, resulting 

in longer CNTs. For the CNT growth recipe tested, the Ni catalyst particles from the 

citrate chemistry therefore resulted in nanotubes that meet the specifications mentioned 

in Section 3.2. Hence, the citrate bath was chosen to deposit the catalyst particles on 

the electrode structures to grow CNTs in a localized manner as described in the 

following sections.  

3.3.3 Localized ECD of Catalyst on templates  

 As a next experiment, the Ni nanoparticles were selectively deposited at the desired 

sites on the templates structures using E-beam lithography. After the e-beam exposure 

of the catalyst holes and resist development, the template structures with the array of 

exposed catalyst holes were used as the working electrode in the electrochemical cell 

for depositing nickel. Figure 3.11 shows an illustration of the samples used in the 

localized Ni electro-deposition. It was described in chapter 2 that the bias electrodes of 

all the electrode pairs in a single chip were connected together by a universal electrode. 

So, an array of such catalyst holes could be addressed during ECD by having the 

universal electrode as the working electrode of the cell. The catalyst holes are the only 

exposed metallic areas in contact with the solution in the cell as the other parts of the 

templates are still covered by the e-beam resist (Figure 3.11). Ni deposition by ECD 

therefore occurs selectively inside the array of catalyst holes on top of the TiN 

electrodes. After the Ni deposition, the sample is rinsed with distilled water and the e-

beam resist is stripped by a thorough rinse in acetone and isopropyl alcohol (IPA). 

Figure 3.12 shows a SEM picture of the electro-deposited Ni catalyst island on top of 

the TiN electrode after the e-beam resist was stripped.  
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Figure 3.11. A schematic cross-sectional view of the template structures used in selective 

catalyst particle deposition. Catalyst holes of 70 nm diameter were defined using E-beam 

lithography and localized ECD of Ni particles was carried out immediately after the 

exposure and development of the E-beam resist inside the catalyst holes.    

 

Figure 3.12. SEM picture of a localized Ni island deposited on top of the electrode 
structures inside the E-beam defined catalyst hole using the citrate chemistry. This 

deposition was carried out at a constant WE potential of -1.2 V versus the Ag/AgCl/3M 

NaCl reference electrode for 250 millisecond.  

 This process resulted in a 100% yield of localized Ni nanoparticles. The deposition 

was successful in all the exposed catalyst holes on the electrodes of a given chip, 

proving the robustness and the reliability of the ECD process.    
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3.3.4 Localized CNT growth on templates  

 Figure 3.13 shows SEM pictures of nanotubes grown with the thermal CVD recipe 

described in Section 3.3.2.  

 

Figure 3.13. Typical SEM pictures of CNTs grown from the localized ECD Ni catalyst 
(deposition conditions described in the caption of Figure 3.8) on top of the electrode 

structures by a thermal CVD process at 450 
O
C.  

 It can be observed that the nanotubes can be grown in a very localized manner on 

the templates, as the catalyst was deposited at only specific sites. Also, the control in 

the density of the grown nanotubes was good, with two or sometimes even one carbon 

nanotube growing from each catalyst island. Defining smaller catalyst holes on the 

templates would be a possible way by which the control in the growth density could 

further be improved to just one nanotube per electrode pair. The nanotube growth yield 

(with either 1 CNT or more) on the electrodes from the catalyst islands was 45%. 

However, it was observed that the nanotubes did not exhibit the required directionality 

during their growth. They did not grow towards the opposing electrode and hence did 

not bridge the air-gap between the electrodes, which was our objective. Hence, this 

growth methodology could not be used to fabricate horizontally aligned suspended 

CNTs.    

 As our CVD growth experiments failed to produce horizontally aligned CNTs 

bridging the electrode gap, we explored some experimental tricks reported in the 

literature to induce directionality during the growth of nanotubes so that they grow in 

the desired orientation. These are discussed in the following section.     

3.3.5 Achieving directional CNT growth: Outlook   

 One way by which nanotubes could be grown with the desired orientation was by 

using in-situ plasma during the CNT growth. In the literature, this method has been 
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successfully used to demonstrate directional CNT growth in the vertical direction [19]. 

Figure 3.14 shows SEM picture of a typical growth experiment using the selected 

growth recipe with an additional presence of a 40 W RF plasma (13.56 MHz) during 

the CNT growth step. We observe that the nanotube grown in the presence of the 

plasma is morphologically different (probably carbon nanofiber - CNF) than the ones 

grown from the thermal recipe. This could be the effect of the high energy ions from 

the RF plasma on the morphology of the growing CNTs. Also, the nanofibers showed 

signs of being oriented vertically (upwards from the substrate) rather than towards the 

other electrode (Figure 3.14a). This could be because, in our growth set-up, the 

direction of the plasma was perpendicular to the substrate in the vertical direction, 

while a plasma direction that is parallel to the growth substrate would have induced the 

desired horizontal orientation to the growing nanotubes.  

 

 

Figure 3.14. Typical SEM pictures of CNF grown from the localized ECD Ni catalyst on 
top of the electrode structures by plasma enhanced CVD process at 450 

O
C in the presence 

of a 40 W RF plasma.      

 Another simple, but a very effective methodology of achieving directional growth 

was by growing CNTs on specific substrates with certain crystallographic orientations, 

like monocrystalline quartz substrates [20]. The growing nanotubes tend to follow the 

crystallographic orientation of the substrate and thus grow with the desired 

directionality. However, this technique is not directly relevant to Si substrates. Among 

the techniques mentioned above, the use of in-situ electric field during CNT growth is 

the most promising technique to achieve directional CNT growth. With suitable growth 

equipment facilities, this could be used as an effective method of growing CNTs with 

the right orientation in a well controlled and a repeatable manner. It has been reported 

in the literature that the flow pressure of the gaseous CVD precursors could be used to 

grow directional CNTs parallel to the substrate in a horizontal tube reactor [15]. 

However, the CNT growth in conventional horizontal quartz tube reactors is known to 
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be highly serendipitous and not much data is available in the literature about the 

reproducibility of this process [21]. There have been a few other techniques by which 

nanotubes were grown in a directional manner. It was demonstrated that nanotubes 

could grow with the desired orientation between pre-defined electrodes, in the presence 

of an applied electric field [22]. This technique however requires the presence of 

electrical connections inside the high temperature CVD chamber to contact the 

template structures. This facility was not available for us and hence this technique 

could not be tested. 

 From the results achieved from the CVD growth experiments, we also propose 

alternate electrode designs to improve the probability of the nanotube growing in the 

direction of the opposing electrode. Figure 3.15 shows an example of one such 

electrode configuration where the second electrode is placed all around the first 

electrode. This would increase the chance of the nanotube bridging the electrode gap 

irrespective of its growth direction.       

 

Figure 3.15. An illustration of an electrode pair with one electrode surrounding the other, 

showing the position of the growth catalyst. This increases the chance of the nanotube 

bridging the electrode gap irrespective of the growth direction during CVD.    

 We could not successfully grow CNTs with the preferred directionality with the 

available facilities, even though we could achieve excellent spatial control of CNT 

growth. This motivated us to discontinue our experiments of growing horizontally 

suspended CNTs bridging the electrode pairs and focus our efforts on the directed 

assembly technique of dielectrophoresis (discussed in the next chapter) to fabricate 

such devices.     

 



! 55!

 

3.4 Summary of this chapter 

·! ECD was identified as a robust technique to deposit the catalyst nanoparticles 

required for CNT growth.  

o! It offers excellent control in depositing catalyst nanoparticles for 

nanotube growth. 

o! It is a parallel technique, which can be used to deposit catalyst islands 

at multiple sites in a very selective way. It is also an extremely 

reproducible technique.  

·! Ni was chosen as the growth catalyst as it is a commonly used material in 

CMOS process flows in silicide gates and contacts, thus keeping our CNT 

fabrication scheme CMOS-compatible.  

·! Two different bath chemistries, namely the citrate bath and the chloride bath 

were used to electro-deposit Ni nano particles on TiN blanket substrates.  

o! Initial CV characterization of Ni deposition on TiN was carried out to 

understand the electrolytic cell and to study the redox potentials of the 

electro-active species in the bath.      

o! Ni nanoparticles with a specific (equivalent) thickness were deposited 

using a pre-defined total charge input on-to TiN blankets by 

galvanostatic methods.  

·! RBS was used to measure the actual (equivalent) thickness of the Ni particles 

on TiN blankets. By this technique, we could calculate the current efficiency 

of the electrochemical cell.  

·! A thermal growth recipe involving H2/Ar gases for catalyst pre-treatment and 

C2H2/Ar for the CNT growth at a pressure of 533 Pa was used to grow 

nanotubes.  

·! TiN blanket samples with Ni catalyst deposited from the citrate bath yielded 

longer and narrower CNTs than the ones grown from the Ni particles 

deposited with the chloride bath.  

·! Therefore, the citrate bath chemistry was used to locally deposit Ni catalyst 

particles on the template structures. E-beam lithography was used to define 

small catalyst holes of 70 nm diameter and the Ni was selectively deposited 

inside the catalyst holes.  

·! CNTs could be grown in a localized manner with a good control on the growth 

density.  
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·! However, CNTs could not be grown with the desired directionality on the 

templates. The CNTs were found to grow with a random orientation and did 

not bridge the two electrodes.  

·! This growth process could therefore not be used to obtain suspended CNTs, 

bridging the two electrodes as the nanotubes could not be grown with the 

desired directionality. 

·! Therefore, the experiments of directional CVD growth were discontinued and 

the process of dielectrophoresis was used to fabricate horizontally suspended 

CNTs bridged between the electrode pairs.        

References  

[1]  M. Kumar and Y. Ando, "Chemical Vapor Deposition of Carbon Nanotubes: 

A Review on Growth Mechanism and Mass Production," Journal of Nanoscience and 

Nanotechnology, vol. 10, pp. 3739-3758, Jun 2010. 

[2]  C. L. Cheung, et al., "Diameter-controlled synthesis of carbon nanotubes," 

Journal of Physical Chemistry B, vol. 106, pp. 2429-2433, Mar 14 2002. 

[3]  Y. Zhou, et al., "Localized Growth of Carbon Nanotubes on CMOS Substrate 

at Room Temperature Using Maskless Post-CMOS Processing," IEEE Transactions on 

Nanotechnology, vol. 11, pp. 16-20, Jan 2012. 

[4]  A. Romo-Negreira, et al., "Selective Growth of Carbon Nanotubes on Silicon 

from Electrodeposited Nickel Catalyst," Science of Advanced Materials, vol. 1, pp. 86-

92, Apr 2009. 

[5]  D. H. Macdonald, et al., "Iron detection in crystalline silicon by carrier 

lifetime measurements for arbitrary injection and doping," Journal of Applied Physics, 

vol. 95, pp. 1021-1028, Feb 1 2004. 

[6]  S. L. Zhang and M. Ostling, "Metal silicides in CMOS technology: Past, 

present, and future trends," Critical Reviews in Solid State and Materials Sciences, vol. 

28, pp. 1-129, 2003. 

[7]  L. Bard and A. Faulkner, Electrochemical Methods: Fundamentals and 

Applications, 2 ed. New York, USA: John Wiley & Sons, 2001. 

[8]  I. Szabo and S. Bakos, "Reference Electrodes in Metal Corrosion," 

International Journal of Corrosion pp. 1-20, 2010. 

[9]  A. C. Fischer, Electrode Dynamics. Somerset, UK: Oxford Chemistry Press, 

1996. 

[10] R. Schmidt, et al., "RBS measurement of the thickness of nanometer oxide 

layers: Adhesion strength between copper leadframe and molding compound correlated 



! 57!

 

with the oxide layer thickness," in Proceedings of the 1st IEEE Electronic Packaging 

Technology Conference, 1997, pp. 188-193. 

[11] C. D. Scott, et al., "Growth mechanisms for single-wall carbon nanotubes a 

laser ablation process," Applied Physics A-Materials Science & Processing, vol. 74, 

pp. 11-11, 2002. 

[12] M. J. Bronikowski, et al., "Gas-phase production of carbon single-walled 

nanotubes from carbon monoxide via the HiPco process: A parametric study," Journal 

of Vacuum Science & Technology a-Vacuum Surfaces and Films, vol. 19, pp. 1800-

1805, Jul-Aug 2001. 

[13] Y. M. Li, et al., "Growth of single-walled carbon nanotubes from discrete 

catalytic nanoparticles of various sizes," Journal of Physical Chemistry B, vol. 105, pp. 

11424-11431, Nov 22 2001. 

[14] N. R. Franklin, et al., "Integration of suspended carbon nanotube arrays into 

electronic devices and electromechanical systems," Applied Physics Letters, vol. 81, 

pp. 913-915, Jul 29 2002. 

[15] J. Kong, et al., "Chemical vapor deposition of methane for single-walled 

carbon nanotubes," Chemical Physics Letters, vol. 292, pp. 567-574, Aug 14 1998. 

[16] Y. Homma, et al., "Role of transition metal catalysts in single-walled carbon 

nanotube growth in chemical vapor deposition," Journal of Physical Chemistry B, vol. 

107, pp. 12161-12164, Nov 6 2003. 

[17] M. Meyyappan, et al., "Carbon nanotube growth by PECVD: a review," 

Plasma Sources Science & Technology, vol. 12, pp. 205-216, May 2003. 

[18]  N. Chiodarelli et al., "Integration and electrical characterization of carbon 

nanotube via interconnects," Microelectronic Engineering, vol. 88, pp. 837-843, 2011. 

[19] M. R. Maschmann, et al., "Freestanding vertically oriented single-walled 

carbon nanotubes synthesized using microwave plasma-enhanced CVD," Carbon, vol. 

44, pp. 2758-2763, Nov 2006. 

[20] N. Patil, et al., "Wafer-Scale Growth and Transfer of Aligned Single-Walled 

Carbon Nanotubes," IEEE Transactions on Nanotechnology, vol. 8, pp. 498-504, Jul 

2009. 

[21]  Y. Hanein, " Carbon nanotubes integration into MEMS devices," Physica 

Status Solidi B, vol. 247, pp. 2635-2640, Sep 2010.  

[22] Y. G. Zhang, et al., "Electric-field-directed growth of aligned single-walled 

carbon nanotubes," Applied Physics Letters, vol. 79, pp. 3155-3157, Nov 5 2001. 

 

  



58  CHAPTER 3: LOCALIZED CARBON NANOTUBE GROWTH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59!

Chapter 4  

 

Theory of Dielectrophoresis 



60  CHAPTER 4: THEORY OF DIELECTROPHORESIS 

4.1 Introduction  

 This chapter gives a general introduction to the process of DEP. The major 

motivation for choosing DEP to fabricate horizontally aligned suspended nanotube 

resonators is also outlined.  

4.2 Dielectrophoresis 

 The previous chapter described our efforts to grow CNTs on the electrode structures 

using a (PE)CVD process from Ni catalyst particles deposited by ECD. However, the 

CNTs grown by this technique did not exhibit the desired directionality on the 

templates. The CNTs were found to grow with a random orientation and did not bridge 

the two electrodes. Therefore, other techniques to fabricate horizontally aligned CNTs 

suspended between the electrode pairs had to be explored. The directed assembly 

technique of dielectrophoresis has been used in the literature with some success to 

assemble individual [1] or bundled CNTs [2] as well as other nano/micro structures. To 

carry out dielectrophoretic assembly, CNTs, which are usually synthesized in 

powdered form using techniques like CVD (described in Chapter 3), are first dispersed 

in an appropriate solvent. This can either be an organic solvent or a surfactant based 

aqueous medium. The CNT dispersion is then drop-casted on a certain pre-fabricated 

template in the presence of an electric field. The CNTs dispersed in the liquid medium 

are aligned by the electric field and attracted towards specific positions on the 

templates. This results in a site-selective deposition of nanotubes with the preferred 

orientation. The next section presents a detailed discussion on the underlying principle 

behind DEP and its mechanism of action.            

