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ABSTRACT 

 A solution-based deposition technique has been proposed to allow easily for the 

fabrication of SWNT thin films via 2D random networks. This simple technique 

combines controlled evaporative and convective assembly.  Moreover, it has been shown 

to control network density. A systematic study has been performed to gain novel 

knowledge about SWNT as a possible electronic material for technological applications. 

The study included factors that have been observed for their influence on SWNT 

suspension, approaches for optimizing deposition methods, and deposition methods that 

explored the SWNT density, network morphology, and nanotube placement.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction An allotrope of carbon in which the atoms are arranged in closed 

shells, C60 or buckyball was found in 1985 by Harold W. Kroto et al.1 Fullerenes are the 

groups of carbons that are connected together to form a spherical structure.  The number 

of hexagons determines the sizes of these molecules. The carbon atoms are sp2 and sp3 

hybridized.  Within the fullerene, the sp2 carbons are responsible for the considerably 

angle strain presented within the molecule.  

Since the discovery of fullerenes, structural variations have evolved beyond the 

buckyball clusters. One variation in particular is carbon nanotubes (CNTs).  A sheet of 

graphene rolled into a cylindrical tube, CNTs have a diameter in range of nanometers. 

They resemble a mesh made with hexagons of carbons.  These were reported first by 

Iijima in 1991 when he discovered multi-walled carbon nanotubes (MWNTs), which 

comprise an array of tubes that are within one another like rings of a tree trunk.2 Later, 

he, then, made the observation of single-walled nanotubes (SWNTs).3 Since his 

discoveries, an extensively amount of work has been done over the past decades.  In 

particularly, SWNTs have been interesting since their cylindrical shape may offer many 

advantageous properties.4-6 Because of their electronic properties, SWNTs can provide 

the opportunity to develop new products for areas such as supercapacitors7, field 

emission displays8, and molecular computers9.  
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In order to create such devices, further advancement in SWNT technology is 

needed. In this chapter, SWNT structure, electronic properties, SWNT synthesis, 

purification methods, and processing techniques for 2-dimensional (2D) assembly are 

explained thoroughly, and the major problems relating to each subject are also included. 

Finally, an overview of the work about tackling these problems is presented. 

1.2 Structural and Electronic Properties of SWNTs A single-walled carbon 

nanotube is a graphene sheet rolled over into a cylinder, similarly to the C60 buckyball.  

SWNT has a molecular scale wire that has two structural parameters. Rolling over the 

lattice into a cylinder so that the beginning and end of a lattice vector in the graphene 

plane join together.  A nanotube has formed with (m,n) indices. These indices determine 

the diameter of the nanotube and the chirality. When the atoms of carbon around the 

circumference in an armchair configuration, these (m,m) tubes are called armchair tubes.  

When there are (m,0) nanotubes, these tubes are called zigzag in the view of the atomic 

configuration along the circumference.  Other types of tubes are chiral with the rows of 

hexagons spiraling along the nanotube axes (Figure 1.1).  
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Figure 1.1. Rows of hexagons roll up along the nanotube axes to form a SWNT. 

Circumference of SWNT is determined by m,n indices. 10 

Because the SWNT structure influences its electronic properties, one amazing 

characteristic of SWNTs is that they can be metallic or semi-conducting.  Research about 

their electronic properties is a dynamically changing field. Nevertheless, this section 

discusses only a brief summary of the theory of its electronic properties. Drawing on the 

early works of Mildred Dresselhaus et al, the band structures of three SWNT structures 

can now be classified simply.11,12 The band structure of SWNTs is derived from limited 

number of allowed electron states in the circumferential direction. Thus, the armchair 

nanotubes are all metallic, while only approximately one-third of zigzag and chiral 

nanotubes are metallic.  The remainder is semi-conducting.  Another factor that can 

influence band structure is tube curvature. Usually having small diameters, the curvature 

of SWNTs is expected to introduce sp3 character into the bonding.  This causes no effect 

for the armchair nanotubes. However, for zigzag and chiral nanotubes that are metallic, a 
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band gap can form in the magnitude of 1/d2, where d is the diameter of the nanotube.13 

Also, in theory, the conduction and valence bands can be distorted as well. 

