
Controlling the Distribution of Carbon Nanotubes with 
Colloidal Masks: Large-Area Patterning of Carbon Nanotube Ring Arrays 

 
 

by 
 

Saloome Motavas 
 

B.Sc., Sharif University of Technology, 2006 
 
 

A Thesis Submitted in Partial Fulfillment 
of the Requirements for the Degree of 

 
MASTER OF APPLIED SCIENCE 

 
in the Department of Electrical and Computer Engineering 

 

 

 

 

 

 

 

 

 

© Saloome Motavas, 2008 
University of Victoria 

 
All rights reserved. This thesis may not be reproduced in whole or in part, by photocopy 

or other means, without the permission of the author. 
 



 ii

Controlling the Distribution of Carbon Nanotubes with 
Colloidal Masks: Large-Area Patterning of Carbon Nanotube Ring Arrays 

 
 

by 
 

Saloome Motavas 
 

B.Sc., Sharif University of Technology, 2006 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supervisory Committee 
 
Dr. Chris Papadopoulos (Department of Electrical and Computer Engineering) 
Supervisor 
 
Dr. Daler N. Rakhmatov (Department of Electrical and Computer Engineering) 
Departmental Member 
 
Dr. Frank C. J. M. van Veggel (Department of Chemistry) 
Outside Member 
 
 



 iii

 
Supervisory Committee 
 
Dr. Chris Papadopoulos (Department of Electrical and Computer Engineering) 
Supervisor 
 
Dr. Daler N. Rakhmatov (Department of Electrical and Computer Engineering) 
Departmental Member 
 
Dr. Frank C. J. M. van Veggel (Department of Chemistry) 
Outside Member 
 
 
 
 

Abstract 
 
 
Carbon nanotubes (CNTs) are nanometer-scale structures that have attracted broad 

interest due to their exceptional thermal, electronic, and mechanical properties. As a 

result, there has been a large effort to develop applications of these materials in various 

fields including nanoelectronics and nanophotonics, energy storage, and biomedical 

fields. However, controlled production and manufacturing of CNTs still remains a 

challenge. In this work we demonstrate a method for controlling the placement and 

distribution of carbon nanotubes on surfaces using colloidal lithography.   

 

CNTs in ring-like geometries display interesting properties due to their nanoscale curved 

structure. Although several methods have been introduced for the fabrication of these 

structures, large scale fabrication of CNT rings with controllable diameter in a practical 

manner has thus far been elusive. Here, we use colloidal lithography to assemble 

nanotubes from solution into rings with tunable diameter and controllable placement in 

large-area periodic arrays. Several parameters and conditions such as the mask size, 
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concentration and type of solvent for the CNT solutions are tested, and nanotubes with 

different quality and purity are used. Characterization of the CNT ring arrays using 

scanning electron microscopy (SEM) and atomic force microscopy (AFM) are 

performed. These results demonstrate large periodic areas of rings with good uniformity 

throughout the arrays. The arrays consist of rings with diameters between 180–220 nm 

when using 780 nm diameter sphere colloidal masks. Analysis of ring thickness for these 

rings indicated their cross-sections are composed of approximately 10-15 individual 

tubes. Rings made with 450 nm spheres had diameters between 100-150 nm, showing the 

tunability of the ring diameter enabled by our method. In some cases, mesh-like 

structures in the form of periodic interconnected carbon nanotubes were also observed. 

Our results demonstrate an efficient and straightforward approach for patterning carbon 

nanotubes into well-defined surface distributions with controlled and tunable dimensions. 
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1. Introduction 
 

1.1. Carbon Nanotubes-Background  
 
 

A nanostructure is a material system in which at least one spatial dimension is 

approximately between 1-100 nm (i.e. the nanoscale). Therefore, confining a bulk 

material in 1, 2 or 3 dimensions produces a 2D, 1D or 0D nanostructure, respectively. 

Quantum wells and surfaces are considered 2D nanostructures, while quantum wires and 

carbon nanotubes are 1D structures and quantum dots, buckyballs, and nanoparticles, are 

examples of 0D nanostructures (see Figure 1). 

 

 

Figure 1. Graphene, carbon nanotube, and buckyball from left to right, as examples of 2D, 1D and 
0D carbon nanostructures, respectively. 

 

Nanotechnology is a branch of science and engineering that involves studying 

nanostructures and fabricating new types of devices and structures that lie within the 

nanoscale. Nanofabrication approaches are usually classified as “bottom-up” or “top-

down”: Self-assembly is a typical example of the bottom-up approach in which the 

materials and devices are built from components that assemble themselves into larger 
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units by chemical or physical forces. In the top-down method on the other hand, 

structures are made from larger entities, and tools are used to cut, etch and shape 

materials into the desired form. One of the most common top-down approaches is 

photolithography.  

 

Bottom-up approaches are commonly used for producing structures devices in parallel 

and are often inexpensive, while in top-down methods there is usually more control over 

the fabrication process and higher precision can be achieved. Generally a combination of 

the two methods is used for fabrication of nanostructures and devices.  

 

Carbon Nanotubes (CNTs) are a class of nanostructures made up of hexagonal networks 

of carbon and can be thought of as a layer of graphite, also known as graphene, rolled up 

into a cylinder. Depending on the number of layers, carbon nanotubes are categorized 

into two main types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs). While SWCNTs consist of a single graphene sheet wrapped into 

a cylindrical tube, MWCNTs comprise an array of such tubes that are concentrically 

nested (Figure 2). 

 

Figure 2.  Single-walled carbon nanotube (left) and multi-walled carbon nanotube (right). 
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Figure 3 shows the hexagonal structure of a graphene sheet and how a CNT is formed: The 

way the graphene sheet is wrapped around itself and the orientation of the hexagons in 

the honeycomb lattice relative to the axis of the tube, (i.e. chirality), can be represented 

by a pair of indices (n,m) representing the chiral vector Ch, which defines the tube 

circumference. Integers n and m denote the number of unit vectors along two directions 

in the honeycomb crystal lattice of graphene. Therefore, the chiral vector can be defined 

as:  

Ch 21 mana +=  

 

The primitive translation vector T defines the unit cell of the 1D carbon nanotube lattice, 

along the tube axis.  

 

 

Figure 3. Graphene sheet with chiral (Ch ) and translation (T) vectors.  n and m denote the number of 
unit vectors a1 and a2  respectively [1]. 

 



 4

According to their chirality and the choice of m and n, nanotubes are classified into 3 

main groups. If ( nm = ), nanotubes are called "armchair" tubes (with chiral angle equal 

to 30°). If either m or n are zero, nanotubes are called “zigzag” (and the chiral angle is 

zero). All other types of nanotubes are called "chiral" tubes.  Three examples of 

SWCNTs are shown in Figure 4.  

 

Figure 4. (a) Armchair, (b) zigzag, and (c) chiral nanotubes [1] 
 

The observation of carbon nanotubes was a direct consequence of the synthesis of 

buckyballs, C60, and other fullerenes. Fullerenes were first discovered in 1985 by Kroto et 

al. using a laser to vaporize graphite [2]. The discovery of buckyballs as stable, ordered 

cage-like structures made of carbon, motivated researchers to search for other types of 

closed carbon structures. Sumio Iijima discovered multi-walled carbon nanotubes using 

an arc-discharge furnace in 1991 [3] as a by-product of fullerene research. Figure 5 

shows the TEM images of three different MWCNTs presented in his work. Shortly 
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thereafter, single-walled carbon nanotubes were discovered by Iijima [4] and Bethune [5] 

independently.  

 

Figure 5. TEM image of (a) a carbon nanotube with 5 graphene sheets and 6.7 nm diameter (b) two 
sheets and 5.5 nm diameter (c) seven sheets and 6.5 nm diameter [3]. 
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1.2. Thesis Overview 

 

1.2.1. Motivation 
 
 
Carbon nanotubes have attracted a broad range of interest due to their excellent thermal, 

electronic, and mechanical properties. This has led to a large research effort to utilize 

these structures in various fields and applications. However, the practical implementation 

of CNTs requires control over their growth and assembly, which remains a challenge. 