4.2.1 DEP: principles and mechanism  

 DEP is defined as the motion of matter in the presence of a non-uniform electric 

field due to polarization effects [3]. The basic working principle of the DEP process is 

explained below.    

 In a uniform electric field (Figure 4.1a), a charged particle experiences a net force 

towards the electrode of the opposite charge, while a dipole (permanent or induced) 

experiences a torque that aligns the dipole along the direction of the field. However, 

the dipole experiences no net force in a uniform field because the forces acting on the 

positive and the negative poles are exactly equal and opposite of each other 

(Figure 4.1a). Hence, a dipole cannot be transported in a uniform electric field. In the 
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presence of a non-uniform field however, the dipole experiences a net force and a 

torque [3] as shown in (Figure 4.1b).  

 

Figure 4.1. (a) Torque experienced by a dipole in a uniform electric field. There is no net 

force acting on the dipole. (b) In a non-uniform electric field however, an electrically 

neutral particle gets polarized (instantaneously) and induces time dependent dipoles 

(determined by its polarizability). This results in a net force on the particle.     

The generic expression for the force, F acting on a dipole in a non-uniform electric 

field is given as [3]:  

F p E= ×Ñ         (4.1) 

where p ( Eau= ) [3] is the dipole moment, Ñ  is the del operator representing the 

gradient of the field, E is the applied electric field, a is the polarizability of the dipole 

and u is the volume of the body. Therefore, F can be written as [3]:  

( ) 21

2
F E E Eau au= ×Ñ = Ñ      (4.2) 

The force thus depends on the polarizability of the material and the gradient of the 

electric field squared. For a cylindrical object like a carbon nanotube, the force (FDEP) 

and the torque (tDEP) experienced in a non-uniform field are respectively given by [4]:  
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where d is the nanotube diameter, l is its length, esol is the real relative permittivity of 

the solvent, �Re� stands for the real part of the term inside the square brackets, e*
sol and 

e*NT are the complex relative permittivities of the solvent and the nanotube 

respectively, L is the depolarization factor (typically around 0.2 for CNTs [4]), E is the 

electric field applied, eo is the permittivity of free space (8.854x10
12

 F m
-1

), aa  and 

a^  are respectively the polarizabilities of the nanotube in the axial and radial 

directions (Figure 4.2) and q is the angle between the nanotube axis and the applied 

electric field. The magnitude of the DEP force experienced depends on the diameter 

and length of the nanotubes and the relative permittivity of the solvent in which they 

are dispersed. Also, the force is proportional to the gradient of the square of the electric 

field, and not the magnitude of electric field itself. This means that a non-zero 
2EÑ  is 

necessary for the nanotubes to experience a DEP force. This is always true in the case 

of a non-uniform electric field. Moreover, the effectiveness of DEP in relation to the 

other particle displacement mechanisms is dependent on the characteristic length of the 

samples, which is defined as the typical size of the particles and the gap between the 

electrode structures used for DEP. It has been reported that for characteristic lengths 

less than 10 microns, the displacement of a particle due to the DEP force is much more 

significant than the particle displacement mechanisms like Brownian motion, buoyancy 

or gravity [5]. This is shown in Figure 4.3. Electro-osmosis (at 1 kHz) can be a 

significant effect, however for the frequencies of the electric field we use in our 

experiments (typically a few MHz), we see that the effect of electro-osmosis is also 

much less significant than DEP.               
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Figure 4.2. The polarizabilities of a CNT in the radial and axial directions. Typically for 

SWCNTs, a a^>>a a  [6] and hence the torque experienced by a nanotube in a non-

uniform electric field aligns it along the axis of its length.    

 

Figure 4.3. Particle displacement in 1 second versus the characteristic length of the 

samples. (Reproduced from Ref [5]). The typical lengths of the nanotubes used in our 

experiments are in the order of 1 mm. Hence, their characteristic length lies in the order of 

10
-6

 m in the above plot (shown in the area shaded in grey). At this length scale, and in the 

frequency regime used in our DEP experiments, it can be seen that DEP is the most 

significant mechanism in operation.        

 The real part of Equation 4.3, contained in the square parenthesis, is called the 

Claussius-Mossotti factor, which is a pre-factor to the gradient of the square of electric 

field. Since the value of L is small, the sign of the Claussius-Mossotti factor determines 

the direction of the dielectrophoretic force. When
* *

NT sole e> , the pre-factor to the 
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gradient of the square of electric field is positive and the nanotubes experience a DEP 

force towards the position of maximum electric field gradient. This is called positive 

dielectrophoresis [7]. When
* *

NT sole e< , the pre-factor to the gradient of the square of 

electric field is negative and the nanotubes experience a DEP force moving away from 

the area of maximum electric field gradient. This is called negative dielectrophoresis 

[7]. The values of e*
sol and e*

NT are determined by the choice of the nanotube species 

and the solvent used in the dielectrophoresis experiment. Additionally, they are also 

dependent on the frequency of the applied electric field [4]: 

* x
x x

is
e e

w
= -         (4.5)     

where, e is the real part of the relative permittivity, 1i = - , s is the conductivity and 

w is the angular frequency of the applied field. Consequently, the nanotubes can be 

assembled either in the positive or the negative DEP regime by appropriately changing 

the frequency of the applied field.           

 While the DEP force is responsible for the translational motion of the nanotubes 

dispersed in the solvent medium, the torque experienced by the CNTs aligns them 

along the direction of the electric field. The aligning torque experienced by the CNTs 

is proportional to ( )a a^- )^ . The polarizability of the nanotubes in the axial direction 

is much greater (in most cases, at least two orders of magnitude greater) than their 

polarizability in the radial direction [6]. Hence, the torque experienced by the 

nanotubes helps in aligning them horizontally along the axis of their length in the DEP 

field.  

 The arrays of triangle-shaped pre-fabricated electrode structures (described in 

chapter 2 of the thesis), help in creating a strong localized electric field gradient close 

to their tips. These electrodes, where the nanotubes are attracted to because of the DEP 

force therefore act as sites for the directed-assembly of the nanotubes.                                             

4.2.2 Difference between EPD and DEP 

 The process of DEP is often confused with Electrophoretic deposition (EPD), 

which is defined as the motion of dispersed charged particles relative to a fluid in a 

spatially uniform electric field. Unlike electrophoresis, DEP can be used to align and 

deposit electrically neutral particles [3]. It must be pointed out however that the 

process of DEP is different from EPD in a number of ways, and the most important 

differences are [7]:  

1.! DEP requires a highly non-uniform electric field (with respect to space or 

time or both), while EPD can occur in either a non-uniform or a uniform 

field.  
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2.! The force experienced by a particle in a DEP field is highly dependent on 

the difference in the dielectric constants of the particle (nanotubes) and the 

medium (dispersion solvent), while in the case of EPD, the force depends 

on the charge density of the particles.  

3.! In a DEP field, the direction of motion of the particles does not depend on 

the direction of the applied electric field. The particles experience a 

translational force towards the area with the maximum gradient in electric 

field (as shown in Equation(4.3), and not towards an area of a particular 

field polarity. In the case of EPD however, a reversal in the field polarity 

causes a reversal in the direction of motion of the particle.   

4.! DEP generally requires higher field strengths than EPD.          

4.3 Summary of this chapter  

 The theory and the working principle behind the process of dielectrophoresis were 

presented in detail in this chapter.  
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Chapter 5  

 

Dielectrophoresis of MWCNTs 

and SWCNTs 
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5.1 Introduction 

 The previous chapter described the working principle of the dielectrophoresis 

process with CNTs. This chapter first discusses the preliminary DEP experiments of 

multi-walled carbon nanotubes (MWCNTs) on-to the pre-fabricated electrode 

structures (described in chapter 2). Following these initial experiments, this chapter 

further describes the optimization of the DEP process with SWCNTs, first by 

characterizing the nanotube dispersion used for DEP. First, detailed discussions of the 

characterization of the SWCNT dispersions using Raman and optical spectroscopic 

techniques are presented. Further, a direct relevance of our spectroscopic studies of the 

dispersions in successfully achieving controlled SWCNT assembly by 

dielectrophoresis is demonstrated.  

5.2 DEP with MWCNTs  

5.2.1 Experimental procedure  

 To test the effectiveness of dielectrophoresis in aligning and depositing CNTs on 

the pre-fabricated electrode structures, preliminary DEP experiments were carried out 

with commercial MWCNT samples. For our preliminary DEP experiments, a 1 mg/mL
 

dispersion of CNTs in NMP was used. Dispersions with concentration as high as 1 

mg/mL resulted in homogenous dark solutions, with no visually noticeable aggregates.  

The samples were immersed in 2 % hydrofluoric acid for 30 seconds to remove the 

native oxide on the TiN electrodes before performing DEP.    

 Dielectrophoretic assembly was carried out with a simple 3 probe set-up at ambient 

conditions. Figure 5.1a shows a photograph of the set-up used for depositing CNTs by 

DEP. Two electrical probes were used to deliver the AC and DC voltages 

independently to the BEs2, while the FEs were electrically floating. The bottom 

metallic layer was kept grounded with the help of the surface bond-pads. In a sequence 

of experiments, DC bias ranging from 0.5 V to 4 V and AC signals (4 V to 8 V p-p) at 

500 kHz or 5 MHz were applied at the BEs. After switching on the function generator 

and the DC power supply, a drop of the CNT suspension was applied to the samples. 

After 30 seconds, the power supply was switched off; the sample was gently rinsed in 

iso propyl alcohol (IPA), and dried at 175 
O
C. The samples were imaged in a Nova200 

                                                   
2 In this scheme, one electrode among each electrode pair is biased (hence, bias electrode-

BE) by using a combination of AC and DC voltages with respect to the GE (ground 

electrode), while the other electrode is left floating (floating electrode-FE). 
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NanoSEM. Electrical characterization was carried out by using a semiconductor 

parametric analyzer HP4156 system. 

5.2.2 DEP conditions 

 A series of DEP experiments with MWCNTs in NMP were performed to identify 

the suitable values of bias (AC+DC) (as indicated in the previous section) to enable 

single nanotube deposition with the right orientation between the electrodes. Under all 

electric field conditions, CNT deposition was observed to be limited to the region 

between the electrode pairs with good horizontal alignment (Figure 5.2). 

 The best results of controlled deposition were obtained with the combination of 0.5 

VDC bias and an AC signal of 500 kHz (4 V p-p). Under this bias condition, about 90% 

of the electrodes with the tip angles3 45
O
 and 60

O
 were bridged by either single or 

multiple tubes. The observations and conclusions drawn henceforth in this section refer 

to this applied bias condition. 

5.2.3 Effect of electrode geometry  

 A direct relationship was observed between the angle of the electrode tip and the 

amount of MWCNTs deposited per electrode pair under the chosen electric field 

conditions. There was no nanotube deposition on the electrodes with tip angles of 15 

and 30 degrees (Figure 5.2a and Figure 5.2b respectively). This behavior at sharper 

electrodes is in agreement with the observations reported in [1], as the gradient in the 

electric field is spatially concentrated at a much smaller space around the tips. Hence, 

MWCNTs attracted to this region are accelerated rapidly because of the extremely 

sharp gradient, and are more likely to pass by rather than deposit at the electrode gap 

[1].  

 Controlled deposition of just one nanotube per electrode pair was observed on the 

45
O
 electrodes (Figure 5.2c-e).  However, in some cases, two to three MWCNTs were 

also observed (Figure 5.2f). Also worth noting is the fact that, this control in density 

could be achieved across a wide range of the electrode gaps, from 600 nm to 2 mm. On 

the scale of a 2x2 cm
2
 die, about 40% of the 45

O
 electrodes (20 such electrode pairs in 

total) had a single tube bridging the electrodes, while about 24% of them had two tubes 

bridging the gap. Localized MWCNT deposition with good alignment was also 

observed at electrodes with 60
O
 tip angle, though there were always multiple tubes 

deposited between them (Figure 5.2g-h). 

 

                                                   
3 The electrode structures were fabricated with different angles at the tip: 15, 30, 45 and 60 

degrees (described in Chapter 2, Section 2.2.1).  
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Figure 5.1. (a) Photograph of the wafer-prober set-up used to carry out DEP on 2x2 cm
2
 

sized samples. (Inset: Zoom-in view of the sample holder showing the probes used to supply 

the bias during DEP). (b) An illustration of the top view and the cross-sectional view of the 

chip layout indicating the chip position where the bias was applied.    

  

 

(a) 
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Figure 5.2. SEM pictures of electrode pairs with different angles after DEP. (a) 15
O
 (b) 30

O
 

(c-f) 45
O
 and (g-h) 60

O
 electrodes. 
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5.2.4 Preliminary electrical measurements  

 In order to assess if the as-deposited MWCNTs formed an electrical contact, a 

preliminary electrical characterization was performed on the single MWCNTs 

assembled between the electrode pairs. Two and three terminal electrical 

measurements were carried out on the as-assembled CNTs and the nanotubes were 

observed to form electrical contacts with the electrodes. Figure 5.3 shows a typical DC 

electrical response (Ids-Vds) of the deposited CNTs. A linear I-V characteristic in the 

range of potentials applied was observed. Resistance values extracted from the I-V 

curves ranged between 8-12 MW! (measured among 5 devices). Similar resistance 

values have been reported for as-deposited CNTs on metallic electrodes from a liquid 

dispersion [2]. This could be attributed to either the CNT-electrode contact resistance 

[2] and/or the presence of predominantly semiconducting nanotubes in the commercial 

CNT sample used in our experiments. On applying a voltage at the back gate, the 

amount of current flowing through the nanotube (device shown in Figure 5.2e) could 

be increased by a factor of ten for a gate voltage of -20 V for a 1 mm thick gate 

insulator stack (400 nm SiO2 + 600 nm SiC).   

 

 Figure 5.3. (a) Typical I-V curve at zero gate voltage for the CNTs deposited by DEP. (b) 

Gate dependence of the drain current at constant Vds for the device shown in Figure 5.2e. 

The back gate voltage (Vg) was swept from -20 to +20 V for a Vds of 100 mV. Drain current 

enhancement of up to one order of magnitude could be obtained, by applying a gate 

voltage.    

 These are preliminary results of electrical characterization of CNTs to check if the 

as-assembled CNTs on the electrode pairs formed an electrical contact. More results 

and detailed analyses of electrical characterization shall be presented in Chapter 6. 
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5.2.5 DEP with MWCNTs: Summary 

 The objective of this thesis as laid out in Chapter 1 (Section 1.4) was to develop an 

industry-relevant technique to accurately position individual horizontally aligned CNTs 

suspended above the substrate using CMOS compatible processes for NEMS 

applications. The previous sections described the initial experiments performed with 

MWCNTs, which were performed as a proof-of principle study to demonstrate the 

effectiveness of DEP to align nanotubes. The results of these DEP experiments with 

MWCNTs were more promising than the directed growth experiments (Chapter 3). 

Therefore, in view of our objective, further experiments were performed to confirm the 

effectiveness of DEP to align and deposit individual SWCNTs. The following sections 

outline further experiments and results in this direction.   

5.3 DEP with SWCNTs  

 This sub-section describes the characterization of the nanotube dispersion used for 

DEP for the SWCNT aggregation factor. The first part of this section contains detailed 

descriptions of the characterization of the SWCNT dispersions using Raman and 

optical spectroscopic techniques. Following this, a direct relevance of our 

spectroscopic studies of the dispersions in successfully achieving controlled SWCNT 

assembly by dielectrophoresis is demonstrated. 

5.3.1 Importance of dispersion characterization 

 For successful dielectrophoretic assembly, it is important to uniformly disperse 

individual nanotubes in a suitable solvent. SWCNTs in the native form exist in a 

bundled state. For a number of the post-growth SWCNT sorting techniques, it is 

desired to have the nanotubes dispersed uniformly in a liquid medium
 
[3-5]. It is 

however difficult to disperse them efficiently in water and most other common solvents 

[6]. This is mainly because of the high inter-tube van der Waals force of attraction [6], 

which has to be overcome to separate the nanotube bundles and suspend them in a 

solvent. When nanotubes are dispersed in a solvent, some of them exist in the de-

bundled state and some in the aggregated state as found in their native form. The 

aggregation factor, which is defined as the fraction of nanotubes found in the de-

bundled state in the liquid dispersion, is therefore an important parameter to be 

characterized.  