The limited number of electronic states for SWNTs has affected also the behavior 

of SWNT electron transport.  Starting with metallic nanotubes, their conduction happens 

through well separated, discrete electron states.  Therefore, the resistance does not 

increase as the length of tube increases, without scattering.  This means that long 

nanotubes can be used to integrate different components of a nanodevice without building 

resistance. Another aspect of electron transport for metallic nanotubes is its ballistic 

nature.  The electrons encounter no resistance and dissipate no energy without scattering 

from impurities or phonons as they pass along the nanotube. Hence, these nanotubes can 

conduct a large current without becoming hot.  This is a highly desirable characteristic 

for nano-devices! As for the semi-conducting nanotubes, scanning tunneling 

spectroscopy experiments have verified that the band gap decreases as the diameter of the 

tubes increases.14,15 However, there have been evidence that high mobility exist in 

semiconducting nanotubes.16,17 Yet, questions regarding the transport properties of semi-

conducting nanotubes still exist.  

Many studies have been done about the understanding in electronic properties of 

SWNTs and the creation of SWNT-based electronic devices. Some landmarks that are 

worth mentioning are the direct link to SWNT structure with its electronic properties, 

quantum transport, and construction of the SWNT field-effect transistors.15,18,19 Although 

these have been great achievements, commercial devices are still distant options.  The 

issues such as preparation of SWNTs and constructing a reliable arrangement for realistic 

applications are problems that will be addressed in later sections of this literature review. 
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1.3 Synthesis of SWNTs There are three main ways that the nanotubes are fabricated 

arc-discharge, laser ablation, and chemical vapor deposition (CVD). Here, their syntheses 

and growth mechanisms are described in detail. For the growth of SWNTs, a metal 

catalyst is needed in the arc-discharge process. The first success using this method was 

by Iijima et al and Bethune et al.3,20 The optimization of SWNT growth was achieved by 

Journet et al using a carbon anode containing 1.0 at% of yttrium and 4.2 at. % of nickel 

as catalysts21 (Figure 1.2).  

 

Figure 1.2. High resolution TEM image of a bundle.  It is bent in such a way that it is 

seen edge-on. The bundle of SWNTs has a nearly uniform width of 1.4 nm and comprises 

approximately 20 tubes.21 

This French group achieved high yields of 70 - 90 % and diameters of 1.4 nm, unlike to 

the original technique of Bethune et al that used a slightly different reactor geometry and 

cobalt as the promoter with diameters of 1.2 nm (Figure 1.3). Referring to a previous 

section, C60 was first discovered in 1985 as a result of experiments of the vaporization of 
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graphite using a Nd:YAG laser. A high quality of SWNTs was achieved by Thess et al 

using a laser ablation method.23 Although laser ablation method has been developed to 

make SWNTs, the high cost of these powerful lasers has prevented the method in 

becoming widely used.  

 

 

Figure 1.3. TEM image shows a bare section of a SWNT. The tube have diameters of 

approximately 1.2 nm.22 

Two proposed mechanisms of SWNT synthesis in the arc-discharge and laser 

ablation processes are the vapor-liquid-solid (VLS) and solid-state models.  Generally, it 

can be assumed that both processes are similar, and the mechanisms are applicable for 

both.  Thus, both processes require sublimating graphite-metal mixture in a reduced 

atmosphere of inert gases. Moreover, both soot produced from the two methods are 

similar in appearances, containing bundles of SWNTs with amorphous carbon and metal 

particles.  Hence, the models are accepted for both arc-discharge and laser ablation.  
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These models involve the nanotubes to grow away from the metal particles, and the 

carbon is being supplied continuously to the base.  This theory is supported since most of 

the metal particles in the soot have diameters larger than the nanotubes and are not found 

at the tips of SWNTs produced by both processes. VLS, the most popular mechanism 

proposed, assumes that the first stage of SWNT formation starts with a condensation of 

carbon and meal atoms from the vapor phase to from liquid carbide particles.  Then when 

the particles are supersaturated, the solid phase nanotubes begin to grow.24 The driving 

force for the carbon nanotube growth can be either the temperature or the concentration 

gradients (Figure 1.4). 