Many applications of CNTs including sensors, interconnects, transistors and other type of 

nanoelectronic devices require specific design, geometry and orientation of these 

materials and therefore the controlled synthesis and placement of CNTs over large areas 

is a crucial factor.  

 
Carbon nanotube rings are nanoscale ring-shaped structures that have received particular 

attention due to interesting transport and electromagnetic properties [6-9] that are 

diameter dependent. Thus far, several methods have been proposed for fabrication of 

CNT rings [10-13]. However, none of these methods offer a straightforward way of 

efficiently producing rings over large areas with controllable diameter and placement. 

Fabricating CNT rings with tunable size and placement over large areas is important for 

characterizing these materials and developing their applications.  
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1.2.2. Summary 
 

In this thesis, we demonstrate a method by which large-area periodic arrays of CNT rings 

can be assembled using a simple and fast solution-based technique. Colloidal masks are 

used for fabricating CNT rings on substrates, providing large-area fabrication and control 

of diameter and placement. Large area arrays of CNT rings produced by this method will 

be presented in this thesis, demonstrating good uniformity throughout the arrays. It will 

be shown that changing the sphere size in the colloidal masks will result in different 

diameter rings indicating the tunability of ring diameter achieved with our method. In 

addition, we observed interconnected patterns of CNT in some samples indicating the 

versatility of the colloidal lithography approach in controlling the distribution of CNTs 

on substrates. Different types and grades of carbon nanotubes were examined for making 

the samples and various experimental parameters were tested.  Various methods of 

characterization including scanning electron microscopy (SEM), atomic force 

microscopy (AFM) and Raman spectroscopy are incorporated to investigate and 

characterize the ring structures. The method presented in this work provides a convenient 

and high-throughput approach for fabricating large-area patterned arrays of CNT rings 

with tunable dimension and controlled placement that can facilitate the study of carbon 

nanotube ring properties and applications. The results in this thesis have led to two 

contributions [14, 15].  
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1.2.3. Outline 
 

The following chapter (2) provides an introduction to carbon nanotube properties, 

fabrication, and applications. CNT rings, which are the main focus of this thesis, are 

introduced at the beginning of chapter 3 and the rest of this chapter describes the 

experimental procedure used in our research for the fabrication of CNT rings and 

presents the different parameters and conditions that were tested. In chapter 4, 

characterization of the CNT ring arrays obtained from different trials is presented. The 

final chapter includes a discussion of the results obtained and concludes with directions 

for future investigation and possible extensions of this work.  
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2. Carbon Nanotubes 
 

2.1. Properties  

2.1.1. Electronic and Optical Properties  

 
As mentioned in chapter 1, carbon nanotubes form part of the fullerene family and can be 

considered as rolled-up layers of graphene, which is composed of sp2-bonded carbon 

atoms. In the sp2 
configuration of carbon three σ-bonds and one π-bond exist between 

atoms [1]. At 0 K the bonding (valence) π-band is completely full and the anti-bonding 

(conduction) π*-band is empty. The band structure for the π-electrons of a graphene sheet 

throughout the first Brillouin zone is shown in Figure 6. Since the π- and π*-energy bands 

touch at a single point graphene is referred to as a zero bandgap semiconductor. 

 

Although SWCNTs are structurally similar to a single layer of graphite, they can be 

either metallic or semiconducting depending on the tube diameter and the chirality. This 

dual ability of CNTs to be both metallic and semiconducting depending only on their 

geometry is one of their most astonishing features. The electronic properties of perfect 

MWCNTs are similar to those of perfect SWCNTs, because the coupling between the 

cylinders is not strong, similar to graphite. 
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Figure 6. Band structure of 2D graphite π -bands for the entire first Brillouin zone calculated with 
the tight-binding method [16]. 

 

To derive a first order model of the electronic structure of carbon nanotubes from the 

graphene band structure, we should consider the fact that the one-dimensional structure 

of nanotubes confines the electrons and allows free motion of electrons only along the 

tube axis. This will impose periodic boundary conditions on the wavevectors in the 

circumferential direction and result in quantization around the circumference of the 

nanotube. The quantized states resulting from radial confinement are as follows:  

 

                                                  K . Ch = j2π                                                      (Equation 1) 

 

Where K is the wavevector and j is an integer. Hence the energy bands of a CNT consist 

of a number of 1D subbands labeled by j which are cross-sections of the band structure of 

graphene. If one of these allowed subbands passes through a K-point, the nanotube is 

metallic. If no cut passes through a K-point, the tube is semiconducting. Figure 7a and 7b 
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show examples of the band structure for a semiconducting and a metallic nanotube 

respectively. 

 

 

Figure 7. Allowed 1D subbands for (a) (10,0) nanotube (semiconducting) and (b) (9,0) nanotube 
(metallic). The white hexagon defines the first Brillouin zone of graphene, and the black dots are the 

graphene K points. (Adapted from [18]). 
 

As shown in the above figure, the (9,0) nanotube contains a subband passing a K-point 

and therefore it is metallic while none of the (10,0) nanotube pass through a K-point 

resulting in a semiconducting behavior.  

 

Analysis [16] shows that all armchair SWCNTs ( nm = ) and SWCNTs with 

kmn 3=− (k is an integer) are metallic while all other tubes are semiconducting with a 

band gap that is inversely related to the diameter of the nanotube. For most of these 

nanotubes, the bandgap is related to the diameter by the following approximation [17]:  

 

                                                 Egap= 
d

nmeV
d

hv f .72.0
3

4
=                                  (Equation 2) 
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Where fv is the Fermi velocity and d is the diameter of the tube. 

 

Electronic transport in metallic SWCNTs and MWCNTs has been reported to be ballistic 

over long lengths, up to a few hundred nanometers at room temperature and it is due to 

the nearly one-dimensional electronic structure of nanotubes [19]. Ballistic transport 

implies there will be no energy dissipation in the conductor and heat dissipation will only 

occur at the contacts. This enables nanotubes to carry high currents with negligible 

heating [19, 20] and suggests their potential application in nanoelectronic devices or as 

interconnects in integrated circuits. 

 

Being one-dimensional materials, the SWCNT density of states (DOS) is characterized 

by Van Hove singularities [21]. A metallic SWCNT has a non-zero density of states 

(DOS) at the Fermi level EF (Figure 8a), while a semiconducting SWCNT does not have 

any available states at EF due to the band gap (Figure 8b).  

 

 

Figure 8. Calculated density of states (DOS) for (a) an armchair (10, 10) SWCNT, which is metallic 
and (b) a “zigzag” (16,0) SWCNTs, which is semiconducting. The characteristic peaks are due to the 

1-D structure of SWCNTs and called van-Hove singularities (Adapted from [21]). 
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The DOS behavior has been verified experimentally using scanning tunneling 

microscopy (STM) and spectroscopy (STS) [22]. Figure 9 shows the plot of differential 

conductance versus bias voltage which is a measure of the density of states for nanotubes.  

 

 

Figure 9. STS data for a metallic armchair tube (left) displaying finite DOS at the Fermi level and a 
semiconducting tube (right) with almost zero DOS at the Fermi level. (Adapted from [22]) 

 

For the semiconducting tubes the DOS is sharply peaked at the band gap and therefore, 

nanotubes show strong band gap photoluminescence (PL) and optical absorption [21].  

Figure 10 shows a typical absorption spectrum of a SWNT sample. Peaks A and B are 

attributed to transition between DOS spikes for semiconducting tubes and C for metallic 

tubes. Due to these properties, carbon nanotubes are optically active nanostructures and 

promising materials for optoelectronics and nanophotonic applications.  
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Figure 10. Optical absorption spectrum (after background correction) of SWNT sample containing 

metallic and semiconducting tubes with peak A and B assigned to transitions between the DOS spikes 
in semiconducting and peak C metallic nanotubes[23]. 