 The choice of a suitable dispersion solvent is essential. There have been many 

efforts in the recent past to efficiently exfoliate SWCNTs in water, with the help of 

surfactants [7-8] or sidewall functionalization [9], and in organic solvents [10-11].
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For most applications, the surfactant residues must be removed from the nanotubes 

and/or the substrate after processing to avoid undesired effects of the surfactant 

molecules on the SWCNT properties like increasing the nanotube resistance due to 

impurity scattering. It is therefore preferable to disperse the SWCNTs in a two 

component system (nanotubes-solvent) rather than a three component system 

(nanotubes-surfactants-solvent). Removal of residual organic solvent from the 

nanotubes could be achieved by relatively straight-forward techniques like rinsing 

and/or thermal treatment. This is expected to be easier compared to the removal of 

surfactant residues, which might interact chemically with the nanotubes [11]. Hence, a 

solvent having a true thermodynamic solubility for the nanotubes would be an elegant 

solution [12-14].   

 An ideal dispersion solvent is one in which SWCNTs can be uniformly dispersed 

over a broad concentration range with minimal levels of aggregation. It is also 

preferred that the resulting dispersions are stable over time without chemical or 

structural modifications to the nanotubes [15]. Recently, a number of amide based 

solvents [15-16] have been successfully used as effective media to prepare SWCNT 

dispersions, specifically N-methyl pyrrolidone (NMP) and its chemical analogues [14]. 

The exact mechanism of the SWCNT dispersion process is yet to be established [17]. 

There are however indications that NMP and other amide-based solvents might result 

in strong nanotube-solvent interactions. The surface energy of these solvents are of the 

order of 40-50 mJ m
-2

 [14], which is comparable to that of nanotubes (70-80 mJ m
-2

) 

[14]. This results in a low energy barrier for the exfoliation-dispersion process [13].   

  In the literature [18-19], ultraviolet-visible-near infrared spectroscopy (UV-Vis-

NIR) has been widely used to determine the level of aggregation of SWCNTs in liquid 

dispersions. Also, SWCNT purity, diameter, length and chirality have been determined 

from spectroscopic studies, often in combination with other techniques such as, 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

thermo-gravimetric analysis (TGA) and Raman spectroscopy [18].
 

Atomic force 

microscopy (AFM) has often been used to study the diameter distribution of the 

nanotubes and their level of aggregation after drop-casting or spin-coating them onto a 

substrate [15-16]. The atomic resolution of the AFM is useful to precisely measure the 

diameter of individual nanotubes. However, AFM might not be the most suitable 

technique to determine the aggregation level of nanotubes spin-coated on a substrate 

from a liquid dispersion. This is because the spin-coating process itself might induce 

additional aggregation of nanotubes on the substrate especially during the drying of the 

dispersion solvent. Therefore, characterizing the level of nanotube aggregation in the 

liquid-phase (and not on a substrate) using spectroscopic techniques might be more 

precise and appropriate for practical applications.     
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 For the fabrication of SWCNT devices using liquid-phase self-assembly techniques, 

the characterization of the nanotubes and their level of aggregation in the dispersion-

phase is particularly important. The next section presents a detailed description of the 

experimental methods and conditions used for dispersion preparation and 

characterization and the DEP experiments. The major results of the characterization 

experiments are then presented in the forth-coming sections.    

5.4 Experimental methods and procedure 

 Ultrapure SWCNT samples synthesized by an arc discharge process were purchased 

from NanoIntegris in the form of a SWCNT thin film (product name: super-pure tubes: 

batch #PC10-478) with metal catalyst impurity < 1 % and amorphous carbon impurity 

< 5 %. The nanotubes, according to the manufacturer�s technical data sheet, were 

300 nm to 4 mm long (mean: 2 mm) and had an average diameter of 1.5 nm. The 

nanotube dispersions were prepared with NMP (Merck, 99.5 %) and IPA (Honeywell, 

ULSI Puranal) as solvents. SWCNT samples were weighed in an AllScales Europe 

mass balance (rated between 0.1 mg to 120 g) and dispersed in the solvent using a 

Hielscher ultrasonicator (UP200S). The ultrasonicator was rated for a maximum power 

output of 200 W in aqueous media at a working frequency of 24 kHz. The dispersions 

were sonicated for different durations with the Tip S7 titanium sonotrode (7 mm tip 

diameter) at 50 % power output. For measuring the Raman spectra, 60 mg mL
-1

 

dispersions in NMP were prepared with different sonication durations. Raman spectra 

were obtained using a HORIBA Jobin Yvon LabRam HR with an excitation 

wavelength of 632 nm, a laser spot diameter of about 0.9 mm and spectral resolution of 

1 cm
-1

. The Raman spectrum of the as-purchased SWCNT was measured directly on 

the as-received SWCNT thin film. To measure the Raman spectra of the nanotubes in 

dispersion after sonication, the SWCNT dispersions were each spin-coated on blanket 

silicon oxide substrates at 1500 rpm for 20 seconds and subsequently dried at 165 
O

C 

for 5 minutes on a hot plate. Raman spectroscopy was used to determine the effect of 

sonication energy input on the quality of the nanotubes.  

 Centrifugation was carried out with a 10 mL sample of each dispersion (in 14 mL 

BD falcon tubes) using a Sigma Laboratory Centrifuge (2K15) at a rotational speed 

corresponding to 8500 g (8945 rpm) for 90 minutes. Optical spectra of the SWCNT 

dispersions were recorded in a Shimadzu (UV-1601PC) spectrophotometer versus 

blank NMP or IPA solvents. Plastic cuvettes (Eppendorf UVette) with an optical path 

length of 10 mm were used for the absorbance measurement. The random error in the 

optical absorbance measurement (0.0024 a.u) was determined by measuring the 

absorbance of the blank NMP solvent at a fixed wavelength of 1030 nm with respect to 
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time (for 2 hours). For studying the dispersion stability over time, 2 mg mL
-1

 

dispersions in NMP were prepared by sonicating for 20 minutes. To study the Beer�s 

law dependence, 60 mg mL
-1

 dispersions in NMP and IPA were freshly prepared as the 

parent dispersion with 20 minutes of sonication. The 60 mg mL
-1

 dispersion was then 

successively diluted with NMP or IPA to obtain the 30, 15, 7.5, 3.8 and 1.9 mg mL
-1

 

dispersions and each dispersion was then sonicated for an additional 30 seconds to 

homogenize. Centrifugation was always carried out immediately after the sonication of 

each dispersion. The centrifugation parameters remained constant for all the 

dispersions across the various studies. Only the sonication time (energy input) was 

varied. The optical spectra reported were measured immediately after sonication or 

sonication-centrifugation. For the experiment to study the effect of sonication time on 

the apparent concentration, a series of 7.5 mg mL
-1

 dispersions in NMP was freshly 

prepared and optical spectra were measured after the different sonication durations 

(with or without centrifugation).   

 The presence of individually dispersed SWCNTs was substantiated by 

dielectrophoretic assembly of SWCNTs from the NMP dispersions onto electrode 

patterns. Two methods of drying were tested. One was conventional drying on a 

hotplate at 175 
O

C after gently rinsing the sample in distilled water and ethanol. 

Alternatively, super critical drying of the assembled SWCNTs was carried out in a 

200 mm CPD chamber (Tousimis Ltd.). After the SWCNT deposition by DEP, the 

sample was immediately rinsed in distilled water and the oxide layer in between the 

TiN electrodes was etched in 0.5% HF for 10 minutes. This etch was followed by a 

second rinse in distilled water and ethanol without letting the liquid on top to evaporate 

during each step. The sample was then immediately transferred into the CPD chamber 

filled with ethanol. The ethanol in the chamber was then flushed with liquid carbon 

dioxide and then dried using the principle of super critical drying at a temperature of 

40 
o
C and 8.2x10

6
 Pa pressure.   

 The experiments to optimize the frequency of the applied field were carried out 

with a constant dispersion concentration of 1 mg mL
-1

 with 2 V (DC) and 4 V (p-p) AC 

bias. The effect of the dispersion concentration on the yield was studied at a constant 

frequency of 2 MHz and similar DC and AC bias amplitude. The assembled SWCNTs 

were imaged in a Nova200 NanoSEM. Electrical characterization was carried out by 

using a semiconductor parametric analyzer HP4156 system.  

 The dispersions were characterized mainly for sonication induced damage, stability 

with respect to time and fraction of nanotubes present as aggregates versus individually 

dispersed nanotubes in the dispersion. The results and discussion of the 

characterization experiments are presented in the following sections.    
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5.5 Dispersion characterization 

5.5.1 Motivation and outline of the experiments  

 This sub-section gives a brief outline of the experiments to characterize the 

SWCNT dispersions in organic solvents. The major motivation behind these 

experiments was to systematically measure the aggregation factor of SWCNTs in the 

NMP dispersion used for DEP. Through a carefully designed matrix of experiments, 

we show that the often-overlooked factors, like the selectivity of the centrifugation 

process and sonication energy input are very important for the precise characterization 

of the aggregation factor of SWCNT dispersions.  

 Uniform aggregates-free SWCNT dispersions have been successfully prepared in 

different amide-based solvents with a combination of sonication and centrifugation 

processes [6]. Sonication (SO) accelerates the rate of exfoliation of the nanotubes in 

the dispersion solvent. However, care should be taken not to induce damage to the 

nanotubes by extensive sonication. Therefore, we first calibrate our sonication process 

with respect to the net sonication energy per unit volume and assess the sonication-

induced SWCNT damage by using Raman spectroscopy. For a direct comparison of 

the conditions published across the various reports, the net sonication energy input 

should be known in addition to the sonication time, as rightly pointed out by Bergin et 

al. [13]. A centrifugation (CF) step is also often used after mild sonication (to reduce 

the nanotube damage) to remove the undispersed SWCNT aggregates, while leaving 

behind the dispersed nanotubes, which could be either individually dispersed or 

nanotubes in the form of narrow bundles [9]. In cases where centrifugation also 

removes a part of the dispersed nanotubes in addition to the aggregates, we show that 

the expression commonly used in the literature for calculating the fraction of SWCNT 

aggregates needs to be used with prudence. We therefore propose and verify a 

modified approach to estimate the SWCNT aggregation factor in dispersions with the 

experiments described in the following sub-sections.              

5.5.2 Effective sonication energy input 

 Ultrasonication, widely used for SWCNT exfoliation in solvent media is known to 

induce mechanical damage to the nanotubes [11, 15, 18]. To ensure adequate nanotube 

quality in the resulting dispersion, it is important to quantify and control the sonication 

energy (SE) that is supplied to the system. The net SE in our experiments was 

determined by measuring the temperature rise (DT) of a known mass of blank NMP 

solvent (m) after sonication for different durations in a cryostatic vessel, in which the 

temperature of the solvent is maintained and is not subject to any interference from the 
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temperature of the environment. The maximum temperature reached during this 

sonication was 63 
O
C. As NMP has a boiling point of 204 

O
C, and a low vapor pressure 

of 0.3-0.5 mm Hg, we could safely disregard the effects of evaporation during these 

experiments. From the known specific heat capacity of NMP (C = 1.95 J g
-1

 K
-1

), the 

amount of energy provided to the system (Q) was calculated from the equation, Q = 

C.m.DT. This is assuming that the increase in the kinetic energy of the solvent 

molecules during sonication is entirely converted to heat energy in this otherwise 

closed thermodynamic system. The SE per unit time (true output power) was then 

calculated to be 14 W for the tip sonicator operated at 50 % output power (calibrated at 

200 W total output power) with continuous sonication. 

5.5.3 Raman spectra: sonication induced damage 

 Figure 5.4a shows the Raman spectrum of the as-purchased nanotube sample with 

the radial breathing mode (RBM) at 164 cm
-1

, a signature for the presence of 

SWCNTs. For the as-received SWCNT sample, the G peak corresponding to the in-

plane stretching of the carbon atoms in the graphite lattice can be observed at  

1590 cm
-1

 and the D peak (originating from the structural defects of the nanotubes) is 

at 1322 cm
-1

 (Figure 5.4a). 

 The ratio of intensities of the G and D peaks in the SWCNT spectrum (ID/IG) is a 

measure for the nanotube quality. A lower ID/IG ratio implies a better structural quality 

of the nanotubes. The unprocessed SWCNT sample exhibits an ID/IG value of 0.05, 

while it increases to 0.11 after 30 minutes of sonication. This generally indicates an 

increase in the defect density of CNTs with increasing sonication time.   
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Figure 5.4. (a) Raman spectrum of the as-received SWCNT thin film with the RBM at 164 

cm
-1

 and G and D peaks at 1590 cm
-1

 and 1322 cm
-1

, respectively. Inset: Detailed view of 

the G and the D peaks of the as-received SWCNT thin film. (b) The G and D peaks of the 

as-received SWCNT film (black curve) and the drop-casted SWCNTs from the 60 mg/mL 

NMP dispersions that were sonicated for 3 minutes (red curve), 12 minutes (blue curve) 

and 30 minutes (green curve). Inset: Detailed view of the D peaks. (c) The increase in the 

ID/IG ratio of the SWCNTs from the 60 mg/mL NMP dispersions with increasing sonication 

time. The ID/IG ratio of the as-received SWCNT sample is plotted at zero sonication time. 

The ID/IG ratio was determined by measuring the peak heights of the D and the G peaks 

respectively with respect to the baseline. 

5.5.4 Stability of NMP dispersions 

 First, the stability of the SWCNT dispersion in NMP with respect to time was 

checked with optical absorption measurements. Figure 5.5 shows the optical spectra of 

2 mg/mL SWCNT dispersion in NMP measured immediately upon preparation and 35 

days later. Due to the difference in the energy of their electronic transitions, metallic 

and semiconducting nanotubes result in distinct optical absorption peaks [19]. The two 

main features in the absorbance spectra corresponding to the optical transitions of the 

metallic and the semiconducting SWCNTs, namely the M11 and S22 transitions [19] 

are respectively centered around 750 nm and 1030 nm (NanoIntegris: Technical data 

sheet for unsorted super-pure tubes prepared by arc-discharge method). 
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Figure 5.5. Optical absorption spectra of 2 mg/mL SWCNT dispersions in NMP (a) after 

20 minutes sonication only and (b) after 20 minutes sonication followed by centrifugation. 

The as-prepared spectra (solid curves) were measured immediately after the dispersions 

were prepared and the after 35 days spectra (dashed-dotted curves) were measured for the 

same dispersion 35 days after it was prepared with  (a) sonication only or (b) sonication 

and centrifugation. The absorbance of the dispersions was measured with respect to the 

blank solvent in absorbance units (a.u.). 

 The absorption spectra measured immediately and 35 days after preparation were 

comparable, indicating that the dispersions were stable over time and that there is no 

considerable re-aggregation over this time period. The absorbance maxima at 1030 nm 

(A1030) was observed at 0.13 a.u for the dispersions without (Figure 5.5a) and at 

0.12 a.u for the dispersions with centrifugation (Figure 5.5b) for both times. This can 

be attributed to the rather low initial concentration of the dispersion (2 mg/mL) and the 

long sonication duration of 20 minutes, which result in almost complete dispersion of 

the SWCNTs. Detailed studies of the effects of sonication time and concentration on 

the centrifugation process will be presented in the following sections.   

5.5.5 SWCNT aggregation 

5.5.5.1 Absorbance vs. concentration 

 Two series of SWCNT dispersions with concentrations between 1.9 and 60 mg mL
-1

 

were prepared, one with NMP and another with IPA as the solvent. Figure 5.6 shows 

some typical optical absorption spectra for dispersions of various concentrations after 

sonication only and after sonication and centrifugation. 