 

Figure 1.4. This is an illustration of the vapor-liquid-solid model. The hydrocarbons in 

the vapor phase react to form a liquid metal-carbide particle.  This particle acts as an 

intermediate structure for the growth of a SWNT in a solid phase.24  

However, other studies suggested a transformation of solid phase carbon instead 

of the vapor phase carbon to solid carbon tubes.25,26 According to Geohegan et al, tube 
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growth did not occur during the early stages of the process when carbon in the vapor 

phase when growth became aggregated clusters and nanoparticles.25 Using a Nd:YAG 

laser, SWNTs were prepared by ablating he graphite/NI-Co target.  The laser pulse 

initially produces an atomic-molecular vapor containing both carbon species and Ni/Co 

atoms. The plasma cools fast and the carbon condenses and forms clusters. The onset of 

the SWNT growth is estimated to occur at 2 ms after ablation, when both the carbon and 

metal atoms are in a condensed form.  Thus, tube growth is a solid-state process. 

Finally, since the 1970s, chemical vapor deposition (CVD) of hydrocarbon gases 

over metal catalysts has been a classic method to produce carbon materials such as fibers, 

filaments, and nanotubes.27-30 The first successful CVD synthesis of SWNTs, however, 

was performed in 1996.31 This group used CO as the feedstock to pass over a catalyst 

containing Mo particles that were a few nanometers in diameter, at a temperature of 1200 

°C. Discoveries from this group and many others created a great interest in scale-up 

production for SWNT technology.  As a result, many approaches were developed to 

synthesize bulk SWNTs using the CVD process. One of the most important methods for 

large-scale synthesis of SWNTs is the high-pressure CO disproportionation (HiPCO) 

process. This utilized Fe(CO)5 as a precursor for Fe clusters for the production of SWNTs 

form CO at approximately 1000 °C.32 As for the growth mechanisms of catalytically 

produced SWNTs, the tubes are similar in appearance to the ones made by arc and laser 

methods. Their diameters are on the order of 1.2 nm and are formed often in packed 

bundles (Figure 1.5).  
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Figure 1.5. High magnification TEM image of CVD SWNTs made from FE/Mo/Al2O3 

catalyst and CH4.33 

The VLS model has been assumed as the mechanism for CVD growth of SWNTs. 

Though the solid-state model has been shown to occur, its mechanism has not been 

explained.26,34 

Despite multiple methods for SWNT growth, the quality of the tubes seems to 

depend less on production methods and more on post-production methods that apply 

these nanotubes.  Arc-discharge, laser ablation, and CVD processes have produced highly 

flawless SWNTs that have demonstrated their excellent properties.35-37 In addition, 

SWNTs from all processes can be produced in bulk.  Also, advances from the CVD 

process have been made in SWNT growth on controlled substrates, though details about 

them are disclosed in a later section.  Although the mechanisms of these processes are not 

fully understood, the VLS model is widely recognized as to be correct for all three 

processes. Yet, none of these produced SWNTs without nanoparticles, disordered carbon, 
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catalyst particles, or support materials.  Therefore, it is necessary to know post-

production methods to purify SWNTs without damages in order to make use of their 

properties. 

1.4 Purification Methods In the previous section, the production processes were 

shown to create SWNTs that are often coated with amorphous carbon, which may be 

difficult to remove, as well as having relatively high percentages of amorphous carbon 

and metal catalysts. Purification methods that have been used are grouped into the 

following three categories: acid treatment and/or oxidation, functionalization, and 

physical techniques. Early attempts using oxidative methods proved unsuccessful since 

the tubes were destroyed along with the contaminants.38-40 The source of the problem was 

the metal catalysts in the soot.  In the presence of oxidizing gases, the metal catalysts 

reacted indiscriminately with carbon, thus destroying the SWNTs.  Recent approaches 

pertaining to acid treatment and oxidation includes work by Chiang et al that describes a 

laser vaporization method to purify nitric acid treated SWNTs (Figure 6a).41,42 After 

filtration and a series of oxidation steps, the samples were reported to contain 99.9 % 

SWNTs (Figure 6b).   
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(a)                          (b)  

Figure 6. TEM images showing the purification of SWNTs (a) untreated soot (b) soot 

after the purification treatment.41 

Yet, this type of purification must consider the formation of functional groups, especially 

carboxylic acid, at the ends of the tube or even on the sidewalls where they can bond at 

the defective sites.  These functional groups may decrease the effectiveness of properties 

of the nanotubes.   