 

In Figure 11, the schematic density of electronic states of a SWCNT is shown indicating  

light absorption at photon energy E22 is followed by fluorescence emission near E11 [24]. 

The values of E11 and E22 will vary with tube structure [18]. 

 

 

Figure 11. Qualitative schematic of Van Hove peaks in a SWCNT and optical absorption/emission 
[24]. 



 15

2.1.2. Mechanical Properties 
 

Mechanically, CNTs are among the strongest known fibers [25]. They are exceptionally 

tough due to the strong sp2-bond in graphite.  As a result, CNTs show a high Young’s 

modulus and high tensile strength plus extraordinary flexibility and resilience. Both 

theoretical calculations [26] and experiments [27] reported an exceptionally large value 

of over 1 TPa (normalized to the density of graphite) for the Young modulus of 

nanotubes, confirming that nanotubes are among the strongest materials known.  

Furthermore, CNTs have shown tensile strength approaching 60 GPa [28, 29]. 

Theoretical calculations of tensile strength for nanotube [30-33] usually predict higher 

values compared to the experimental measurements. This inconsistency might be due to 

the limitations of the theoretical methods and also the presence of defects in the structure 

of real CNTs. [31, 34].  

 

2.1.3. Chemical Properties and Functionalization 
 

Compared to a graphene sheet, the chemical reactivity of a CNT is enhanced due to the π-

orbital mismatch caused by the curvature of its surface. As a result, smaller diameter 

nanotubes show higher chemical reactivity [35]. Chemical modification of CNTs is an 

important methodology for purification of CNTs and optimization of their properties for 

electronic, optical and mechanical applications. For example, the solubility of CNTs in 

different solvents can be controlled by their covalent modifications. Covalent 

modification of CNTs is done by attachment of various functional groups to their 
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sidewalls or ends. The figure below shows a schematic of sidewall functionalization of 

CNTs. 

 

 

Figure 12. Schematic of covalent sidewall functionalization of a nanotube. (Adapted from [36]) 
 

Chemical functionalization of CNTs not only improves their solubility and avoids their 

bundling in solution, but also allows the unique properties of CNTs to be coupled to those 

of other types of materials and provides an opportunity for producing new types of 

nanotube-based structures and materials. Up to now, three different approaches have been 

used for functionalization of nanotubes: thermally activated chemistry, photochemical 

functionalization and electrochemical modification [37].  
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2.2. Growth and Fabrication 
 

2.2.1. Fabrication Methods 
 
Generally, three techniques are used for producing CNTs: carbon arc-discharge, laser 

ablation, and chemical vapor deposition (CVD). 

 

2.2.1.1. Arc-discharge 

The carbon arc-discharge technique was initially used for producing C60 fullerenes. This 

method utilizes two carbon electrodes that are kept in a chamber filled with an inert gas at 

low pressure. Once the pressure is stabilized, the dc power supply is turned on and a high 

temperature discharge is produced between the two electrodes. CNTs are produced 

through arc vaporization of these two carbon rods. For MWCNTs a pure graphite rod is 

used, whereas SWCNTs synthesis has thus far been only possible with a graphite target 

mixed with transition metal catalysts. Figure 13 shows a schematic diagram of the arc-

discharge method for producing SWCNTs and MWCNTs.  

 
 

 
Figure 13. Schematic of an arc-discharge setup for synthesis of MWCNTs or SWCNTs [38]. 



 18

 
The deposit obtained by arc-discharge method typically contains a complex mixture of 

components [39-42] which is problematic for accurate characterization and application of 

carbon nanotubes.  Therefore the deposit from an arc-discharge apparatus requires 

extensive purification to separate the CNTs from other carbon nanoparticles and the 

residual metal catalysts.  

 

2.2.1.2. Laser Ablation 

In 1996, Smalley's group reported the synthesis of carbon nanotubes using a dual-pulsed 

laser [43]. Figure 14a shows the schematic of a laser ablation setup used for synthesis of 

CNTs. In this method, a pulsed laser vaporizes a graphite target in a high temperature 

reactor while an inert gas is fed into the chamber. Carbon clusters from the graphite target 

are cooled, adsorbed, and condensed on a cooled Cu collector. The initial laser 

vaporization pulse is followed by a second pulse for more uniform vaporization and 

minimizes the amount of carbon deposited as soot. MWCNTs can also be synthesized 

using this method. Synthesis of SWCNTs however is at present only possible using a 

target of graphite and a mixture of Co, Ni, Fe, Y. SWCNTs produced this way exist as 

'ropes' (Figure 14b). 

 

Figure 14. (a) Schematic diagram of laser ablation technique for synthesis of CNTs [44] (b) TEM 
image of a SWCNT rope made up of ~ 100 SWCNTs (Adapted from [43]). Scale bar, 10 nm. 
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Even though the arc-discharge and laser ablation methods can result in a relatively high 

yield of CNTs, they both need very high temperatures for evaporation of carbon atoms. In 

addition, the product needs extra purification and dispersion treatments which can 

introduce defects into the nanotubes. Furthermore, since in both of these methods CNTs 

are formed by evaporating a carbon source, there is not much control over the placement 

of the tubes. Carbon nanotubes made this way are in highly tangled forms and mixed with 

carbonaceous and metal particles and hence they are difficult to manipulate for device 

architectures and industrial production. Therefore, these methods are at present not 

practical for most applications.  

 

2.2.1.3. Chemical Vapor Deposition (CVD) 

In the CVD method, growth typically takes place on a chip that has been prepared with 

transitional metal catalyst particles and placed in a furnace at temperatures between 

500°C and 1000°C. CNTs are synthesized by using a hydrocarbon (usually methane, 

ethylene, or acetylene) as a feedstock gas and thermal decomposition of this carbon 

source on the catalyst particles. A schematic setup for the CVD growth method is shown 

in Figure 15a.   

 
 

Figure 15. (a) Schematic diagram of the CVD technique [25] (b) SEM image of nanotube towers 
synthesized on 38 µm by 38 µm catalyst patterns. (Adapted from [45]). 
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A major advantage of the CVD approach is that it allows the direct and patterned growth 

of CNTs on chip and therefore there is no need for a further deposition/purification 

process. In addition, bulk CNT material produced via CVD is typically much cleaner than 

that of other methods. Fabrication of CNTs by this method is influenced by the choice of 

catalyst material and experimental parameters such as time, pressure, flow rate and 

temperature. Figure 15b shows an SEM image of nanotube towers synthesized by the 

CVD method and comprising self-assembled nanotubes perpendicular to the substrate 

[45].  
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2.2.2. Controlled Growth and Assembly of CNTs 
 
 
Controlled growth of CNTs based on CVD has been achieved using different approaches 

such as electric field-assisted growth [46, 47], gas flow [48], catalyst monolayer [49] or 

nanoparticle patterning [50], and crystal plane assisted growth [51]. Figure 16 shows 

electric-field-directed growth of SWCNTs using CVD [46]. 

 

 

Figure 16. SEM image of suspended SWCNTs grown by CVD and aligned along the electric-field 
direction. (Adapted from [46]) 

 
 

In Figure 17 long arrays of SWCNTs oriented along the direction of the gas flow using 

the “fast-heating” CVD method are displayed [48].  

 

 

Figure 17. Oriented long SWNT arrays from “fast-heating” growth process using Fe/Mo catalyst nanoparticles 
[48]. 
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Hong et al. proposed a method based on molecular self-assembly for large-scale 

alignment of carbon nanotubes on the substrate [52]. In this method, pre-grown 

nanotubes in solution are aligned using chemically functionalized patterns on the surface. 

Figure 18 shows an array of CNTs made by this method. Arrows 1, 2 and 3 indicate 

octadecyltrichlorosilane, 2-mercaptoimidazole on gold, and ODT on gold, respectively. 

 

Figure 18. Topography of an array of CNTs with no SWCNTs (triangles), one SWCNT (circles) or 
two SWCNTs (squares), covering an area of about 1 cm2 [52]. 
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2.3. Applications 
 

2.3.1. CNTFETs  
 
The simplest configuration of a carbon nanotube field-effect transistor (CNTFET) is the 

back-gate configuration, shown below. 