M11 
S22 

M11 
S22 
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Figure 5.6. Absorbance spectra of SWCNT dispersions in (a) NMP and (b) IPA for 

60 mg/mL (i and ii), 30 mg/mL (iii and iv) and 15 mg/mL (v and vi); after 20 minutes 

sonication only (i, iii and v) and after 20 minutes sonication followed by centrifugation (ii, 

iv and vi). 

 For the dispersions with sonication only, the magnitude of A1030 decreases with the 

as-prepared concentration, as expected from Beer�s law. After centrifugation, the peak 

intensities did not change much for the dispersions in NMP. For the dispersions in IPA 

on the other hand, the peak intensities dropped drastically after centrifugation. The 

absorbance maxima at 1030 nm (A1030) and at 660 nm (A660) are plotted in Figure 5.7a 

and Figure 5.7b respectively as a function of the as-prepared concentration.   

 The absorbance for both the NMP and the IPA dispersions measured immediately 

after sonication exhibit a good proportionality according to the Beer�s law:  

A cll le=         (5.1) 

Al!being the measured absorbance at a particular wavelength (l),!!el!!the molecular 

extinction coefficient at l! [14], c is the concentration of the dispersion and l, the 

optical path length in the spectrophotometer. This generally indicates the presence of 

well dispersed nanotubes in the dispersions measured immediately after sonication. 

The Beer�s law is a simple empirical law describing the relation between the 

absorbance and the concentration for dilute solutions. The molecular extinction 

coefficient at 1030 nm (e1030) was therefore calculated from the slope in Figure 5.7c for 

A1030 < 1 a.u and was calculated to be 4690 mL mg
-1

 m
-1

. The molecular extinction 

coefficient at 660 nm (e660) was calculated to be 3600 mL mg
-1

 m
-1

. This value for our 

arc-discharge nanotubes is in reasonable agreement with the results obtained by Landi 

et al. [17] and Bergin et al. [14], who reported e660 values between 3000 to 3470 mL 

mg
-1

 m
-1

 for purified nanotubes produced by the HiPco (high pressure carbon 

monoxide) process.  
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Figure 5.7. Absorbance of the NMP dispersions (solid curves) and the IPA dispersions 

(dashed curves) vs. the as-prepared concentration, at (a) 1030 nm, A1030! and (b) 660 nm, 

A660. The dispersions (200 mL each) were sonicated for 20 minutes, (energy input of 

0.08 kJ/mL) and the spectra for NMP and IPA were measured immediately after sonication. 

The absorbance of the dispersions in IPA were re-measured 90 minutes after sonication 

(dashed-dotted curve). (c) The molecular extinction coefficient, e1030!!was calculated from 

the slope of the linear fit (dashed line) to the measurements with the dispersions in NMP 

using the absorbance values lesser than 1 a.u. 

For the subsequent discussions, we shall use the extinction coefficient at 1030 nm 

(e1030) for calculating the effective concentration of the SWCNT dispersions. It is 

worth noting that the dispersed SWCNTs present in the dispersions after 20 minutes of 

sonication could still be either individually dispersed nanotubes or present in the form 

of narrow bundles. This will be clarified in the forth-coming sections.   

 The absorbance spectra obtained from the NMP and the IPA dispersions after 

sonication are similar as a function of the as-prepared concentration (Figure 5.7), when 

measured immediately after sonication. In the case of IPA, a small deviation from the 

linear fit was observed for concentrations larger than 30 mg/mL, indicating some level 

of aggregation. It is worth noting that in addition to the individually dispersed 

nanotubes, the SWCNT aggregates contribute to the absorbance measurements. The 
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nanotube clusters present in the dispersion lower the effective absorbance measured 

due to shielding effects of the bundles [20]. The similar trend for IPA and NMP after 

sonication is however not truly representative of the effectiveness of the two solvents 

for dispersing SWCNTs. Indeed, a drastic drop in the absorbance is seen for the 

dispersions in IPA measured 90 minutes after sonication. This suggests a much higher 

tendency of the SWCNTs to re-aggregate in IPA, compared to the dispersions in NMP, 

which remained stable over a period of at least 35 days (Figure 5.5). Figure 5.6b also 

revealed a drastic drop in the absorbance intensities of the dispersions in IPA after 

centrifugation. This suggests that centrifugation itself may have induced or accelerated 

the re-aggregation of SWCNTs in IPA. For all the above experiments, the dispersions 

were sonicated for 20 minutes and the centrifugation was carried immediately 

afterwards. In practice, such long sonication durations to effectively disperse the 

nanotubes cannot always be used, as this increases the possibility of inducing structural 

damage to the nanotubes (refer to the supplementary data for Raman spectra). 

Centrifugation is therefore often used to remove the nanotube aggregates that were not 

dispersed after mild sonication. The following sections will elaborate on the true 

selectivity of the centrifugation process, which further confirms the difference between 

NMP and IPA for effectively dispersing nanotubes.  

5.5.5.2 Selectivity of the centrifugation process       

 There have been numerous reports [14-23] to quantify the fraction of aggregated 

nanotubes (c) using optical absorption spectroscopy by studying the absorbance before 

(Al,i) and after (Al,f) centrifugation of sonicated SWCNT dispersions:  

, ,

,

i f

i

A A

A

l l

l

c
-

=        (5.2)

The above equation assumes that centrifugation removes the nanotube bundles, while 

the dispersed tubes are left suspended in the solvent. However, the true selectivity of 

centrifugation in removing the SWCNT aggregates with respect to the dispersed 

nanotubes needs to be checked first. Therefore, optical spectra of sonicated NMP and 

IPA dispersions of various concentrations were measured before and after 

centrifugation (Figure 5.6). It has been reported in literature that the molecular 

extinction coefficient is a material property of CNTs and is therefore not dependent on 

the dispersion solvent of the CNTs or their state of aggregation [14, 17]. Also, the 

effect of shielding of aggregates on the measured absorbance value can be neglected 

after centrifugation as the number of aggregates is minimal (will be confirmed in the 

following section). Hence, knowing e1030 (calculated from Figure 5.7c) and from the 

absorption data in Figure 5.6, we can estimate the effective concentration of the 

various dispersions after centrifugation. The change in the SWCNT concentration after 

centrifugation for the NMP and IPA dispersions is shown in Figure 5.8. 
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Figure 5.8. Relationship between the SWCNT concentration after sonication-centrifugation 

and the as-prepared concentration of the dispersions in NMP (solid curve) and the IPA 

(dashed curve). The 60 mg/mL dispersion was prepared by sonicating for 20 minutes and 

the subsequent dilutions from the 60 mg/mL dispersion were sonicated for 30 seconds each 

to homogenize. The dispersions were centrifuged after every successive dilution.   

 In the case of IPA, centrifugation removed a vast majority of the nanotubes from 

the dispersion, which is expected as IPA is known to be an ineffective solvent for 

dispersing SWCNTs. This was not the case with the dispersions in NMP (considered to 

be a good dispersion solvent for SWCNTs) even after 20 minutes of sonication. Thus, 

the question arises whether the fraction of SWCNT removed during centrifugation 

consists only of nanotube aggregates. Therefore, the actual selectivity of the 

centrifugation process was examined further using the dispersions in NMP.  

 In a first experiment, a 2 mg mL
-1 

SWCNT dispersion in NMP was sonicated for 

20 minutes and centrifuged twice. Figure 5.9 shows the optical spectra of the 

dispersions after sonication only, and after the first and second centrifugations.  

 The absorption maximum centered at 1030 nm continues to decrease with 

successive centrifugation. The value of A1030 decreased by 0.008 a.u. after the first 

centrifugation and further by 0.009 a.u. after the second centrifugation, which is 3 to 4 

times larger than the random error in the absorbance measurements (0.0024 a.u.). This 

means that either the first centrifugation did not completely remove the SWCNT 

aggregates present in the dispersion, which were then removed during the second 

centrifugation; or that a fraction of the individually suspended nanotubes is always 

removed during each centrifugation step in addition to the aggregates (if present). The 

former explanation is analogous to the results obtained by Shim et al. [23], who had 

employed multiple cycles of centrifugation to selectively remove amorphous carbon 

from the as-grown nanotube soot. They observed that the first centrifugation step did 

not remove all the amorphous carbon from the nanotube soot and that multiple cycles 

of centrifugation were required. It should be pointed out that the major motivation 
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behind the study of Shim et al. [23] was to use centrifugation as a purification 

technique to remove amorphous carbon. The selectivity of centrifugation in removing 

the SWCNT aggregates with respect to the dispersed nanotubes was not studied by the 

authors [23]. The consequences of the two possible explanations in estimating the 

aggregation fraction will be dealt with in more detail in the next section. 

 

Figure 5.9. Absorption spectra of 2 mg/mL SWCNT dispersion in NMP after 20 minutes of 

sonication (solid curve) and after subsequent centrifugation (dashed curve) and re-

centrifugation with the same parameters (dashed-dotted curve). The following values of 

A1030 were measured after sonication, first and second centrifugation respectively, A1030-SO 

= 0.132 a.u., A1030-1xCF = 0.124 a.u. and A1030-2xCF = 0.115 a.u. 

5.5.5.3 Effect of sonication and centrifugation  

 In the following experiment, dispersions were prepared with a part of the SWCNTs 

left behind intentionally as aggregates by sonicating them for lesser duration. A series 

of 7.5 mg mL
-1

 SWCNT dispersions (50mL each) in NMP were sonicated for a range 

of durations between 3 to 30 minutes (corresponding to 0.05 to 0.5 kJ/mL of sonication 

energy per unit volume). For the dispersions sonicated for less than 10 minutes, fine 

suspended SWCNT particulates could be observed visually, while samples sonicated 

for longer durations resulted in clear dispersions. The measured absorption will be 

affected by the presence of these aggregates. The difference in the absorbance of the 

dispersions with dispersed nanotubes (with long sonication durations) and the 

dispersions in which aggregates were intentionally left behind, can then be used for 

calculating the aggregation factor (hagg). The particular concentration of 7.5 mg mL
-1

 

was chosen as it is below the dispersion limit of NMP [23]
 
and any aggregation present 

would be a result of the processing conditions of the dispersions and not of solvent 

saturation effects. Typical absorbance spectra for dispersions sonicated for three 

different sonication times are shown in Figure 5.10. 
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Figure 5.10. Optical spectra of 7.5 mg/mL SWCNT dispersions in NMP sonicated for 

30 minutes (i, ii), 20 minutes (iii, iv) and 4 minutes (v, vi); before (i, iii, v) and after 

centrifugation (ii, iv, vi). 

 No considerable difference between the spectra obtained from the dispersions 

sonicated for 20 and 30 minutes (curves i and iii in Figure 5.10) was observed. The 

initial absorbance (after sonication only) of the dispersion sonicated for 4 minutes is 

much lower than the ones sonicated for longer duration. This shows the influence of 

the nanotube aggregates (shielding effect) in the absorbance spectra of dispersions 

having large aggregates. Knowing e1030 (from Figure 5.7a), the apparent concentration 

of the various dispersions was determined from the absorption data in Figure 5.6 using 

Beer�s law.  

 In the case of sonication only (Figure 5.11), the calculated apparent concentration 

of the dispersions varied from 5 to 7 mg mL
-1

 depending on the sonication duration 

with no considerable change in the concentration after 10 minutes of sonication. After 

20 minutes of sonication, the effective concentration reached a value of 7 mg mL
-1

, 

which could be regarded as the target concentration. Importantly, no significant change 

in the measured absorbance was observed indicating that the dispersions sonicated for 

20-30 minutes or more can be considered aggregate-free. The absorbance data (curves 

- i and ii in Figure 5.10) however show that after centrifugation, there is still a decrease 

in the effective concentration of the (aggregate-free) dispersion sonicated for 

30 minutes. This might support our earlier hypothesis that centrifugation, unless 

optimized well, leads to the removal of a fraction of dispersed nanotubes (individual or 

narrow-bundles).   
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Figure 5.11. Change in the apparent concentration of NMP dispersions for different 

sonication durations; after sonication and after sonication-centrifugation. 

5.5.5.4 Aggregation factor 

 The SWCNT dispersion in NMP sonicated for 30 minutes (before centrifugation) 

has been shown to be practically aggregates-free and hence can be considered as the 

reference dispersion. So, the absorbance contribution from the reference dispersion 

(Al,SO_30) is a function of the total SWCNT concentration and the aggregation factor, 

hagg will therefore be defined with respect to this. When the dispersions sonicated for 

less than 30 minutes are centrifuged, the precipitate contains a combination of the 

SWCNT aggregates along with a fraction of dispersed nanotubes (individual or 

narrow-bundles), as established in the previous section. This is represented by the 

absorbance difference [Al,SO_30-Al,CF_t] (for t < 30 minutes). For estimating the 

aggregation factor, the absorbance contribution of the dispersed nanotubes removed 

during centrifugation has to be subtracted from [Al,SO_30-Al,CF_t]. The term, [Al,SO_30-

Al,CF_30] represents this fraction of dispersed nanotubes removed unintentionally 

during centrifugation and has been incorporated as a correction factor to calculate hagg. 

Hence, [Al,SO_30-Al,CF_t]-[Al,SO_30-Al,CF_30], which is proportional to the fraction of 

SWCNT aggregates in the dispersion, divided by (Al,SO_30), which is proportional to the 

total SWCNT concentration, is therefore defined as the aggregation factor (hagg).   
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which can be further simplified to:  
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      (5.4)                                                                                           

The above can therefore be used to calculate the aggregation factor of nanotubes in 
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SWCNT dispersions sonicated for t < 30 minutes (for the sonication power used in our 

experiments). The change in hagg with sonication energy is shown in Figure 5.12. 

 

Figure 5.12. The aggregation factor (hagg) as a function of sonication time and energy input 

per unit volume (50 mL of each dispersion was sonicated). From the random error in the 

absorbance measurements (0.0024 a.u.), the propagated error in hagg was calculated to be 

0.019. 

 The aggregation factor decreases quickly with increasing sonication time and does 

not change appreciably beyond 12 minutes of sonication. For the SWCNTs used in this 

study with NMP as the dispersion solvent, the optimal sonication duration is therefore 

found to be around 12 minutes. This results in dispersions with a very low aggregation 

fraction of about 0.02. Further experiments to study the change in the ID/IG ratio and 

hagg with different sonication energy inputs for a given sonication duration (by 

changing the sonication power) and vice versa could be performed. Such studies will 

be further useful to determine the importance of sonication time and energy input 

relative to each other to minimize nanotube damage during sonication. It is worth 

noting that Figure 5.12 has been plotted for a specific target concentration of               

7.5 mg mL
-1

. hagg could however be dependent on the dispersion concentration, even 

though it has been defined as a dimensionless parameter. The concentration 

dependence of hagg could be established by measuring the effect of sonication time on 

the apparent concentration for different target concentrations. 

5.5.5.5 Red-shift in absorbance maxima  

 Naumov et al. reported [19] that the presence of aggregates in the SWCNT 

dispersions causes a red shift (change towards higher wavelengths) in the maxima of 

the absorption peaks. Figure 5.13 shows the wavelength of the absorption maxima as a 

function of the sonication duration.   

 We clearly see a red shift in the absorption maxima of the S22 peaks with 

decreasing sonication duration (increasing aggregation factor). The wavelength of the 



! 89!

 

absorption maximum increases from 1029 nm for sonication duration of 30 minutes 

(hagg < 0.02) to 1040 nm at 3 minutes of sonication (hagg = 0.4).  This red shift in 

absorption peak of SWCNTs with increasing levels of aggregation has been attributed 

to possible electronic coupling effects of nanotube bundles [19].  

 

Figure 5.13. Red shift of the absorption maxima of the S22 peaks (from the data in Figure 

2) in the optical spectra of the dispersions in NMP with decreasing sonication duration 

(increasing aggregation factor).   