Functionalization of the sidewalls and ends of the SWNTs is a possible 

purification route.  In many studies, the purpose of functionalization was to make 

SWNTs soluble to polar environments.  Moreover, this technique has proved useful for 

purifying SWNTs for Maurizio Prato et al.43,44 They showed the functionalizing SWNTs 

with azomethine ylides could purify SWNTs produced by a gas-phase reaction of iron 

carbonyl with high-pressure carbon monoxide gas.  Another group used ozonolysis to 

functionalize the sidewalls of the SWNTs.45,46 They reported that smaller tubes were 

more susceptible to ozonolysis.  Also, this process caused the amorphous carbon and 
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carbon-coated nanoparticles to functionalize heavily with the oxygenated groups.  

Therefore, the solubility of the amorphous carbon and nanoparticles increased in polar 

solvents that were used to remove them. Yet, major questions, such as the type of 

functional group that would provide SWNTs that have a higher purity and less damage, 

needs to be investigated thoroughly. 

Physical techniques have been used as purification methods since they have 

proved to be less destructive and dangerous than chemical methods. Many types of 

physical techniques for the purification of SWNTs exist.  They have achieved in 

obtaining SWNTs of precisely defined length, diameter, and chirality.  Since the strength 

and efficacy of SWNT properties are dependents of these physical traits, it has been 

important to develop protocols that can remove impurities and separate nanotubes 

according to the desired application. In addition, for larger quantities of material for 

electronic devices, centrifugation offers a great option to enhance the SWNT purity.  The 

rate of centrifugation depends on the angular velocity measured in revolutions per 

minute.  The two types of centrifugation discussed are low-speed centrifuges and 

ultracentrifuges.  Low-speed centrifuges can quickly change speeds and spin at maximum 

angular speeds of 13,000 rpm. On the other hand, ultracentrifugation requires 

refrigeration and has speeds that may reach 150,000 rpm. While micro-centrifuges can 

process separate nanotubes from impurities, ultracentrifuges can isolate even smaller 

particles such as SWNT length and density of nanotubes.  

Despite huge efforts that have been exerted in developing techniques for purifying 

SWNTs, purification methods are still needed to generate undamaged, pristine nanotubes 

with high aspect ratios for electronic devices. Our group demonstrated that low-speed 
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centrifugation is a key purifying technique.  It has been shown to be effective in 

removing amorphous carbon and catalyst nanoparticles, while leaving high-aspect-ratio 

SWNTs in suspension.47 This is used since there are considerations for the types of 

nanotubes produced and the purpose of their applications.  Therefore, finding a method to 

purify SWNTs that understands the effects of different diameters and amounts of 

catalysts in the soot is still a great challenge.  

1.5 Techniques for SWNT Assembly SWNTs have small dimensions and 

excellent electronic properties that make them promising materials for nanoscale devices 

as previously discussed.  In addition, SWNTs need to be assembled into hierarchical 

arrays over large areas for them to be used as transistors or sensors in these devices.  Yet, 

the assembly of nanotubes at certain locations with desired shapes, directions, and 

densities for fabrication of such active components has been one of the oldest problems 

of SWNT technology that remains unsolved.48-50 So, in the following section, a snapshot 

of the techniques, which align and pattern 2-dimensionally SWNTs either during 

nanotube production or post-production, is addressed.  The use of nanotube production, 

the CVD process, provides one approach of organizing SWNTs into defined networks.  

As mentioned earlier, there have been advances in CVD process for SWNT growth on 

certain substrates.  This is of particular interest since it is a one-step synthesis process for 

SWNT array alignment on the substrate without pretreatment of the substrate.48,51 Many 

techniques have been developed to yield SWNT architectures and to promote fabrication 

of devices.52-54  

 Post-production methods offer an effective route for SWNT assembly. Using self-

assembled monolayers of molecules on a substrate, gas flow-induced method, DNA-
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template method, di-electrophoresis, and Langmuir-Blodgett technique are some ways to 

manipulate the alignment and arrangement of SWNTs.55-59 Most approaches require 

SWNTs to be suspended in a specific solution, where the solvent can acts as a carrier and 

a lubricant.  This SWNT suspension is made from one of the purification processes 

discussed earlier. The nanotubes are mobile in the solution, and the assembly takes place 

on the surface of a substrate that is usually smooth.  Once the nanotubes are settled down 

on the surface, they adhere on the surface randomly, and the bond strength depends on 

the physical or chemical interactions between the SWNTs and the surface.  Different 

forces such as van der Waals, hydrogen bonding, and hydrophobic forces can be used to 

take enhance that bond strength.  Meanwhile, other techniques use external forces to 

drive the SWNT assembly.  Shear, electric, and magnetic forces are examples of those 

forces that aid in SWNT alignment and patterning. 