 

Figure 19. Schematic of a CNFET with a back-gate configuration [53]. 
 

 

In such devices, gating is done by applying a voltage to a gate underneath a nanotube, 

which is contacted at opposite nanotube ends by metal source and drain leads. By 

applying a voltage to the gate electrode, the nanotube can be switched from a conducting 

state to an insulating state [53]. This behavior was first reported by Tans and coworkers 

for a metallic SWCNT operating at extremely low temperatures [54]. Later, this group 

reported the fabrication of a FET with a semiconducting nanotube working at room 

temperature [53].  Figure 20 shows the current vs. gate voltage characteristics of a 

SWCNT-FET [55].  
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Figure 20. I –VG curves for a CNTFET with VSD varying between 10 mV and 100 mV in steps of 10 

mV. The inset shows the modulation of the conductance by 5 orders of magnitude (VSD=10 mV) [55]. 
 

 

Fabrication of CNTFETs with a global back-gate is usually very simple, but due to the 

large gate electrode, these devices are subject to large leakage current which limits the 

thickness of the oxide layer and leads to poor device performance. In addition, the back-

gate configuration applies the same gate voltage to all transistors on the chip.   

 

In 2001, Bachtold et al. demonstrated an isolated back-gate CNTFET with a few-

nanometer-thick layer of aluminum oxide on top of an aluminum gate electrode (Figure 

21) [56]. 

 

 

Figure 21. Schematic of a back-gate CNTFET with a local gate insulated from the nanotube by a thin 
oxide layer [56]. 
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This configuration provides an excellent capacitive coupling between the gate and the 

nanotube since the Al2O3 thickness is much smaller than the separation between the 

contact electrodes. Furthermore, different local Al gates can be patterned in a way that 

each one addresses a different nanotube transistor and therefore the integration of 

multiple CNTFET on the same chip is possible. However, this structure still has an open 

geometry, in which the CNT is exposed to air. Therefore, the gate insulator capacitance is 

diluted by the lower dielectric constant of the air surrounding the CNT [57]. To overcome 

these disadvantages, researchers introduced top-gate CNTFETs in which the gate 

electrode and gate insulator are located on top of the nanotube [57, 58].  

 

The top-gate geometry has the advantage of having the CNT fully embedded within the 

gate insulator which provides the full benefit of the gate dielectric. Also, the back gate 

configuration does not allow the high-frequency operation due to the large overlap 

capacitance between the gate, source, and drain, while top-gate devices can be made 

suitable for high-frequency applications.  Figure 22 shows a cross-sectional schematic of 

a top gate CNFET structure. 

 

 

Figure 22. Schematic cross section of a top gate CNTFET [57]. 
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Light emission has also observed from ambipolar CNTFETs (Figure 23) [59]. In addition 

it has been shown that a strongly enhanced electroluminescence (EL) in the infrared 

region (IR) from a partially suspended CNTFET can be achieved.  

 

 

 

Figure 23. Optical emission from an ambipolar carbon nanotube FET detected with an IR camera 
[59]. 
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2.3.2. Energy Storage 
 
 
Due to their unique mechanical and electrical properties and high-surface area, CNTs 

have potential applications as membrane materials for batteries and fuel cells, anodes for 

lithium ion batteries, additives to electrodes of lead-acid batteries and hydrogen storage 

media [60-64]  

 

Carbon nanotubes coated or filled with metallic particles have increased the efficiency of 

fuel cells due to the increased catalytic activity of nanotube-based electrodes. For 

example, CNTs with homogeneously dispersed particles of Pt, Ru or their alloys increase 

the efficiency of Direct Methanol Fuel Cells (DMFC) [60]. A TEM image of CNT/Pt-Ru 

structure is shown in Figure 24.  

 

 

 

Figure 24. TEM of template CNTs with electrodeposited Pt-Ru particles [60]. 
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The exceptional mechanical properties of carbon nanotubes and their high surface-to-

volume ratio also make them potentially useful as an anode material or as an additive in 

lithium-ion battery systems [61].  

 

2.3.3. Electromechanical Devices 
 

One of the most promising commercial applications of CNTs to date is their use as 

scanning probe microscopy tips. Using CNTs as AFM probes provides higher resolution 

compared to conventional AFM tips made of silicon and silicon nitride due to their 

cylindrical shape and small diameter. In addition, CNT tips are mechanically robust and 

their low buckling force makes them useful for imaging soft materials such as biological 

samples [25].  

 

Nanotweezers are another type of CNT probe driven by the electrostatic interaction 

between two MWCNTs as the tweezers’ arms. Their applications include double probe 

STM, AFM tips, and the manipulation of nanostructures. Figure 25 shows an SEM image 

of a pair of nanotube nanotweezers [65].  

 

Figure 25. SEM image of a pair of nanotube nanotweezers (adapted from [65]). 
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Several studies have reported the application of CNTs as pressure, flow, gas, chemical 

and biological sensors [66-70]. It was demonstrated by Liu and Dai [67] that 

piezoresistive pressure sensors made out of CNTs are highly efficient pressure sensors 

compared to the conventional piezoresistors which have the disadvantage of being 

temperature dependent.  

 

It has also been shown that the flow of a liquid on bundles of SWCNTs induces a voltage 

in the direction of flow which suggests the application of nanotubes as flow sensors [69]. 

Investigation of CNTs as nanoscale flow channels has shown their great potential for use 

in nanofluidic devices due to their extremely high mechanical strength and lack of defects 

in their inner surface [Error! Reference source not found.71].  

 

Lastly, researchers have also reported electromechanical actuators based on carbon 

nanotubes. The actuator properties of CNTs were first introduced by Baughman et al. 

who used actuators based on sheets of SWCNTs [72]. Nanotube sheet actuators show 

higher stresses than natural muscles and higher strains than high-modulus ferroelectrics.  
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3. Fabrication of Carbon Nanotube Ring Arrays 
 

3.1. CNT Rings-Background 
 

CNT rings are ring-shaped structures comprising one or more tubes in the form of 

nanoscale rings. The formation mechanism of the CNT rings is still debated: Ring 

formation might be due to the competition between surface tension and van der Waals 

attractions [10]. It has also been suggested that the bonding nature of the closing of the 

SWCNT ring is covalent [73]. The first observation of SWCNT toroids was achieved by 

Liu et al as a low-yield side product in laser-grown SWCNT deposits [73].  Figure 26 

shows an AFM image of a so called ‘crop circle’ 1.0-1.2 nm in height and 4-8 nm in 

width.  

 

 

Figure 26. AFM image of a circle observed during the growth of SWCNTs with laser ablation 
method. Scale bar, 100nm [73]. 
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Nagy et al. also reported the observation of a small number of multi-walled carbon 

nanotube rings during the growth of CNTs via CVD [74]. The figure below shows an 

SEM image of one of these MWCNT rings. 

 

 

Figure 27. SEM image of a MWCNT ring[74]. 
 

Rings of double-walled carbon nanotubes (DWCNTs) were also reported by Colomer et 

al. [75].  

 

Besides the accidental occurrences of CNT rings during the synthesis of nanotubes, 

targeted fabrication of CNT rings has also been examined by some researchers. Martel et 

al. [10] reported ring formation by physical coiling of SWCNTs onto themselves under 

ultrasonic irradiation. They could achieve rings with relatively high yields of up to 50% 

using this approach.  Figure 28 shows an SEM image of a ring-containing SWCNT 

sample dispersed on a hydrogen passivated silicon substrate.  
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Figure 28. SEM image of nanotube rings formed via ultrasonic irradiation and deposited on a 
passivated silicon surface [10]. 

 

High yield formation of rings by evaporating a dilute suspension of bucky tube ropes in 

dichloromethane has also been indicated by McEuen et al. [11]. Ordered arrays of fairly 

large diameter SWCNT rings have also been produced using dip pen nanolithography on 

gold [13] (Figure 29).   