 The SWCNT dispersions prepared under the controlled conditions described above 

were used for DEP experiments and the forth-coming sections describe the results of 

the optimization of the DEP parameters with SWCNTs.   

5.6 Results: DEP with SWCNTs 

5.6.1 SWCNT assembly and stiction  

 Carbon nanotubes were found to be selectively assembled between the gaps of the 

electrode pairs during DEP (Figure 5.14). The nanotubes were found to be sticking to 

the underlying oxide surface on the samples that were dried on a hotplate 

(Figure 5.14a). The assembled nanotubes are pulled-in towards the substrate during 

solvent drying because of the capillary forces in the air-gap between the nanotubes and 

the oxide surface [24]. Super critical drying is a special way of drying liquids without 

crossing the liquid-gas boundary in the phase diagram. This helps in avoiding the 

surface tension that pulls-in any solid body in the liquid medium. Supercritical drying 

thus helped in avoiding these capillary forces in our samples and successfully resulted 

in suspended nanotubes between the electrode pairs (Figure 5.14b). 
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Figure 5.14. SEM picture of nanotubes assembled by dielectrophoresis after (a)  

conventional hot plate drying step and (b) oxide under-etch and super critical drying 

(conditions described in Section 5.4). Super critical drying results in suspended nanotubes 

bridging the electrodes, avoiding stiction.      

5.6.2 Yield statistics  

 The yield of the assembled nanotubes between the electrodes could be classified 

into three major categories. There were electrode pairs that were bridged by an 

individual SWCNT (Figure 5.15a), multiple SWCNTs (Figure 5.15b) or, at some sites, 

by SWCNT aggregate(s) (Figure 5.15c). A statistical analysis of the DEP yield was 

carried out to study the effect of the process parameters on the yield and to optimize 

the conditions to increase the yield of the desired individual SWCNTs. The statistics 

presented in the following section were collected across 16 samples, with each sample 

having 20 electrode pairs, spread across a total on-chip area of 1x0.1 cm
2
.  
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Figure 5.15. Typical SEM pictures of suspended horizontally aligned (a) single SWCNT (b) 

multiple SWCNTs (c) SWCNT aggregates between each electrode pair. 

 Each sample had at least 12 (and maximum 20) electrode pairs bridged by carbon 

nanotubes, which accounted for a minimum yield of 60% and a maximum of 100%. 

The effects of the frequency of the AC field and the dispersion concentration are 

presented in detail in the following sections. The other parameters like the DC bias 

(2 V to 10 V), the amplitude of the AC signal (2 V p-p to 10 V p-p) and the duration of 

the DEP assembly (5 sec to 30 sec) had no appreciable influence on the yield under the 

conditions tested. 

5.6.2.1 Effect of frequency  

 The frequency of the AC signal applied to the UE had a considerable effect on the 

kind of nanotubes assembled during DEP. To quantify the effect of the frequency and 

dispersion concentration on the DEP yield, we define the following terms: 

       
   

       

       single 
  

     

Number of electrode pairs bridged by SWCNT aggregates
M

Total number of electrode pairs bridged by SWCNTs

Number of electrode pairs bridged by a SWCNT
N

Total number of electrode pairs bridge

=

=     
  d by SWCNTs
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 Figure 5.16 shows the effect of frequency on �M� and �N.� The general trend was 

that with increasing AC frequency (200 kHz to 5 MHz), there was a steady decrease 

in M. For frequencies higher than 5 MHz (10 and 15 MHz), no substantial nanotube 

assembly was observed at the electrodes. The effect of the frequency can be 

qualitatively understood from the equation for the dielectrophoretic force experienced 

by the nanotubes in a non-uniform electric field (equation 4.3).   

 

 Figure 5.16. The effect of frequency of the AC signal applied to the UE on the fraction of 

electrode pairs bridged by (a) SWCNT aggregate(s) and (b) single SWCNT with respect to 

the total number of electrode pairs bridged by nanotubes. 

 The SWCNT aggregates experience a different force compared to an individual 

SWCNT at a given frequency and hence is preferentially assembled more at certain 

frequencies than others. The frequency of the electric field thus acts as a tuning factor 

to control the kind of particles attracted and deposited during DEP. N was significant at 

the frequency of 2 MHz among the conditions tested (Figure 5.16b). For the frequency 

of 2 MHz, about 9% of the electrode pairs were found to be assembled with individual 

SWCNT. The effect of the frequency on the DEP yield was tested with a SWCNT 

dispersion of concentration 1 mg/mL. A higher yield of electrode pairs with an 

individual SWCNT could be obtained by further optimizing the concentration of the 

dispersion.  

5.6.2.2 Effect of concentration       

 The effect of the SWCNT dispersion concentration on M and N is presented in 

Figure 5.17. The fraction of the electrode pairs with a single SWCNT was found to be 

increasing with decreasing concentration. Decreasing the concentration results in a 

larger fraction of SWCNTs that are individually dispersed compared to the SWCNT 

aggregates in the dispersion. This in turn results in an increase in N and a decrease in 

M.  
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Figure 5.17. The effect of the concentration of the SWCNT dispersion on the fraction of 

electrode pairs bridged by (a) SWCNT aggregate(s) and (b) single SWCNTs with respect to 

the total number of electrode pairs bridged by nanotubes. 250
*
 and 500

*
 are dispersions of 

250 ng/mL and 500 ng/mL respectively after centrifugation. 

 Centrifugation of the dispersions has a more pronounced effect on N. Centrifugation 

removes a fraction of the SWCNT aggregates selectively while the individually 

dispersed nanotubes are left behind in the suspension. Centrifuging the 500 ng/mL and 

250 ng/mL dispersions results in a significant increase in the bridging of electrode 

pairs with individual SWCNTs (Figure 5.17b). A maximum value of N of 0.4 was 

obtained for a concentration of 250 ng/mL after centrifugation. For a typical 

experiment at this concentration and a 2x2 cm
2
 die containing 20 electrode pairs, 9 

electrode pairs were bridged by a combination of individual SWCNTs and nanotube 

aggregates and typically 5 electrode pairs were bridged by an individual nanotube. This 

corresponds to a maximum yield of 25%. However, on further dilution of the 

dispersion to 100 ng/mL, almost no nanotube assembly was observed. This indicated 

that a concentration around 250 ng/mL with centrifugation is optimal. Figure 5.18 

shows the yield% of the electrodes bridged by an individual SWCNT2 per die, each 

with 20 electrode pairs.   

                                                   
2 A detailed report on the results of the electromechanical measurements and modeling of 
the results is presented in Chapter 6.  In short, we measure the mechanical resonance 

frequency of our devices in the range of 27-35 MHz. Furthermore, we shall demonstrate in 

Chapter 6 that the resonating nanotube can be modeled as an oscillating spring. Using the 

spring model, the resonance frequency of the fundamental flexural mode resonance 

frequency of a typical individual SWCNT was calculated to be between 22-46 MHz 

(depending on the value of the material constants of the SWCNT). This shows a good 

agreement between the resonance frequency measured experimentally and the value 

calculated from the model of an individual SWCNT resonator. In addition to the SEM 

pictures, this serves as a proof for individual SWCNT assembly during DEP.   
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Figure 5.18. The yield% of the electrode pairs bridged by an individual SWCNT per die as 

a function of the dispersion concentration used for DEP. Each die consisted of 20 electrode 

pairs across an effective chip area of 1x0.1 cm
2
. 250

*
 and 500

*
 are dispersions of 

250 ng/mL and 500 ng/mL respectively after centrifugation.   

 It is worth mentioning at this juncture that by increasing the duration of the 

dielectrophoretic assembly will not increase the yield of the process. This is because 

DEP is a self-limiting deposition process. Once the first nanotube that is attracted to 

the electrode gap due the DEP field between the electrodes is deposited (and makes 

contact with the electrodes), the impedance of the gap decreases immediately, due to 

the electrical short circuit induced by the bridged SWCNT. This diminishes the field 

between the electrode pair and does not attract any more nanotubes to the vicinity of 

the same electrode pair.      

5.7 DEP yield and hagg  

 It can be observed that in spite of the very low aggregation factors after 20 minutes 

of sonication (Figure 5.12), the maximum N value in (Figure 5.17b) is only 0.4, which 

means that only 40% of the bridged electrode pairs are bridged by individual 

SWCNTs. Although these results qualitatively confirm the presence of individually 

dispersed SWCNTs in the NMP dispersions used during DEP and the general trend of 

the concentration dependence on aggregation factor, a direct numerical correlation 

between hagg and N could not be obtained from our data. Such quantitative 

comparisons should be performed with adequate care. This is because the SWCNT 

aggregation level could change during the process of DEP. The nanotubes suspended 

in the solvent medium in the presence of the applied electric field might be subjected to 

unintentional aggregation before they are aligned and attracted to the specific 

deposition sites. It is therefore especially important that we use a nanotube dispersion 
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with as low aggregation factor as possible for DEP to minimize the aggregation during 

the deposition process. Hence, characterizing the starting SWCNT dispersion in the 

liquid-phase using spectroscopic techniques is of utmost importance. The yield 

statistics obtained from N cannot therefore be considered as direct quantitative 

confirmation of the aggregation factors measured by optical spectroscopy. 

5.8 Summary of this chapter 

·! Preliminary DEP experiments were performed with commercial MWCNT 

samples to assess the effectiveness of DEP in aligning and assembling 

controlled density of CNTs on the electrode structures.     

·! The capacitive coupling design in the samples was taken advantage of to 

assemble CNTs on to multiple electrode pairs in parallel.  

·! The DEP experiments resulted in successful alignment of CNTs and assembly 

at specific on-chip positions with high spatial selectivity.  

·! A strong dependence on the electrode angle towards the density of the 

deposited CNTs is observed. Best results are obtained on the electrodes with 

45
O
 tip angle, which had about 40% of them bridged with single CNTs.  

·! The aggregation factor of SWCNTs in liquid media has been quantified using 

optical absorption spectroscopy. This was performed through a series of 

controlled experiments involving dispersions of different concentrations, 

known sonication energy input and centrifugation steps with NMP and IPA as 

dispersion solvents.  

·! The role of NMP as an effective solvent for dispersing SWCNTs has been 

reaffirmed with our data. NMP could be used to prepare uniform dispersions 

over a wide concentration range with minimal levels of aggregation.  

·! No considerable nanotube re-aggregation was observed in the NMP 

dispersions over a period of at least 35 days in the absence of additional 

processing.   

·! The net sonication energy input to exfoliate nanotubes has been calculated by 

calibrating the sonicator.  

·! The importance of understanding the true effects of centrifugation has been 

pointed out for estimating the aggregation factor of SWCNTs. In cases where 

centrifugation also removes a part of the dispersed nanotubes in addition to the 

aggregates, the expression commonly used in the literature for calculating the 

fraction of SWCNT aggregates needs to be used with prudence.  
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·! A modified approach to estimate the SWCNT aggregation factor in 

dispersions was proposed and verified. 

·! Dielectrophoresis has been successfully used to align SWCNTs and to 

assemble them in parallel at several desired on-chip positions.  

·! A controlled method of preparing the SWCNT dispersion has been shown to 

be important for the success of dielectrophoretic assembly of nanotubes.  

·! The DEP process parameters, specifically the frequency of the electric field 

and the concentration of the SWCNT dispersion, were studied and optimized.  

·! For maximizing the yield of an individual nanotube assembled between each 

electrode pair, a frequency of 2 MHz and a concentration of 250 ng/mL (with 

centrifugation) were found to be optimal conditions in our set up. With the 

optimal DEP conditions, we could obtain a maximum N value of 0.4 spread 

across a total on-chip area of 1x0.1 cm
2
.  

·! The study of DEP results over such large area is critical for predicting the 

yield of wafer-scale processes.  
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6.1 Introduction  

  In this chapter, we present the results on the electrical characterization of SWCNTs 

assembled between the pre-fabricated electrode pairs by dielectrophoresis. The first 

part of the chapter starts with a brief introduction on the nature of the SWCNT-metal 

electrode contact and some common charge carrier transport mechanisms present in 

SWCNTs. The results of DC electrical characterization of the suspended SWCNTs are 

then discussed, after which the experiments towards reducing the contact resistance of 

the SWCNTs are presented. The second part of the chapter starts with a brief 

introduction to mechanical resonators. Following this, the results of the 

electromechanical measurements of suspended nanotube resonators are presented along 

with detailed theoretical discussions to support our measurement data.       

6.2 SWCNT-metal junction   

 To rightly interpret the results of the electrical characterization of SWCNT devices, 

it is very important to understand the nature of the electrical contact formed at the 

junction between the SWCNT and the metallic electrode. SWCNTs are (quasi) 1-D 

structures with special electronic properties resulting from the curvature-induced 

localization of electrons [1]. The quantum resistance of a defect-free SWCNT has been 

estimated to be about 6.5 kW [2]. The origin of this fundamental resistance has been 

attributed to the reduction of number of conduction modes for the charge carriers when 

they are transported from the bulk metallic contacts to the SWCNTs, which are (quasi) 

1-D conductors [1]. Even though the quantum resistance has been estimated to be 

around 6.5 kW, a wide range of two-probe resistance of nanotube devices ranging from 

~10 kW to ~100 MW has been reported in the literature. Such high values of resistances 

have been attributed to a variety of factors. The most important factors among them 

being the defects in the nanotubes contributing to increased scattering [2], Schottky 

barriers formed at the interface between semiconducting SWCNTs and the metallic 

electrodes [3], work function mismatch between the nanotubes and most of  the 

commonly used contact metals and poor physical adhesion between the nanotube and 

the contact metal leading to the reflections and losses in charge transport across the 

junction [3].         

 It was also widely reported in the literature that SWCNTs could be gated 

electrostatically [4] and their conductance has been modified by up to 8 orders of 

magnitude [4]. This led to the proposition that SWCNTs could be used as channels for 

field-effect transistors (FETs). There has been considerable progress in device 
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fabrication schemes of CNTFETs, which has resulted in the bottom-gated CNTFETs 

(usually with highly doped Si substrates as back-gate) [5], or the more conventional 

top-gated FETs with high-k dielectrics [6] or regular silicon dioxide as gate oxide. 

Even a combination of bottom and top gates has been proposed [6]. Figure 6.1 shows a 

schematic representation of a wrapped around gate-stack structure proposed for 

CNTFETs [6].  

 

Figure 6.1. A schematic representation of a CNTFET with the gate stack wrapped around 

the surface of the nanotube. Such a configuration was proposed to increase the 

electrostatic gate-control of the nanotube FETs as the gate is present all around the 

channel.     

 The theoretical understanding of the nature of the electrical contact formed between 

the SWCNT and the metallic electrode and the transport mechanism across this 

junction still remains a considerable challenge with many open questions. The widely 

accepted theory on the nature of the SWCNT-metal junction depends on the type of the 

nanotube. Metallic SWCNTs often are reported to form ohmic contacts with metallic 

electrodes resulting in a linear current-voltage (I-V) relationship, while semiconducting 

SWCNTs frequently form a Schottky contact with the metallic electrodes [7]. Typical 

examples of different I-V characteristics of metallic and semiconducting SWCNTs 

reported in literature are shown in Figure 6.2. Schottky barrier diodes (SBDs) and 

field-effect transistors (SBFETs) have been considered as a possible future logic 

device, mainly because of their potential to operate at small dimensions. Moreover,  

SBFETs have been proposed as components in gas sensors, where adsorbed species 

result in a change in the work function of the channel and/or the contact(s). This leads 

to a change in the conductance of the device, which is used to sense the chemical 

nature and/or the amount of the adsorbed species [8]. Additionally, metallic and 

semiconducting SWCNTs also exhibit different gate induced conductance changes as 

shown in Figure 6.3. The density of states of the semiconducting nanotubes makes it 

possible to tune their conductance with the help of a gate electrode (either a top-gate or 

a back-gate) [1]. The conductance of metallic nanotubes on the other hand (at least if 
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not suspended), cannot be modified with the help of a gate voltage, as the density of 

states in the vicinity of the Fermi level of the metallic nanotubes is constant and 

unrealistically high gate voltages are often necessary to modulate their conductance 

[1].   

 

Figure 6.2. Typical examples of current-voltage relationships reported in literature of (a) 

metallic nanotubes and (b) semiconducting nanotubes. Note that the I-V curves of metallic 

nanotubes are linear and those of the semiconducting ones are non-linear. (Reproduced 

from [9]).     

 

Figure 6.3. Typical examples of change in the conductance of the nanotube channel with a 

gate voltage. (a) The conductance of metallic nanotubes does not change with a gate bias. 

(b) The conductance of semiconducting nanotubes can be tuned sometimes up to 6 orders 

of magnitude using a gate bias. (Reproduced from Vijayaraghavan et al., Nano Lett. 7 (6) 

2007, 1556�1560).  

 The following section presents the results of DC electrical measurements of our 

individual suspended SWCNTs after dielectrophoretic assembly. 
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6.3  DC electrical measurements  

 Electrical characterization was carried out by using a semiconductor parametric 

analyzer HP4156 system. To establish the nature of the electrical contact formed by the 

nanotubes deposited during DEP, DC electrical characterization was performed at 

ambient conditions. Two (source-drain) and three terminal (source-drain and back-

gate) electrical measurements were carried out on the as-assembled CNTs 

(Figure 6.4a). The measurements reflected two distinct types of nanotubes assembled 

by DEP, namely semiconducting and metallic nanotubes.  

 Figure 6.4b shows a typical Id-Vs-d characteristic of a metallic nanotube, which is 

linear, indicating an ohmic contact with the TiN electrodes. Figure 6.4c shows a typical 

non-linear Id-Vs-d characteristic of a semiconducting nanotube. When a semiconducting 

nanotube is in contact with a metallic electrode (TiN contacts in our devices), it forms 

a Schottky contact [7], and results in a diode-like Id-Vs-d behavior. Semiconducting 

nanotubes also show a considerable gate-tunability of the drain current with change in 

the gate voltage applied from the Si back-gate. The measurement shown in Figure 6.4d 

is a unique current-voltage measurement (device shown in chapter 5, Figure 5.15a), as 

we observe a rectifying behavior for a device with symmetric electrical contacts. For 

more discussions on the I-V curves of SWCNT devices with symmetric and 

asymmetric electrical contacts, we refer to section 6.4.2.  

 The metallic nanotubes also show no or a weak gate effect (Figure 6.5a), compared 

to the semiconducting nanotubes shown in Figure 6.5b. The gate tunability of the 

device shown in Figure 6.5b shows no significant change in the drain current for zero 

and positive Vs-d regimes. However, for a negative source-drain bias, the drain current 

can be tuned significantly, indicating the SWCNTs behaved as p-type channels, mainly 

due to air-oxidation [9]. This is in agreement with the I-V curve of this device shown 

in Figure 6.4d. The device is in the forward bias only in the negative Vs-d regime, where 

the gate effect is significant, whereas in the positive bias regime, the device is in the 

reverse bias, where we observe no significant gate effect. In both cases, absence of a 

measureable drain current at zero Vs-d with respect to the gate voltage rule out the 

contribution of gate leakage in these measurements.  This observed gate-tunability of 

the metallic and semiconducting nanotubes is in good agreement with previous reports 

on the electrical characteristics of nanotubes [9]. The total resistance, which is the 

combination of the contact resistances and the nanotube resistance, is derived from the 

slope of the Id-Vs-d behavior of the devices. The total resistance (for Vs-d: -3 V to +3 V) 

ranged from 27 kW, in the case of metallic nanotubes to a maximum of 22 MW in the 

case of semiconducting nanotubes. The following section shall discuss the results from 
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the experiments towards minimizing the contact resistance of the SWCNTs with the 

TiN electrodes.   

 

 

 

 

Figure 6.4. (a) A schematic illustration of the electrode terminals used for the electrical 

measurements. (b) A typical example of a linear I-V curve of a metallic nanotube 

(Electrode gap = 0.75 mm). (c) A typical example of a non-linear I-V curve of a 

semiconducting nanotube measured after DEP (Electrode gap = 1.2 mm). (d) I-V curve of 

the device shown in Figure 5.12a (Electrode gap = 1 mm). Such a diode-like I-V curve was 

not commonly measured on as-assembled SWCNTs after DEP with similar electrical 

contacts (Refer to section 6.4.2).           

(c) (d) 

(b) 
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 Figure 6.5. Gate effect of the SWCNT devices, showing the change in the drain current 

with respect to the gate voltage, Vg of (a) metallic SWCNT, showing no change in the drain 

current (Electrode gap = 0.75 mm), and (b) semiconducting SWCNT, showing a significant 

change in the drain current (Electrode gap = 1 mm). This gate dependence was measured 

for the device with the I-V curve shown in Figure 6.4d.   

6.4  Improving CNT-TiN contacts  

 The major objective of this section is to discuss the results obtained from the 

experiments intended towards improving the quality of the electrical contact formed 

between the SWCNTs and the TiN electrodes. Semiconducting SWCNTs generally 

resulted in high device resistance (including the contact resistances), typically of the 

order of 20 MW. Hence, we adopted two techniques to improve the electrical contact to 

the SWCNTs by thermal annealing and patterning a top-contact to the nanotubes after 

DEP by electrochemical deposition.          

6.4.1 Thermal annealing  

 It has been widely reported in the literature that annealing the nanotube devices 

results in a lowering of the contact resistance mainly due to an increased physical 

adhesion between the nanotube and the contact metal [10]. The devices were annealed 

at 400 
O
C in a forming gas (FOG) atmosphere (10 vol% H2). FOG is a mixture of 

nitrogen and hydrogen gases. A typical thermal treatment was carried out for a period 

of 25 minutes, after which the devices were subjected to electrical characterization and 

annealed for another 25 minutes for further characterization. Figure 6.6 shows typical 

Id-Vs-d characteristics of suspended individual SWCNT devices before and after the 

thermal anneal treatment. 
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Figure 6.6. (a) Current-voltage relationships of as-deposited individual SWCNT devices 

after DEP and super critical drying, after 25 minutes (FOG1) and 50 minutes (FOG2) of 

forming gas anneal. (b) The I-V curve plotted in the log-scale.       

 It was observed that in general there was an increase in the maximum current 

passing through the nanotube device after annealing, at times up to 2 orders of 

magnitude. In Figure 6.6a, the maximum drain current (at Vs-d: +3 V) increased from 

0.28 mA (before annealing) to 6.72 mA (after annealing). Additionally, the bias (Vs-d) 

window in which there is no (or very low) current passing through the nanotube 

reduces significantly after annealing Figure 6.6b. The above observations could result 

from a combination of one or more of the following factors. The hydrogen present in 

the forming gas (10 vol% H2) could help in the removal of the interfacial oxide on the 

TiN electrode at the nanotube-electrode junction and / or remove solvent residues from 

the nanotubes that might have been left behind during dielectrophoresis, despite the 

rinsing during the CPD, resulting in a better electrical contact, as reported in [11]. The 

thermal treatment could also saturate the defects and dangling bonds on the surface of 

the TiN electrode at the contact, resulting in a better interface quality [11]. It was 

observed in the previous section that semiconducting nanotubes form a Schottky 

barrier when they come in contact with a metallic electrode. Thermal treatment could 

also result in a lower barrier height at the Schottky contact [3], which is reflected in the 

measurements shown in Figure 6.6b.    

6.4.2 Top-contact by ECD  

 Another technique that was tested to improve the quality of the SWCNT contact 

was to pattern an additional contact material on top of the nanotubes after 

dielectrophoresis. Metals such as platinum (Pt: Work-function~5.12 eV) and palladium 
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(Pd: Work-function~5.22 eV) are known to form good electrical contacts with 

SWCNTs (Work-function~5.05 eV) due to their high work function. Electrochemical 

Deposition (ECD), discussed in chapter 3, was used to deposit Pt on top of the 

assembled SWCNTs on the electrodes from an electrolyte based on Dihydrogen 

dinitrosulfatoplatinate(II) solution, containing 4-6% Pt. A similar set-up as described in 

chapter 3 is used for the Pt plating and Figure 6.7 shows a typical SEM picture of 

electrode pairs coated with Pt after SWCNT assembly by DEP. 

 

 

Figure 6.7. SEM picture of a typical SWCNT device with electroplated Pt on top of the BE 

(electrode on the right side) after DEP.  

 It is seen that only one of the electrode in the electrode pair (BE, in this case) is 

plated with Pt. This is because the bias electrode functioned as the working electrode 

during ECD. Even though the floating electrode (FE) is connected to the BE via the 

nanotube, there is a significant voltage drop across the nanotube contacts. This is the 

reason why no considerable Pt was deposited on the floating electrodes. Figure 6.8 

shows the Id-Vs-d characteristic of the device shown in Figure 6.7. It is interesting to 

note the difference in the current voltage relations (shown in Figure 6.4c) from the 

typical Id-Vs-d characteristics shown in Figure 6.8. The diode-like Id-Vs-d curves 

measured with the semiconducting nanotubes (Figure 6.4c) are symmetric along the 

zero source-drain bias. This is because, the nanotubes are being contacted by the same 

metal on both sides, resulting in two Schottky barrier diodes in series which are both in 

reverse bias. In this configuration, we only measure the reverse bias currents of the two 

diodes formed at the junction. However, when one of the electrodes is plated with a 

high work-function metal like Pt and the other is a low work-function material like 

TiN, this results in a configuration of a diode under forward bias [12]. The Id-Vs-d 

characteristic of this device (Figure 6.8) resembles a current-voltage relationship of a 

conventional diode exhibiting a truly rectifying behavior. Our observation is in 

agreement with similar reports on the electrical behavior of low dimensional 
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semiconducting nanostructures in contact with two different metallic electrodes [12]. 

This opens up several avenues for SWCNT-based SBFETs for being used as ultra-

sensitive gas or mass sensors based on conductance changes, as discussed in 

section 6.2 [8].    

 

Figure 6.8. A typical example of a diode-like I-V curve of a SWCNT device with asymmetric 

electrical contacts (with electroplated Pt on one side and TiN on the other). The rectifying 

behaviour is commonly observed among such devices with two different contact metals.    

 This concludes the discussion on the DC electrical characterization of the 

suspended SWCNT devices and the electrical contact formed between the nanotube 

and the metallic electrodes. The following section of this chapter will start with a basic 

description of mechanical resonators. Following this, we discuss the results of the 

electromechanical measurements of suspended SWNT mechanical resonators and a 

theoretical model to explain our measurement data.        

6.5 Mechanics of a harmonic oscillator  

 A resonator is an electromechanical device in which electrical signals provide 

mechanical stimuli to a part of the device that can experience mechanical motion [13]. 

The mechanical part of the device is typically a doubly clamped suspended beam or a 

cantilever clamped at one end [13].The mechanical motion (typically, the displacement 

of the resonator) is then transduced back into electrical signals to detect its 

displacement. The two most common kinds of resonators discussed in the literature, 

depending on the nature of their displacement are flexural [13] and torsional [13] 

resonators. In this thesis, we only discuss about the flexural displacements of 

suspended beams. 
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 A simple representation of a resonator is the harmonic oscillator [13], which 

consists of a mass-less spring with a spring constant, k and a mass, m attached to the 

spring. Assuming a continuum model, when the mass is displaced (undergoing a 

displacement of u), the spring induces a restoring force given by Hooke�s law [13]: 

F ku= -         (6.1) 

The negative sign of the force is because the restoring force counteracts the 

displacement of the spring. The spring is thus set into oscillatory motion under the 

action of the load (from the mass) and the restoring force of the spring.  The mass 

therefore periodically oscillates about the equilibrium position with a natural resonance 

frequency given by [13]:  

0

k

m
w =

        

(6.2) 

 In the absence of a damping mechanism (in the ideal case), the mass oscillates 

forever. In reality, damping forces act on the spring and periodically reduce the 

oscillation amplitude until eventually the mass comes to rest. This section presents a 

brief discussion on the equation of motion of driven damped harmonic resonators.  

 In a realistic resonator, the damping, given by the dissipation constant h, is always 

present and is directly proportional to the velocity of the resonator, given by Stokes�s 

law, ( ) /dampingF bv b du t dt= - = - × , where v is the velocity of the resonator and 

b=mh. The spring force exerted by the resonator is given by Hooke�s law:

( )springF ku t= - . The equation of motion of such a resonator, considering the balances 

of forces, 
2 2( ) /netF ma m d u t dt= = × , is given as [13]:  

2

2

( ) ( )
( ) 0

d u t du t
m m k u t

dt dt
h+ + × =

     

(6.3) 

The right hand side of the above equation is zero when there is no external driving 

force on the resonator. Since most resonators with finite h are driven with an external 

periodic force to sustain their oscillations, the equation of motion becomes,      

2

02

( ) ( )
( ) cos( )d

d u t du t
m m k u t F t

dt dt
h w+ + × =

    

(6.4) 

where we assume a sinusoidal driving force with amplitude F0 and frequency wd. When 

the condition wd = w0 is satisfied, the oscillator reaches the state of resonance, and the 

displacement amplitude of the resonator is significantly greater than at other driving 

frequencies.  

 The damping term in the above equation with the dissipation constant h, is a 

measure for the relative energy lost during the mechanical oscillation. h is defined as 



110  CHAPTER 6: ELECTRICAL TRANSPORT AND PIEZORESISTIVE RESPONSE OF SWCNT RESONATORS 

(w0/Q) [13], where Q is the quality factor of the resonator. The Q factor is defined as 

[13]:  

0Q
w
w

=
D         

(6.5) 

where Dw is the angular half power bandwidth. Resonators with high Q factors are 

often desired for practical applications as the mechanical oscillations can be sustained 

for a longer period of time with a lower driving force. This is very important for the 

power efficiency of these devices.    

 Most often in MEMS or NEMS devices, the mechanical motion is induced by 

electrostatic methods, with the help of an ac electrical field. The ac field with a certain 

range of actuation frequency (depending on the physical dimensions of the resonator) 

sets the resonator in mechanical motion. While the resonator is set into motion, it is 

often biased to induce a potential difference across the resonator or a current is allowed 

to pass through it. The mechanical motion in the resonator causes a change in the 

electronic band-gap of the resonator material as a function of the actuation frequency 

[13]. This is called the piezoresistance property of the resonator. The change in the 

band-gap due to mechanical strain in turn leads to change in the current flowing 

through the resonator and this change in the current is maximum at its mechanical 

resonance frequency. This transduction technique is used in this work to measure the 

resonance frequency of the resonator. 

 In the next section, the set-up used for the electromechanical measurements of 

suspended SWCNTs is first briefly described followed by a detailed discussion of the 

results of the resonance frequency measurements.          

6.6 Electromechanical measurements of SWCNTs 

6.6.1 Measurement set-up 

 The suspended nanotubes assembled between the electrode pairs were subjected to 

electromechanical measurements. Figure 6.9 shows a schematic representation of the 

measurement set-up used.  Measurements were carried out in a probe station with a 

vacuum chamber (Janis Research Company) at room temperature and 6x10
-4

 mbar 

(0.06 Pa) pressure. A Keithley 220 programmable current source was used to drive a 

constant current through the nanotube between the two electrodes. The sample was 

mounted on a copper plate (2x2 cm
2
) with a dielectric spacer at the bottom to decouple 

the p
++

 doped Si substrate from the sample holder of the chamber. The Si substrate was 

used as a back-gate to which a DC voltage (Agilent E3647A power supply) with a 

superimposed AC signal (from Rohde and Schwarz SMBV 100A vector signal 

generator) was applied with the help of a bias-T. The frequency of the AC signal 
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applied at the substrate for actuation was swept from 10 kHz to 50 MHz. The DC 

voltage drop across the two electrodes bridged by the nanotube was monitored, using a 

Keithley digital multimeter, as a function of the AC signal frequency. The resistance of 

the nanotube was calculated from the voltage drop, normalized and then plotted as a 

function of the actuation frequency.  