 

Figure 29. AFM tapping mode topographic images of SWCNTs assembled into ring arrays on gold 
[13]. 
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CNT rings show interesting curvature-dependent magnetic and electronic properties [6, 

76] and they have been shown to be useful for investigating fundamental physical 

phenomena such as the Aharonov–Bohm effect and magnetotransport [76, 73]. 

Theoretical calculations of linear transport through a SWCNT ring display a periodic 

resonance pattern determined by Coulomb interactions and quantum interference 

phenomena [77]. The figure below shows the schematic model used for these 

calculations.  

 
Figure 30. Top view of a SWCNT ring contacted to leads and pierced by a magnetic field. The ring is 

capacitively coupled to a gate voltage source situated beneath the ring [77]. 
 
 

Study of persistent current in CNT rings [78] has shown that disorder and temperature 

leads to the reduction of the persistent currents in nanotori in a similar way as they do in 

1D systems. This work also examined the Van der Waals interaction between rings and 

the effects it has on the persistent current patterns. Imperfect tori formed with a curled 

nanotube have also been considered in their investigations. Figure 31 shows the 

schematics of two interacting carbon nanotori and a coiled carbon nanotube used in these 

studies.  
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Figure 31. (a) A ring made of two interacting carbon nanotori. (b) A coil shaped carbon nanotube 
[78]. 

  

In the case of two identical metallic tori, the tube-tube interaction will reduce the typical 

persistent current compared to the isolated torus. For the coiled rings the persistent 

current is shown to be dependent on Lstick, Lring, and dstick. 

 

Magnetotransport experiments performed on CNT rings have revealed negative 

magnetoresistance and weak electron-electron interactions at low temperatures [76]. 

Depending on the circumference length of the ring, a transition from n-type 

semiconducting to metallic behavior has been observed experimentally [79] and 

theoretically [80]. Electrical switching behaviour of CNT rings as a transistor has also 

been demonstrated [79]. The figure below shows the I-V characteristic of a CNT ring 

transistor with rectification behaviour at large gate voltages. 
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Figure 32. I-V curves of a CNT ring for various VG [79]. 
 

None of the fabrication methods mentioned earlier is capable of producing rings with 

tunable diameter and controllable placement over large areas. Although the dip pen based 

nano affinity template method [13] might be a viable way for producing rings with 

desirable diameter and location, it involves complicated processing and can only be used 

on a limited set of substrates (e.g. gold). Other methods can lead to high yield fabrication 

of the CNT rings but there is very low control over the diameter of the rings and their 

placement. Therefore, obtaining a simple and reliable method by which rings can be 

formed with tunable diameter and placement over large areas is desirable. In the 

remainder of this chapter, we describe such a method that is not substrate-specific, and 

allows CNT rings with tunable diameters to be generated. 
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3.2. Colloidal Mask Preparation 
 
 
Our method for patterning CNT rings on substrates is based on colloidal lithography [81]. 

Colloidal lithography is based on using self-assembled monolayers of colloidal spheres as 

templates.  The colloidal spheres can be made of diverse polymers in the size range of 

10-106 nm with different surface functionalities, surface charges, coatings, etc. In 

colloidal lithography, which has its origin in “natural lithography” [82], colloidal spheres 

are transferred from the solution to the substrate and self-assemble in close packed 

hexagonal monolayer regions upon drying. Formation of these hexagonally close-packed 

arrays is due to the capillary forces, which draw the spheres together and crystallize them 

into their lowest energy configuration. Spheres are usually suspended in a water-based 

solution and their deposition on the substrate can be done using different methods such as 

drop coating [83], spin coating [84], and thermoelectrically cooled angle coating [85]. 

Figure 33 shows an SEM image of a monolayer of 450 nm polystyrene (PS) colloidal 

spheres on a silicon substrate.  

 

 

Figure 33. SEM of a monolayer of 450 nm diameter polystyrene colloidal spheres on Si. 
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Using these monolayers (or double layers) as lithographic masks has been shown to be an 

effective way for patterning large periodic areas of nanostructures [85-89].  Moreover, 

using different diameter spheres results in different size mask openings and thus 

nanostructures with different sizes. This makes colloidal lithography a powerful method 

for producing nanostructure arrays with tunable size, shape and spacing [83]. Figure 34 

shows hexagonal arrangement of the triangular structures formed by deposition of 55 nm 

Au onto the colloid monolayer spheres with d = 842 nm [85].   

 

 

Figure 34. AFM contact mode image of a glass surface after deposition of 55-nm Au onto a 
monolayer of 842-nm poly styrene particles and successive detachment of the spheres [85]. 

 

 

In order to prepare the masks, polystyrene colloidal spheres (IDC, surfactant-free 

carboxyl white) were transferred from solution to a piece of freshly cleaned mica using 

the drop coating method. The spheres were then allowed upon drying to form hexagonal 

close-packed monolayer regions on the mica. In order to obtain thin uniform monolayers 

of spheres, mica substrates with flat and uniform surfaces were held at ~ 30 degree angles 
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and 10 µL size droplets of solution were deposited on the surfaces. Having mica in an 

angled position allowed uniform and fast drying of spheres and resulted large monolayer 

areas.  

 

The monolayers on mica were then transferred onto undoped silicon <100> substrates 

using an additional floating process. This additional step is required due to the 

hydrophobic nature of silicon which does not allow the facile formation of monolayers. 

Therefore we used mica, which has a more hydrophilic surface, to form monolayer 

regions and a transfer process, which we refer to as the “island transfer” process, was 

performed to deposit the sphere masks onto the silicon substrate. In order to do so, we 

submerged the mica substrate with sphere monolayers into water. This resulted in the 

separation of the spheres from mica and their floatation on the surface of water. The 

silicon substrates were then dipped into water and captured the sphere islands. 

Transferred monolayers were then allowed to dry in ambient conditions to form masks on 

Si.  

 

For the purpose of generating different size rings, we made masks with two different 

diameter spheres (d=780 nm and d=450 nm). Figure 35 a and b show optical images of 

monolayer colloidal masks on silicon for spheres with diameters of 450 nm and 780 nm 

respectively. Monolayer spheres with 450 nm diameter are observed as light-yellow areas 

while 780 nm sphere monolayers are brown in color. Defect lines observed in the sphere 

areas are an indication of monolayer crystalline regions. Darker areas consist of two or 

more layers of spheres. In our experiments, we are mainly interested in the monolayer 
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regions, however double layer regions might also result in CNT rings formation. The 

colloidal mask formation method can be modified to form very large area monolayers, 

but for proof of concept demonstration the results of Figure 35 sufficed.  

 

 
 

Figure 35. Optical images of (a) spheres with 450 nm diameter and (b) spheres with 780 nm diameter. 
Areas with defect lines are monolayer regions and darker areas consist of double or more layers. 
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3.3. CNT Ring Formation Procedure 
 

It has been shown that deposition of solutions onto colloidal masks will result in the 

formation of nanostructures around the contact area of the spheres with the substrate 

upon evaporation of the solution [86]. In this mechanism, liquid retracts toward the base 

of the spheres due to capillary forces and allows formation of nanostructures at the base 

of the colloidal spheres (Figure 36). Formation of ring-shaped structures on different 

substrates and with different materials using the colloidal lithography method has been 

reported [86, 90]. This mechanism is illustrated in the figure below. Liquid retracts 

toward the base of the spheres due to capillary forces and as more liquid evaporates rings 

are formed at the contact area. 

 

 

Figure 36. Schematic model for the formation of rings. During the evaporation of the liquid, rings are 
formed around the base of spheres [86]. 
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We used this idea to form carbon nanotube rings by depositing solutions of CNTs onto 

the colloidal masks. CNTs with different concentration in organic solvents, primarily 

methanol, were prepared. The table below lists different CNTs used in our trials. 