 

Figure 6.9. Schematics of the resonance frequency measurement of the suspended nanotube 

resonator. A constant current was passed through the nanotube, while the actuation 

frequency applied at the substrate was swept from 10 kHz to 50 MHz. The resistance 

change during the frequency sweep was calculated from the voltage drop across the two 

contact electrodes bridged by the nanotube.  

6.6.2 Resonance frequency and Q factor 

 Figure 6.10 shows the normalized electrical response of the suspended SWCNT 

with respect to the actuation frequency. We note that the normalized resistance of the 

SWCNTs changes significantly at a particular frequency range, leading to a peak in the 

resistance versus frequency plot (Figure 6.10). Furthermore, we observe that this can 

either be an increasing (upward) or decreasing (downward) peak. This frequency, at 

which the resistance maximum (or the minimum) is measured, corresponds to the 

mechanical resonance frequency of the suspended SWCNT. To verify this hypothesis, 

it was first confirmed that this change in the normalized resistance is not caused by any 

electrical artifact from the measurement set-up (circuit) itself. This was done by 

repeating the same measurements (as in Figure 6.10) at ambient pressure for the 

devices that showed the change in the resistance at low pressure (0.06 Pa). At ambient 

pressure, the devices did not show any change in the normalized resistance as a 

function of the actuation frequency (Figure 6.11). This behavior can be attributed to the 

mechanical damping experienced by the resonating nanotubes in air. The electrical 

equivalent of the measurement set-up remained unchanged during the measurement at 
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ambient pressure and the disappearance of the resistance peak, indicating the absence 

of circuit artifacts.   

 

Figure 6.10. Plot of time-averaged normalized resistance of devices when (a) 20 nA and (b) 

25 nA current was passed through the nanotube, while an AC signal with an RMS 

amplitude of (a) 1 V and (b) 0.75 V was applied at the substrate with a DC offset of (a) 

10 V and (b) 5 V.  

 The Q factors of the devices measured were calculated to be 8.42 (Figure 6.10a) 

and 5.24 (Figure 6.10b). In general, such low Q factors for nano resonators were 

predicted in the literature mainly due to the loss mechanisms related to clamping points 

and surface defects [13]. The suspended SWCNT can be modeled as a suspended 

oscillating string. The frequency of the fundamental flexural mode of the SWCNT, 

when its tensile stress (tension) can be neglected is given by the expression [14]: 

2

22.4
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=        (6.6) 

where E is the Young�s modulus of SWCNTs. Young�s modulus values between 300 

GPa to 1.3 TPa have been reported for SWCNTs [15]. I is the second moment of 

inertia of the nanotubes, 
3I r tp= with r=1.5 nm (typical SWCNT radius in our 

devices) and t= 0.34 nm (the wall thickness of SWCNT), r= 1350 kg m
-3

 (density of 

SWCNTs) [16], S is the cross-sectional area,
2S rp=  and L= 1.3 mm (length of the 

SWCNT, which is assumed to be equal to the electrode gap. The fundamental mode 

frequency from the above equation was calculated based on the above numbers and 

was found to be between 22.5 MHz and 46.7 MHz, corresponding to the Young�s 

modulus values of 300 GPa to 1.3 TPa respectively. The frequencies at which the 

resistance peaks were measured (Figure 6.10) were indeed found to be within the range 

of calculated frequencies.  A better numerical model can be developed by knowing the 
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precise material constants of the nanotubes used in our studies. A more accurate 

resonance frequency could also be predicted, if the exact resonator length is known. It 

was not possible to accurately know this length for our devices due to the absence of a 

good clamping point. The resonator length was therefore assumed to be the length of 

the gap between the electrode structures. This, we believe, is justifiable as the 

nanotubes appear clamped towards the tips of the electrodes in the SEM pictures 

(Figure 5.12). The numerical agreement for the resonance frequency, along with the 

loss of the resistance peak at ambient pressure (Figure 6.11) furthers our reasoning that 

the results presented in Figure 6.10 correspond to the mechanical resonance frequency 

of the suspended nanotubes.   

 

Figure 6.11. A typical curve of normalized resistance as a function of actuation frequency 

at ambient pressure. This plot was measured with the device shown in Figure 6.10b.  

6.6.3 Response modelling of the SWCNT resonator 

6.6.3.1 Piezoresistance of SWCNTs 

 During electrostatic actuation, the suspended SWCNT experiences a static 

deformation due to the DC substrate bias and is set in oscillatory motion by the AC 

signal. At resonance (wd = w0), the oscillation amplitude of the suspended SWCNT 

reaches a maximum, leading to a significantly higher mechanical strain in the 

nanotube. This strain will cause a change in the conductance of the nanotube due to its 

piezoresistance, compared to the background conductance. This is responsible for the 

resistance changes in the nanotubes as measured in Figure 6.10. The piezoresistivity of 

nanotubes is caused by strain induced changes in the electronic band-gap of the 

nanotubes and has already been studied both theoretically [17] and experimentally 

[18]. Piezoresistive gauge factors of SWCNTs close to 3000 [19] have been reported. 

Furthermore, for both the devices in Figure 6.10, the magnitude of the change in 
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resistance is a factor of 4 (the ratio of maximum/background resistance in Figure 6.10a 

and the ratio of background/minimum in Figure 6.10b). This might also indicate that a 

similar physical phenomenon is responsible for the increasing and the decreasing 

peaks. Examples of measured resonance frequencies are 27.5 MHz (Figure 6.10b) and 

35.2 MHz (Figure 6.10a). These values lie in good agreement with the range of the 

calculated resonance frequency values.  

 These arguments suggest that the piezoresistive response of the SWCNTs can 

induce a frequency dependent resistance change as seen in Figure 6.10. A more 

detailed approach to modeling the piezoresistance of SWCNTs is presented in 

section 6.6.3.3. If the results in Figure 6.10 are a result of the strain-induced band-gap 

change in SWCNTs, it is still not clear why we observe either an increasing (upward) 

or decreasing (downward) peak. The following sub-sections of the chapter will address 

this question in detail.    

6.6.3.2 Role of SWCNT chirality 

 The normalized resistance as a function of the actuation frequency results in either 

an increasing (upward) or decreasing (downward) peak. This behavior can be 

explained by the effect of the SWCNT chirality on the piezoresistive response of the 

nanotube. The expression for the change in the band-gap of a SWCNT with mechanical 

(uniaxial) strain is given as [20]:  

[ ]0sgn(2 1)3 (1 )cos3
gdE

p t
d

s n f
s

= + +     (6.7)  

where Eg is the electronic band-gap of the SWCNT, s is the uniaxial strain induced in 

the nanotube, p is a chirality dependent number (p is defined as 3n m q p- = -  [1]; n 

and m being the chiral indices of the SWCNT and q is any integer), t0 is overlap 

integral of the adjacent carbon atoms in the graphene lattice, n  is the Poisson ratio of 

SWCNTs and f is the chiral angle (0
O

<f<30
O
). All the terms in the above equation are 

positive quantities, except the signum function, sgn (2p+1).  

 

n-m p 2p+1 sgn(2p+1) dEg/ds 

3q 0 +1 +1 >0 

3q+1 -1 -1 -1 <0 

3q-1 +1 +3 +1 >0 

Table 6.1. Relationship between the difference in the chiral indices (n,m), the signum 

function (sgn(2p+1)) and the sign of dEg/ds.   
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Depending on the chiral indices of the nanotube, p can be zero (resulting in metallic 

SWCNTs) or +1 or -1 (resulting in semiconducting SWCNTs). Hence, the function sgn 

(2p+1) returns a value which can be either +1 or -1 (see Table 1). The output value of 

the signum function determines the sign of the dEg/ds term. It is therefore possible that 

with increasing mechanical strain, the electronic band-gap either increases (Figure 

6.10b) or decreases (Figure 6.10a) depending on the chirality of the nanotubes.  

 It is evident from equation 6.7 that, to measure strain induced conductance changes 

in a nanotube, the dEg/ds term has to be non-zero. Given that t0, s and n are non-zero 

parameters, the dEg/ds term can only become zero when the cosine term is zero. 

Armchair SWCNTs, which have (n,n) chiral indices, have a chiral angle (f) of 30
O
 [1]. 

This means that uniaxial strain does not result in a change in the electronic band-gap of 

armchair SWCNTs, and hence we would not see any change in the normalized 

resistance of such nanotubes as a function of the actuation frequency. This is in line 

with our observation that several SWCNT resonators measured do not exhibit this 

change in the resistance. Zig-zag nanotubes, which have (n,0) chiral indices, have the 

highest magnitude of dEg/ds, and its sign can be positive or negative depending on the 

value of �n� ( )3  or 3 1n q q= ± [1], thereby resulting in chirality sensitive resistance 

changes. For chiral nanotubes, the magnitude of dEg/ds increases with increasing 

chiral angle (0
O
<f<30

O
) [1]. In our experiments, we successfully measured mechanical 

resonances for 5 individual SWCNT resonators out of 20 such measured devices.  

6.6.3.3  Piezoresistive response and contact resistance 

 The resistance of the nanotube as a function of the differential change in the band-

gap can be expressed as [21]:   
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    (6.8) 

where 
2

t  is the transmission probability of an electron, e is the electronic charge unit, 

0

gE  is the band-gap of the SWCNT in the unstrained condition, k is the Boltzmann 

constant and T is the temperature. All the terms in the above expression are either 

known or can be computed from established expressions in the literature [21]. The total 

measured resistance of the system in our measurements (RT) is a combination of the 

nanotube resistance itself (RNT) and the contact resistances, given by: 

T NT ContR R R= +        (6.9) 
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where Rcont is an effective contact resistance from the SWCNT-metallic electrode 

contacts at the two electrodes. Combining equations 6.7, 6.8 and 6.9, we can arrive at 

an expression for the relative change in the resistance given by:  

( )
( )

( )
( )0 0

T NT Cont

T NT Cont

R R R

R R R

s s
s

+
=

= +
      (6.10) 

 By computing this relative change in the resistance, and comparing it with 

measured values (in Figure 6.10), it would be possible to quantitatively prove the 

influence of the nanotube piezoresistivity on the measurements. This is important 

because, a frequency dependent modulation of the contact resistance could also 

contribute to the resonance peaks (Figure 6.10), in addition to the piezoresistive 

response of the nanotubes. However, for this calculation it is important to know the 

values of the nanotube resistance and the contact resistance independently from each 

other. This could be measured by locally probing the nanotube itself and measuring the 

individual resistance of the CNTs sans the electrical contacts using equipments like 

nanoprober [22]. Further research is required to measure the nanotube resistance 

independently of the contact resistance and to confirm this hypothesis.   

6.7 Summary of this chapter  

·! DC electrical measurements could be performed on as-assembled nanotubes 

after DEP, without the need for any post-processing.  

·! The gate tunability measurements of suspended SWCNTs revealed the 

presence of both metallic and semiconducting nanotubes deposited by DEP.  

·! Thermal annealing of SWCNTs in the presence of forming gas was found to 

decrease the total resistance of the nanotube device.  

·! Post-DEP Pt ECD on the electrodes of the nanotube devices creates a Schottky 

barrier diode with truly rectifying properties. This could be useful for 

applications of SWCNT-based SBFETs in systems like gas or mass sensors.      

·! Electromechanical measurements demonstrate a significant change in the 

normalized resistance of the suspended SWCNTs as a function of the actuation 

frequency applied at the substrate.  

·! We observe either an increasing (upward) or a decreasing (downward) peak 

for different devices. The frequency at which the resistance maximum (or the 

minimum) is measured corresponds to the mechanical resonance frequency of 

the suspended SWCNT. The measured resonance frequency of the devices 

ranged between 26 MHz and 35 MHz, and was found to be in reasonable 
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agreement with calculated values from the string model of SWCNTs under 

low tension.  

·! The piezoresistance effect of SWCNTs could cause the significant change in 

the normalized resistance at their mechanical resonance frequency.  

·! We have established that the chirality of the SWCNT determines whether the 

SWCNT resistance increases, decreases or remains unchanged during 

mechanical resonance.  

·! For armchair nanotubes, the band-gap does not change with uniaxial strain and 

hence they are not expected to exhibit resistance changes at mechanical 

resonance. This is in line with our observation that a number of devices 

measured do not exhibit a change in the resistance as a function of actuation 

frequency.  

·! Depending on the nanotube chirality (among zigzag or chiral tubes), the 

change in band-gap with applied tensile strain can either be positive or 

negative, leading to an increasing (upward) or a decreasing (downward) 

resistance peak at resonance respectively. 
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7.1 Primary objective of the thesis: Recap 

 The major objective of this work, as described in the introduction of the thesis, was 

to develop an industry-relevant technique to fabricate devices comprising of 

horizontally aligned individual SWCNTs suspended over the substrate (to ensure their 

mechanical functionality) at multiple and specific on-chip sites in parallel, preferably 

in a CMOS-compatible process. The major motivation behind this work was therefore 

to develop and optimize a suitable fabrication process rather than focus on measuring 

and improving the electrical or electromechanical performance of our devices of 

interest. In the following sections, the main highlights of this thesis will be presented, 

justifying the success of this work towards meeting the above-mentioned objectives.            

7.2 Key accomplishments of this thesis  

7.2.1 Template structures 

 We successfully fabricated arrays of triangular shaped electrode pairs as template 

structures on 200 mm wafers. The design of the templates was such that parallel 

growth of CNTs by CVD or CNT assembly by DEP at multiple on-chip positions could 

be carried out, increasing the throughput of the process tremendously. The capacitive 

coupling design in the samples was taken advantage of to assemble CNTs by DEP on 

to multiple electrode pairs in parallel.  

7.2.2 ECD catalyst and CVD growth  

 ECD was successfully used to deposit the catalyst nanoparticles required for CNT 

growth. It offered excellent control in depositing catalyst nanoparticles of the required 

diameter and density, by optimizing the deposition chemistry and the total electric 

charge used for the deposition. It is a parallel technique, which was used to deposit 

catalyst islands at multiple sites in a very selective way. It was also an extremely 

reproducible technique. Ni nanoparticles of a pre-determined (equivalent) thickness 

were deposited using a pre-defined total charge input on-to TiN blankets by 

galvanostatic methods. Several CNT growth recipes were tested on the TiN blanket 

samples with Ni catalyst particles. A thermal growth recipe involving H2/Ar gases for 

catalyst pre-treatment and C2H2/Ar for the CNT growth at a pressure of 533 Pa was 

identified as a good recipe to grow nanotubes. E-beam lithography was then used to 

define small catalyst holes of 70 nm diameter on top of the electrode structures and the 

Ni was selectively deposited inside the catalyst holes. CNTs were grown in a localized 
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manner with a good control on the growth density. However, CNTs could not be grown 

with the desired directionality on the templates. The CNTs were found to grow with a 

random orientation and did not bridge the two electrodes. This growth process scheme 

could therefore not be used to obtain suspended CNTs, bridging the two electrodes as 

the nanotubes could not be grown with the desired directionality. Therefore, the 

experiments of directional CVD growth were discontinued and the process of 

dielectrophoresis was used to fabricate horizontally suspended CNTs bridged between 

the electrode pairs. 

7.2.3 Dielectrophoresis 

 The preliminary DEP experiments with MWCNTs resulted in successful alignment 

of CNTs and assembly at specific on-chip positions with high spatial selectivity. A 

strong dependence on the electrode angle towards the density of the deposited CNTs is 

observed. Best results are obtained on the electrodes with 45
O
 tip angle, which had 

about 40% of them bridged with single CNTs. All the materials and methods used for 

the fabrication of the templates, catalyst placement and the DEP process were fully 

compatible with standard CMOS process operations. This is important as our 

objectives are to fabricate nanotube resonators for NEMS applications using 

industrially relevant techniques. 