 

Table 1. List of CNTs used in experimental trials 
 

CNT Type Purity Diameter 
(nm) 

Length 
(µm) Product Method 

of growth

1 SWCNT 50-
70% 1.2-1.5 nm - Sigma-Aldrich 

#519308 
arc-

discharge 

2 SWCNT >60% 1.2-1.5 nm 1-3 µm Alfa-Aesar #44501 - 

3 DWCNT 80% 
<5 nm OD 
1.3-2.0nm 

ID 

0.5-30 
µm Alfa-Aesar #44691 - 

4 SWCNT >90% 1.0 +/- 0.3 
nm - 

SouthWest 
NanoTechnologies, 

SWeNT CG 100 
CVD 

 

Before proceeding with CNT ring formation, we examined the CNT material using 

Raman spectroscopy and SEM (Hitachi S-4700). Figure 37 shows the Raman spectra of 

the different CNTs deposited from methanol solutions.  
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Figure 37. Raman spectra of  (a) CNT #1 (b) CNT #2 (c) CNT #3 (d) CNT #4 deposited from 
methanol solutions on glass substrates. 

 
 

We observe 3 main bands in the spectra. The peak observed between 1580-1590 cm-1 is 

related to the vibrational mode of C-C bonds in CNTs. The additional peak at 1300 cm-1 

has contributions from the SWCNTs themselves and may also be from other 

carbonaceous materials and amorphous carbon coatings present in the impurities of bulk 

material [91]. The low frequency peaks are related to the radial breathing mode (RBM) of 

the CNTs and is inversely proportional to the diameter of the tubes [91].  
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The figure below shows an SEM image of SWCNTs (CNT #1) deposited from a 

methanol solution on Si. As shown in the image, large impurities and bundling are 

present. The impurities are likely catalyst remnants from the growth process.  

 

 

Figure 38.SEM image of SWCNT (CNT #1 bulk material deposited from a methanol solution on Si. 
 

Figure 39 shows SEM images of SWCNTs (CNT #2) and DWCNTs (CNT #3) deposited 

from methanol suspensions on silicon substrates.  

 

 
Figure 39. SEM image of (a) SWCNTs (Alfa-Aesar #44501) and DWCNTs (Alfa-Aesar #44691) bulk 

material deposited from methanol solutions on Si substrates.  
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As shown in the images, there are some impurities observed among the nanotubes which 

are likely due to the presence of metal catalysts and carbonaceous materials. The close-up 

images below better reveal the impurities and also bundling of the carbon nanotubes 

together. Comparing the two images, it appears there is more bundling and clumping of 

DWCNTs compared to SWCNTs. 

 

Figure 40. SEM images of (a) SWCNTs and (b) DWCNTs bulk material deposited from methanol 
solutions on Si substrates demonstrating impurities and bundling of CNTs.  

 
 

The SEM image shown in Figure 41 depicts SWCNTs (CNT #4) deposited from 

methanol suspension on silicon. The image shows bundles of nanotubes and overall the 

CNT material seems cleaner compared to the other CNTs. 

 
Figure 41. Image of (a) SWCNT (CNT #4) bulk material deposited from a methanol solution on Si. 
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A schematic of the ring formation procedure used is shown in Figure 42. After formation 

of the masks on Si using colloidal lithography as described above (i), CNTs were 

deposited onto the masks using 1.5 µL size droplets of nanotube suspension (ii). To have 

a uniform dispersion of nanotubes in the solvents and to avoid bundling of the CNTs, 

solutions were ultrasonicated before deposition using a bath sonicator for 1 min at 

moderate power levels.  

 

 

 

Figure 42. Schematic of CNT rings formation: i) colloidal mask formation, ii) dispersion of CNTs on 
the colloidal mask, iii) drying and annealing, and iv) sphere removal exposing CNT rings. 

 

 

After deposition of CNTs, samples were allowed to dry in an ambient environment 

followed by oven heating for 5 min at 90oC (iii). This additional heating step was 

performed in order to increase the adhesion of CNT rings to the substrate.  In the final 

step, the spheres were removed using adhesive tape and ordered arrays of CNT rings 
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remained on the substrate (iv). To test the effect of various parameters on formation of 

the rings, several samples were made using the different solutions of CNTs listed in 

Table 2, in addition to using different size spheres for the colloidal masks.  

 

 

Table 2. List of CNT solutions used in experimental trials 
 

Solution CNT Solvent Concentration 

1 Sigma Aldrich SWCNT (#519308) 

methanol, 

ethanol, 

isoproponal 

0.25 mg/mL 

2 Sigma Aldrich SWCNT (#519308) 

methanol, 

ethanol, 

isoproponal 

1.25 mg/mL 

3 Alfa-Aesar SWCNT (#44501) methanol 0.65 mg/mL 

4 Alfa-Aesar DWCNT (#44691) methanol 1 mg/mL 

5 SouthWest NanoTechnologies, (SWeNT CG 100) methanol 0.4 mg/mL 

 

Figure 43 shows a typical result using a solution of 1.25 mg/mL of SWCNTs in methanol 

(solution 2) and 780 nm diameter spheres for the colloidal masks.  Large areas of rings 

with uniform diameters throughout the arrays are observed.  
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Figure 43. SEM image of large area array of SWCNT rings formed using 1.25 mg/mL of SWCNTs in 
methanol and 780 nm diameter sphere colloidal monolayer mask. 

 

The support of the UBC BioImaging facility and the lab of Dr. A.G. Brolo in the 

Chemistry Department at the University of Victoria for providing the SEM and Raman 

equipment respectively is highly appreciated. 
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4. CNT Ring Array Characterization 

 

4.1. SEM Imaging 
 

SEM was used for structural characterization of the rings. The image in Figure 44 shows 

a large-area array of rings with uniform diameters obtained from a solution of 1.25 

mg/mL of SWCNTs in methanol (solution 2) using 780 nm spheres.  The inset shows a 

close-up of an individual ring with an outer diameter of ~300 nm.   Dark areas enclosed 

in the nanotube ring are likely related to the charging effects resulting from the 

semiconducting nature of the undoped substrate (Si). The rings likely consist of long 

coiled CNTs or short CNTs stacked together.  

 

Figure 44. SEM image of large area arrays of SWCNT rings made using 1.25 mg/mL SWCNTs in 
methanol and 780 nm diameter sphere colloidal monolayer mask. 

 

 



 49

Figure 45a shows an array of rings with average diameter of ~150 nm obtained from a 

solution of 0.4 mg/mL of SWCNTs in methanol (solution 5) using 450 nm spheres.  This 

figure demonstrates uniform and more well-defined rings compared to the other results 

which is possibly due to the higher purity of the CNTs. Also, the tunability of the ring 

diameter and its dependence on the size of colloidal spheres is evident. The individual 

ring shown in Figure 45b depicts a complete ring with an outer diameter of about 120 

nm. 

 

 

Figure 45. (a) SEM image of SWCNT ring array formed using 0.4 mg/mL SWCNTs in methanol and 
450 nm diameter sphere colloidal monolayer mask (b) An individual SWCNT ring with an outer 

diameter of ~ 120 nm 
 
 

Figure 46 shows an SEM image obtained from a sample made using 0.65 mg/mL 

SWCNTs (solution 3) in methanol and 780 nm spheres.  
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Figure 46. SEM image of periodic arrays of SWCNT rings using 0.65 mg/mL of SWCNTs in 
methanol and 780 nm diameter sphere mask. 

 
 

Once again, uniform arrays of rings are observed. This time however, an interesting 

network pattern is also formed with carbon nanotubes connecting the individual rings 

together. This can give insight into the theory of formation of the rings.  As the liquid 

retracts towards the base of spheres, CNTs tend to come together and form the rings. 

However, some CNTs appear left behind, which are observed in the form of 

interconnects between the rings. This can be more clearly seen in the figure below. 

 

Figure 47. SEM image of 2 individual rings connected together.  Sample made using 0.65 mg/mL of 
SWCNTs in methanol (solution 3) and 780 nm diameter sphere mask. 
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We also sometimes observed CNTs that formed mesh-like patterns. Figure 48 illustrates 

an example of these structures found in a sample made of 1.25 mg/mL solution of 

SWCNTs in ethanol. The formation of these types of structures may be due to loose 

sphere packing and indicates a potential additional functionality of the colloidal 

lithography method for controlled assembly of CNT-based structures.  