 The aggregation factor of SWCNTs in liquid media has been successfully 

quantified using optical absorption spectroscopy. The role of NMP as an effective 

solvent for dispersing SWCNTs has been reaffirmed with our data. NMP could be used 

to prepare uniform dispersions over a wide concentration range with minimal levels of 

aggregation. No considerable nanotube re-aggregation was observed in the NMP 

dispersions over a period of at least 35 days in the absence of additional processing.  

The net sonication energy input to exfoliate nanotubes has been calculated by 

calibrating the sonicator. A modified approach to estimate the SWCNT aggregation 

factor in dispersions was proposed and verified. 

 The dielectrophoresis process was further optimized with SWCNTs, especially the 

effect of the frequency of the electric field and the concentration of the SWCNT 

dispersion. For maximizing the number of electrode pairs bridged by an individual 

nanotube, a frequency of 2 MHz and a concentration of 250 ng/mL (with 

centrifugation) were found to be optimal conditions in our set up. With the optimal 

DEP conditions, 40% of the electrode pairs that were bridged by nanotubes had an 

individual SWCNT assembly across a total on-chip area of 1x0.1 cm
2
. The study of 

DEP results over such large area scales is critical for predicting the yield of wafer-scale 

processes. 
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7.2.4 Electrical measurements  

 DC electrical measurements could be performed with the as-assembled nanotubes 

after DEP. Since there is no need for post-CNT deposition lithography to pattern 

devices, the nanotubes are free from any form of impurities resulting from photo-resist 

or other chemical residues. The gate dependence measurements of the drain current of 

the suspended SWCNTs revealed the presence of both metallic and semiconducting 

nanotubes deposited by DEP. Thermal annealing of SWCNTs in the presence of 

forming gas was found to decrease the total resistance of the nanotube device. Post-

DEP Pt ECD on the electrodes of the nanotube devices creates a Schottky barrier diode 

with truly rectifying properties. This could be useful for applications of SWCNT-based 

SBFETs in systems like gas or mass sensors.       

7.2.5 Electromechanical performance 

 Electromechanical measurements demonstrate a significant change in the 

normalized resistance of the suspended SWCNTs as a function of the actuation 

frequency applied at the substrate. We observe either an increasing (upward) or a 

decreasing (downward) peak for different devices. The frequency at which the 

resistance maximum (or the minimum) is measured was found to be in reasonable 

agreement with the calculated mechanical resonance frequency of the suspended 

SWCNT device assuming a spring model with low tension. The measured resonance 

frequency of the devices ranged between 26 MHz and 35 MHz. The piezoresistance 

effect of SWCNTs could cause this significant change in the normalized resistance at 

their mechanical resonance frequency. We have established that the chirality of the 

SWCNT determines whether the SWCNT resistance increases, decreases or remains 

unchanged during mechanical resonance. For armchair nanotubes, the band-gap does 

not change with uniaxial strain and hence they are not expected to exhibit resistance 

changes at mechanical resonance. This is in line with our observation that a number of 

devices measured do not exhibit a change in the resistance as a function of actuation 

frequency. Depending on the nanotube chirality (among zigzag or chiral tubes), the 

change in band-gap with applied tensile strain can either be positive or negative, 

leading to an increasing (upward) or a decreasing (downward) resistance peak at 

resonance respectively.  

 Given the scalability of the DEP process, arrays of such devices assembled in 

parallel could be of interest, for instance as gas or chemical sensors. The results 

obtained in this thesis therefore represent a successful groundwork laid towards a 

manufacturable technique to fabricate arrays of SWCNT resonators over a large 

sample area. In addition to the development and optimization of the fabrication 

technique, the electromechanical measurements of the resonators clearly establish the 
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mechanical functionality of the resonators fabricated using CMOS-compatible 

materials and methods and hence their relevance in NEMS applications. Furthermore, a 

clear insight into the fundamental understanding about the behavior of SWCNT 

oscillators during mechanical resonance was obtained from our measurement data. 

7.3 A general outlook on NEMS    

 Numerous reports have been published in the literature describing the fabrication 

and electromechanical functionality of CNTs for NEMS applications [1-4]. The major 

motivation for the choice of SWCNTs as mechanical resonators stems from their very 

small physical dimensions. SWCNTs have an extremely small diameter (usually about 

0.5-4 nm) and have a low spring constant [5], making them very flexible. Also, they 

have a very low linear mass density [5]. Moreover, the enhanced mechanical 

robustness of SWCNTs compared to Si [6] and their superior transduction properties 

compared to Si based materials [1, 3], make them a promising candidate for NEMS 

applications. Top-down fabrication processes require the use of advanced lithographic 

and patterning techniques to define features as small as an individual nanotube. Hence, 

SWCNTs are of great interest in the technology roadmap for scaling down the 

dimensions of mechanical devices, as they are bottom-up chemical structures and can 

be relatively easily synthesized.    

 Carbon Nanotubes were proposed as mechanical components for NEMS 

applications mainly because of their gate-tunable electronic properties and robust 

mechanical properties. The most commonly used key performance indicators (KPIs) of 

a functional NEMS device for prospective commercial applications are, (i) the 

mechanical resonance frequency (this is determined by the material constants of the 

resonator), (ii) the quality factor (this determines the power efficiency), (iii) the 

sensitivity of the resonator, in case of sensing applications and (iv) their transduction 

properties; for example the piezoresistive gauge factor (this helps during the detection 

measurements of the resonance frequency).    

 Scaling down the physical dimensions of the mechanical resonator helps in 

increasing the mechanical resonance frequency of the device. This can be useful 

especially for wireless and radio frequency (RF)-NEMS applications where a 

resonance frequency of the order of GHz is desirable. Resonance frequencies reported 

with conventional top-down NEMS structures are usually in the range of 200 MHz [7] 

to 600 MHz [8]. However, the fundamental mode resonance frequencies of SWCNT 

resonators have been reported in the range of 4-11 GHz (0.85 nm diameter and 110 nm 

length) [9]. This is possible because of the high modulus of elasticity of SWCNTs and 

their low mass density [5].  
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 The Q factors of the nanotube resonators are however not very attractive compared 

to the top-down Si NEMS devices. It was reported in the literature [10] that the Q 

factor of mechanical resonators would decrease with an increase in the surface-volume 

ratio, as shown in Figure 7.1, due to the enhanced contributions of the loss mechanisms 

on the resonator surface. Following this trend, Q factors of the order of 6 [1] to 1000 

[11] have been usually reported for SWCNT resonators, while a Q factor in the range 

of 15000 [7] is rather commonly reported for Si-based resonators. The reason for such 

low Q factors for SWCNT resonators have been attributed to several extrinsic and 

intrinsic loss mechanisms like clamping points, thermoelastic loss, nonlinearity, 

propagation of surface defects and crystal defects, to name a few [10]. 

 The lower Q factor of the SWCNT resonators compared to the Si resonators in 

general is in itself not considered a major roadblock for their commercial applications. 

Nanotube resonators still are of huge interest for niche applications where extremely 

high sensitivities are required. For instance, mass sensitivity down to the scale of 

yoctograms (10
-24

 g) [11] has been demonstrated with SWCNT resonators. This is 

comparable to the mass of a proton. On the other hand, the best reported sensitivity of 

the bulk or surface micro-machined Si resonators is in the order of attograms (10
-18

 g) 

[12]. This makes the SWCNT resonators much more promising for applications which 

require ultrasensitive detection limits, for instance in biological applications [13] 

towards early disease detection or hazardous gas detection, to name a few [14].  

 

Figure 7.1. A plot showing the decrease in the Q factor of single crystalline Si mechanical 

resonators with increase in their surface to volume ratio. (Reproduced from [10]).  

 Additionally, the transduction properties of SWCNTs are much more superior to 

that of Si or SiGe or poly-Si, materials that are commonly used in micro-fabrication 
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process to pattern electronic or mechanical devices. For instance, the piezoresistivity of 

nanotubes (strain induced changes in the electronic band-gap) has been studied both 

theoretically [15] and experimentally [16]. Piezoresistive gauge factors of SWCNTs 

close to 3000 [17] have been reported. In contrast, the gauge factor of bulk Si was 

measured to be in the range of 100 to 150 [18] depending on the doping concentration 

and that of Si nanowires were reported to be around 100 to 400 depending on the 

diameter and crystallographic orientation [18]. Such high piezoresistive gauge factors 

help in the easy detection of the mechanical motion and the resonance frequency 

measurements of such devices as the displacement of the resonator is transduced to 

electrical signals, which is recorded with the help of an external circuitry.  

7.4 Benchmarking of our fabrication process 

 The strengths of the SWCNT resonators over the conventional Si NEMS are rather 

evident from the discussions in the previous section. This makes them a very attractive 

candidate for a variety of practical applications. Therefore, a robust industry relevant 

technique of fabricating the nanotube resonators is a considerable step forward towards 

their commercial relevance.  

 Horizontally aligned CNT growth by chemical vapor deposition has been 

demonstrated in the literature [19-20]. However, typical CVD growth temperatures 

between 600 
O
C � 1200 

O
C are necessary to grow CNTs of a good crystalline quality. 

Such high temperatures are however not suitable for above-CMOS integration 

schemes. Although there has been a recent trend to grow SWCNTs at CMOS 

compatible temperatures (less than 450 
O

C), the crystal quality and the electrical 

properties of these nanotubes are much inferior compared to the ones that are grown at 

higher temperatures. Moreover, controlled and repeatable growth of horizontally 

aligned individual CNTs, to our knowledge, has not yet been demonstrated [19-20].  

 Dielectrophoresis has been used successfully in the literature to deposit individual 

SWCNTs. The major results in this direction were published by Vijayaraghavan et al. 

[21] and Cao et al. [22]. Vijayaraghavan et al. demonstrated DEP assembly of 

SWCNTs across electrode pairs defined by e-beam lithography in a chip area of 

100x100 mm
2
. We have achieved successful DEP assembly of SWCNTs with photo-

lithographically defined electrode pairs over a chip area of 1x0.1 cm
2
. The yield 

percentage of the electrode pairs bridged by SWCNTs (both individual and multiple 

tubes) as reported in the paper published by Vijayaraghavan et al. [21] was 90% as 

opposed to 60-100% in our experiments depending on the DEP condition used. At the 

optimal conditions tested in our experiments, we have shown that 90% of the electrode 

pairs across an effective area of 1x0.1 cm
2
 have been bridged and 25% of the 
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electrodes were bridged by an individual SWCNT1. We also observe no preferential 

metallic or semiconducting nanotube deposition during DEP. For the frequency used in 

our experiments (2 MHz), we observe that both metallic and semiconducting SWCNTs 

were deposited by DEP, which is similar to the results published by Vijayaraghavan et 

al. [21]. Additionally, we have successfully demonstrated methods to pattern metallic 

electrodes on top of as-assembled SWCNTs by using electrodeposition, which is also 

CMOS compatible and can be performed on full wafers, making our complete process 

industry-friendly. Cao et al. [22] reported successful resist-assisted DEP process to 

assemble individual SWCNTs on a blanket silicon oxide layer and then post-process 

electrodes on top of the SWCNTs. This process also resulted in horizontally aligned 

suspended SWCNTs, like the ones reported in our work. However in their work, there 

was no mention of yield numbers, which makes it difficult to benchmark our results 

with their report.        

7.5 Future perspectives  

 In this age of aggressive scaling and heterogeneous integration to pack enhanced 

functionalities into electronic devices, bottom-up chemical structures like carbon 

nanotubes are very interesting candidates for applications in the sub-11 nm technology 

nodes, for which the conventional CMOS scaling is not practical. New materials like 

CNTs, graphene, nanowires, III-V materials and new device configurations like tunnel 

FETs offer elegant solutions for the challenges in the conceptualization of futuristic 

devices. Reliable production techniques to fabricate such novel nano devices are 

therefore highly sought after, which was the main topic of discussion of this thesis. The 

fabrication techniques of the bottom-up nano structures, like CNTs have evolved much 

in the past decade, but the reproducibility of their fabrication methods over large 

sample areas still remain an active area of interest with many challenges. The 

following paragraphs shall outline the major challenges in this context and a 

perspective of the possible directions of future work in this field.  

 We have shown that DEP is a very simple technique to fabricate SWCNT 

resonators in a CMOS-compatible manner. Further fine-tuning of the process 

parameters like the frequency of the AC field or the magnitude of the DC electrical 

field to improve the yield of individual SWCNTs could be performed. Future 

experiments to establish the working efficiency of DEP over a full 200 mm or 300 mm 

wafer will make this process commercially very relevant. For example, when the 

deposition is being carried out on a wafer-scale, applying DEP fields unvaryingly over 

the full wafer without losses would be one issue of concern. Additionally, simple and 

                                                   
1 Confirmed by the SEM pictures and electromechanical measurements and modeling.  
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innovative techniques to ensure uniform coverage of the SWCNT dispersion over the 

surface of a full wafer for the assembly need to be worked out.  

 The electrical and electromechanical measurements revealed the importance of 

forming a good SWCNT-metal electrical contact. Future experiments on contact 

optimization by patterning a high work-function metal (like Pt) on both the electrodes 

on top of the deposited SWCNT after DEP. This top-metal not only helps in reducing 

the contact resistance, but also in clamping the nanotube resonator to the electrodes 

effectively. Another indirect way of minimizing the effect of the contacts is by 

fabricating arrays of SWCNT devices in which multiple SWCNTs are connected in 

parallel between two bond-pads. This configuration not only helps in reducing the 

effective contact resistance, but is also interesting in terms of practical applications as 

SWCNT sensor arrays.      

 Another possible area of further experiments and also of immense interest, is the 

study of the loss mechanisms in SWCNT resonators [10]. The reasons for the low Q 

factors reported for nano resonators in the literature are not yet understood completely. 

A systematic study of the loss mechanisms in SWCNT resonators could be of great 

interest, especially for low-power NEMS applications. One of the most widely 

proposed applications for CNT-NEMS is in the area of sensors, mainly ultrasensitive 

mass and pressure sensors [11, 16]. While numerous reports have been published on 

single nanotube sensor proof-of-concept studies, fabrication and testing of SWCNT 

sensor arrays have not yet been demonstrated. This could be of huge interest.  

 Nanotube growth however can be carried out using established plasma growth 

techniques that are commonly used in CMOS fabrication processes. In general, 

spatially controlled horizontally aligned growth of individual suspended SWCNTs by 

(PE)CVD in a CMOS-compatible process window remains to be demonstrated 

convincingly. Although the flow-induced horizontal alignment of SWCNTs has been 

achieved [23], this technique is still quite rudimentary, lacking strong theoretical 

models explaining the directional growth. Hence a more reliable technique like, 

plasma-induced horizontally aligned CNT growth in a horizontal plasma discharge 

rather than the conventional vertical plasma discharge chambers could be of 

considerable interest. 

 An avant-garde scope of application for CNT-based mechanical components could 

be as nano-hinges in (nano)micro-mirror arrays. Digital micro-mirror arrays have been 

conventionally used in the digital light processing (DLP) projection technology [24]. 

SWCNTs are one of the strongest materials known with modulus of elasticity of 

around 500 GPa to 1.5 TPa [6]. This makes them an ideal candidate for the torsional 

hinge materials that support the (nano)micro mirror. The very low torsional spring 

constant of SWCNTs (10
-15

 to 10
-18

 Nm/rad) [5], makes them very flexible and easily 

twistable. Additionally, because of their extremely small physical dimension, a high 
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density of such SWCNT devices can possibly be integrated compared to conventional 

hinge materials fabricated by top-down methods. This could be very attractive for the 

cutting-edge projection applications with enhanced optical resolution targeted towards 

high definition televisions [25], digital movie projections [26] and 3D cinema 

projections [27]. Therefore a thorough study of the reliability of SWCNTs for DLP-

like applications could generate a huge interest in this field.   

 The progressive results presented in this thesis, the challenges yet to be addressed in 

this field of study and the promising scope of applications in various domains provide 

numerous R&D prospects for CNT-based NEMS devices in the future.                 
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