 

 

Figure 48. SEM image of interconnected SWCNTs, made from 1.25 mg/mL solution of SWNT in 
ethanol using 780 nm sphere masks on Si. 

 

Figure 49 shows another example of these networked patterns in the vicinity of spheres 

that were not removed by the lift-off process.  
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Figure 49. SEM image of mesh-like structures in a sample made using 1.25 mg/mL of SWCNTs in 
methanol (solution 1) and 780 nm diameter sphere colloidal monolayer mask on Si.  
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4.2. AFM Imaging 
 

For additional analysis of the rings, AFM (Nanonics MV-1000) imaging was conducted 

on the samples. The AFM image in Figure 50 depicts a ring array on Si produced using 

780 nm colloidal sphere masks and 1.25 mg/mL solution of SWCNTs in methanol 

(solution 2). The average diameter of the rings in this sample is estimated to be between 

180-220 nm, while the height varies between 2 and 3 nm and the apparent ring width is 

approximately 40-80 nm. 

 

 

Figure 50. AFM image of SWCNT rings made from 1.25 mg/mL solution of SWCNTs in methanol 
and 780 nm sphere masks. 

 

There are some errors involved in the ring width estimations due to the finite radius of the 

AFM tip (i.e. tip convolution). Assuming a diameter of 10 nm for the tip, we can estimate 

the tip convolution to affect the width of the ring by 10 nm from each side, resulting in 

20-60 nm for the actual width of the rings. This can also be confirmed with the SEM 

images, e.g. the inset of Figure 44. 
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AFM characterization of a sample made from 780 nm spheres and solution 3 is shown in 

Figure 51. Figure 52a and b show AFM scan of an individual ring from this sample and 

cross section profile taken across the ring.  

 

 

Figure 51. AFM image of SWCNT ring array made using 780 nm diameter sphere mask and 0.65 
mg/mL solution of nanotubes in methanol. 

 

 

Figure 52. (a) Close-up image of an individual ring (b) Cross-section profile of the ring. The 
approximate height is 4 nm. 
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The average height of the ring can be estimated from the height profile as 4 nm. The 

apparent diameter and the width of the ring are approximately 220 nm and 30 nm, 

respectively. Analysis of several individual rings in this sample shows that ring diameters 

are typically 180-220 nm, ring heights vary between 4 and 8 nm and ring width is 

approximately 30-50 nm. Again, considering the AFM tip convolution we can estimate 

the actual width to be approximately 10-30 nm. Assuming a circular cross-section and an 

average height of 6 nm for the rings, and knowing each individual nanotube diameter 

(1.2-1.5 nm) we can estimate that about 10-15 SWCNTs are forming the ring cross-

section in this sample. Figure below shows the schematic diagram of the individual CNTs 

making up the ring cross-section.  

 

 

Figure 53. Schematic diagram of a ring and individual CNTs forming the ring assuming a circular 
cross-section for the ring 

 

We also occasionally observed rings with overlapping ends. Figure 54 shows a close-up 

image of such a ring which is structurally similar to the coiled ring demonstrated in 
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Figure 31b. The formation of these structures is likely due to the presence of SWCNT 

bundles in the liquid suspension that are not long enough to form coil-like structures [10]. 

Therefore the rings are stabilized by an attraction between their two ends.  

 

 

Figure 54. Close-up image of a ring with overlapping ends observed in a sample made by 0.65 mg/mL 
solution of SWCNTs in methanol. 
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As noted from the SEM observations, the ring diameter could be controlled by changing 

the sphere size. The AFM image in Figure 55 was obtained from a sample made using 0.4 

mg/mL of SWCNTs in methanol (solution 5) with 450 nm diameter spheres and shows 

arrays of CNT rings with diameter of the rings between 90-120 nm. As we can see, ring 

uniformity is improved which is likely due to the higher purity of CNTs in the solution.  

 

 

Figure 55. AFM image of SWCNT rings in a sample made of 0.4 mg/mL of  SWCNTs in methanol 
with 450 nm spheres. 

 

Figure 56b shows a cross section profile taken across one of the rings. The average height 

of the ring is ~ 6 nm and varied between 4-7 nm for this sample. The cross section profile 

taken across an individual tube is shown in Figure 56c giving a height of ~1.4 nm which 

corresponds to the diameter of an individual SWCNT. 
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Figure 56. (a) Close-up image and (b) height profile taken across a ring showing an average height of 

~ 6 nm for the ring. (c) cross-section profile taken across an individual tube.  
 

 
 

A simple geometrical calculation can also be used to find the ring height based on the 

observed ring diameter.  The figure below shows a schematic of the geometry used for 

this calculation.  
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Figure 57. Schematic diagram for ring height calculation 
 

Assuming that the ring diameter is ¼ of the sphere diameter, for a 450 nm sphere the 

calculated height is found to be somewhat larger than what we observed. This is most 

likely due to the fact that in practice the spheres do not meet the surface at a single point 

as in the ideal geometrical calculation but adhere to it and thus have an altered geometry 

near the surface, which reduces the ring height (c.f. Figure 36). 

 

Based on the height (~ 6 nm) of the rings, and knowing the individual tubes diameter (1.0 

+/- 0.3 nm) we can estimate that approximately 10-15 individual SWCNTs are forming 

the ring cross section assuming a circular cross section for the ring. A 3D image of a ring 

region is shown below, illustrating the array uniformity and individual carbon nanotubes 

between the rings.  
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Figure 58. 3D AFM image of ring array in a sample made from  0.4 mg/mL of  SWCNTs in methanol 

using 450 nm spheres. 
 
In our analysis, a circular cross-section was assumed for the rings to calculate the number 

of the individual tubes. However, interactions between the tubes at the base of the sphere 

and the way the liquid dries suggests a wedge shape for the cross-section.  The shape of 

the ring cross-section and CNT ring formation itself will ultimately depend on the 

strength of the capillary force driving the fluid flow at the base of the spheres and the 

bending energy of the tubes and their interaction with the surface and each other.  Since  

the SWNTs used in this study are known to be very flexible the bending energy is likely 

not the dominant factor in this process. 

 

 
The SEM and AFM characterizations revealed large-area arrays of CNT rings with 

periodic patterns in our samples. Good uniformity of the rings was evident in the images. 

It was also shown that dimension of the rings can be tuned by changing the sphere size in 

the colloidal mask. 780 nm sphere colloidal masks resulted in rings with 180-220 nm 

diameter being the most typical, with no clear dependence on the CNT solution used, 
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while rings of 100-150 nm diameter were generated using 450 nm spheres. Based on our 

initial analysis, rings were estimated to consist of 10-15 individual nanotubes assuming a 

circular cross section for the ring. The table below summarizes the experimental 

conditions used in this work that led to ring formation. 

 

Table 3. Experimental conditions and results  
 

CNT Solvent Concentration Sphere Mask size Substrate Diameter of the ring 

#1 methanol 1.25 mg/mL 780 nm Si 180-220 nm 

#1 ethanol 1.25 mg/mL 780 nm Si 280-320nm 

#2 methanol 0.65 mg/mL 780 nm Si 180-220 nm 

#2 methanol 0.65 mg/mL 450 nm Si 100-150 nm 

#4 methanol 0.4 mg/mL 450 nm Si 100-150 nm 

#4 methanol 0.4 mg/mL 780nm glass 200-240 nm 

 

 

 

In addition to rings, mesh-like structures were also observed in some cases showing 

interconnected patterns of nanotubes. Formation of these structures are likely due to the 

loose sphere packing and reveals the versatility of colloidal lithography in formation of 
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various CNT-based structures. We also observed rings with overlapping ends that are 

likely stabilized by the interaction between the two ends and we expect their formation to 

be due to the presence of SWCNT bundles. The most likely formation mechanism of the 

rings appears to be due to the surface tension and capillary forces which lead to the 

gathering of CNTs at the contact area of the spheres with the substrate as shown in the 

figure below.  

 

 
Figure 59. Schematic of the formation of CNT ring at the base of colloidal sphere. 
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5. Summary and Conclusion 
 
 
Over the past 15 years, carbon nanotubes have found numerous applications due to their 

nanoscale dimensions and outstanding properties.  Their unique electrical and mechanical 

properties make carbon nanotubes very promising materials for use in different areas. 

However, there are still certain challenges that need attention before many CNT-based 

devices can be realized on a large scale in the commercial market. One of these 

challenges that was addressed in this thesis is controlled growth and assembly of 

nanotubes, which can play a crucial role in large scale manufacturing of CNTs. Many of 

the applications of carbon nanotubes including their use in nanoelectronics, require 

careful selection of CNT properties, geometry, placement and orientation which reveals 

the importance of controlled growth and assembly of these structures. While precision 

and control are important factors, the ability to fabricate the tubes over large scales is also 

required for most practical applications.  

 
 
The purpose of this thesis was to demonstrate a method for the controlled large scale 

fabrication of CNT rings on substrates using an inexpensive and reliable method. 

Colloidal lithography was employed for patterning carbon nanotubes on silicon substrates 

to form periodic arrays of CNT rings. The diameter and placement of the rings were 

controllable and large area arrays of rings could be formed in a well-defined manner. 

Tunability of the ring diameters and controlling their placement is of great importance in 

their characterization and understanding their properties. Among the different organic 

solvents used in our experiments, we primarily focused on methanol, which gave good 
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results. Solutions of CNTs in methanol dispersed and dried quickly after deposition onto 

colloidal masks on Si, which likely led to improved ring formation. Also, purity and 

quality of the tubes can be factors in the ring formation process as ring uniformity was 

improved by using higher quality CNTs. For example using CNTs with > 90% purity 

(CNT #4) resulted in more well-defined and uniform rings (Figure 45 and Figure 55) 

compared to the other results (e.g. Figure 50). 

 

AFM analysis on the dimensions of the rings made using 780 nm spheres, gave rings of 

180-220 nm for SWCNTs deposited from methanol solutions regardless of the type of 

CNTs used. On the other hand, 450 nm sphere size resulted in rings of 100-150 nm 

diameter. This shows the capability of this technique in fabricating rings with 

controllable diameter. Besides the formation of the rings, we could also observe mesh-

like structures made of interconnected CNTs in a periodic manner which emphasizes the 

ability of colloidal lithography to form different CNT-based structures. 

 

In our experiments we could obtain complete CNT rings with circular shape in a periodic 

pattern over large areas with relatively good uniformity throughout the arrays. However, 

there is still an amount of impurity and defects observed among the rings and some rings 

are not as clean and uniform as expected. The presence of metal catalyst particles in the 

CNT solution might be a reason for observing such rings. This can be improved by using 

higher purity CNTs with lower amounts of catalyst metals as we observed with samples 

made by CNT #4 which is a CVD grown material and is cleaner compared to the other 

CNTs used. Another source of defects and impurities might occur during the lift-off 
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process in which some spheres might not be removed completely and leave a residue on 

the substrate or some residue from the adhesive tape itself remains on the surface. The 

figure below shows an AFM image from a control sample made by depositing pure 

methanol on a colloidal mask. We do not observe any rings, but a fairly uniform residual 

thin film around the original sphere positions that is likely from the organic solvent 

and/or the initial sphere suspension. Heating the sample after the lift-off process to burn 

the residues might be a way to clean the surface. 

 

Figure 60. AFM image of a control sample made with methanol. 
 

In terms of future work, dispersion of CNTs in water or organic solution by using 

surfactants or other molecules is another way to avoid clumping of the tubes together 

which can prevent them from finding their way into the openings between the spheres in 

the masks. However, it is not clear whether debundling of the tubes can help the 

formation of the rings or not. In some sense, debundling and separation of the tubes 

should help having more well-defined and uniform rings. At the same time, it might 

prevent them from getting together and forming the rings in the first place. There will 

clearly be an ideal scenario where a certain tube separation leads to efficient ring 
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formation. This issue is something that can be tested for further improvement of the ring 

formation process.  

 

We have begun examining aqueous solutions of CNTs and the possibility of forming 

rings with them. Carbon nanotubes are not very soluble in water and they need to be 

functionalized in order to have a uniform aqueous suspension. Dissolution of CNTs in 

water has been facilitated by non-covalent modifications of CNTs with surfactants [92-

97] or wrapping with polymers [98, 99].  

 

Surfactants such as sodium dodecyl sulphate (SDS) [92-95] and sodium dodecyl benzene 

sulfonate (SDBS) [96, 97] have been shown to be suitable for dispersing CNTs in the 

aqueous phase. Smalley’s group showed that aqueous suspension of nanotubes is possible 

by dispersing tubes in aqueous SDS surfactant (1 wt %) followed by high-shear mixing, 

sonication, and centrifugation steps [92]. Figure 61 illustrates a cross-section model of an 

individual nanotube in the hydrophobic interior of the cylindrical SDS micelle which 

results in their stable dispersion.  

 

Figure 61. Cross-section model of an individual CNT encased in a close-packed SDS micelle [92].  
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In our experiments thus far we have used SDS, the most widely used surfactant, to obtain 

a more uniform dispersion of CNTs in water. A solution of 1 mg/mL SDS in deionized 

water was prepared and 0.1 mg/mL DWCNT (CNT #3) was added to the solution 

providing a 1:10 ratio of CNTs to SDS. The product was then sonicated for ~ 18 hr in a 

bath sonicator. Figure 62 shows the aqueous solution of DWCNTs produced in this 

manner after sitting for a few days. We are currently working on using these modified 

CNTs to form ring arrays.  

 

 

Figure 62. Dispersion of DWCNTs in water using SDS. 
 
 

Another parameter that can be examined is the substrate on which the mask is formed and 

CNT solution is deposited. So far, we have mainly examined silicon (due to its industrial 

relevance) which is a relatively hydrophobic material and does not permit the spreading 

of water on it very easily. Using more hydrophilic surfaces might be an option for better 

dispersion of the solutions on the substrate and improve ring formation. The figure below 
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shows preliminary results using glass as a substrate. Using glass as the substrate is better 

suited for many visible light applications due to its transparent nature.   

 

 

Figure 63.  SEM image of an individual SWCNT ring on glass. 
 
 

Nanoring arrays made using our approach have several potential applications in 

optoelectronics [100, 101], phonon diffraction gratings [102], and electromagnetic 

devices [103-105]. For example, it has been shown that the photoluminescence of a 

semiconducting ring can couple to electron-transfer processes [101] and the trapping of a 

magnetic flux inside an electrically conducting ring can result in persistent currents [103-

105]. Also, tunable plasmon resonances in the near infrared have been observed with 

gold nanoring arrays [100]. Rings made of carbon nanotubes can be either metallic or 

semiconducting and therefore, they have the ability of being used in applications of both 

metallic and semiconducting rings.  

 

Trying other types of CNTs such as DWCNTs and MWCNTs might be useful in 

changing the height and width of the rings formed (our initial trials using DWCNTs have 
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not been successful up to now; this work is ongoing). Also, using smaller and bigger 

diameter sphere masks is another parameter to test in order to find the diameter limit of 

the rings which can be formed by the colloidal mask approach. The figure below shows 

an SEM image of very small ring with diameter of ~ 50 nm found in our trials. To our 

knowledge this is the smallest CNT ring observed thus far using any approach. It has 

been shown recently by experiment and theory that the formation of CNT rings with 

diameter smaller than 200 nm is not possible using the dip-pen nanolithography method 

[106]. Since several properties, such as the optical and electrical response of the 

nanorings are dependent on their size, fabrication of rings with as small diameter as 

possible is of great importance in applications and for uncovering new phenomena in 

these structures.  

 

 

Figure 64. SEM image of a very small ring with ~ 50 nm diameter made by depositing SWCNTs 
(solution 5) on Si. 
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