The development of the processing techniques has led many advances in the 

SWNT assembly.  Moreover, ultimately an ideal assembly process would be cost-

efficient, reliable, and capable to direct the SWNT placement over a large area substrate 

easily.  When choosing a feasible method for fabrication of nanoscale devices, the 

production approach, CVD process, has two main limitations over the post-production 

approach.  Its approach is limited to only a few types of materials and relatively simple 

structures.  Whereas post-production techniques offer ways to assemble SWNTs into 

complex architectures on any desired substrate, and thus, these techniques are more 

flexible for fabrication.  However, further research on post-production techniques is still 

needed to improve on the process reproducibility and reliability. 
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1.6 Scope of The Research Being a great interest to scientists, earlier works mentioned 

have set the foundation for SWNT technology. Areas discussed are its structure and 

electronic properties, synthesis of long and nearly perfect nanotubes, purification 

processes that remove the impurities, and SWNT assembly techniques for device 

fabrication. These are areas of great importance in SWNT technology since they increase 

the knowledge needed for the commercial use of SWNTs. However, problems with 

purification and SWNT assembly still exist.  So, an understanding of how to manipulate 

SWNTs during the purification process and assembly is necessary. Thus, leading this 

research is finding ways to understand and to predict the behavior of SWNTs in 2D 

networks for use in electronic materials. 

In the second chapter, understanding the effects of the starting concentration of 

unprocessed SWNTs using low-G force centrifugation was studied to overcome the 

challenge of predicting SWNT network properties at ambient conditions.  Enabling 

SWNTs to assemble into materials that make use of their enhanced properties in 

electronics and nanotechnology requires purification of these nanotubes. Different 

concentrations of SWNT suspensions were analyzed to show their influences on the 

SWNT density, the network morphology, and the placement of the SWNT networks on 

Si/SiOx substrates.  Then, the third chapter explores controlled evaporative methods to 

control SWNT assembly.  Taking advantage of a natural phenomenon, the coffee-ring 

effect (CR) offers a simple and inexpensive way to assemble SWNT networks with the 

assistance of laminar flow deposition process.  Thus, using the CR, the study compared 

the spatial and temporal differences of two incubation methods, immerse and drop.  In the 

fourth chapter, 2D network formation using the CR deposition was studied as a possible 
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approach for assembling SWNT devices.  The interactions between different self-

assembled monolayers of vinyl silanes on Si/SiOx substrates and starting concentrations 

of unprocessed SWNTs determined the parameters of the network formation process. 

Moreover, this method demonstrated a potential route for controlling the level of 

randomness and order of the 2D SWNT networks.  Lastly, the final chapter summarizes 

achievements and proposes future works in SWNT research.  
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2.1 Abstract Assembling single-walled carbon nanotubes (SWNTs) into materials that 

make use of their enhanced electronic and physical properties requires new purification 

methods.  To study the effects of initial concentration on SWNT suspensions on the 

purification process, as produced SWNT soot, in a range of concentrations from 0.01 to 1 

mg/mL, was dispersed in sodium dodecyl sulfate via probe sonication followed by low G 

centrifugation steps to remove impurities.  Moreover, this method enriched the 

suspension in regards to high-aspect-ratio SWNTs.  The first centrifugal cycle removed 

the largest amount of sediments than any cycle.  Furthermore, the UV-vis spectra showed 

that absorbance of the SWNT suspension have decreased from the initial absorbance for 

all concentrations.  The removal of the sediments allowed the optical transitions of 

nanotubes to be observed.  Additionally, NIR spectra showed that this absorbance drop 

seen after the first centrifugal cycle increased as the concentration increased. Then, 

SWNT suspensions were utilized to form 2-dimensional (2D) networks on Si/SiOx 

substrates via the laminar flow deposition process.  The effect on SWNT density and the 

network morphology were analyzed.  The results showed that the mean height of the 

SWNT network increased as the concentration of SWNTs suspension increased.  For the 

length distribution, the length of the nanotubes increased as the number of centrifugal 

cycles increased.  As a result, after three centrifugation cycles, the suspensions began 

with similar number of individual SWNTs, but the amount of nanotubes increased for all 

concentration after centrifugation. 

2.2 Introduction Due to their enhanced electrical properties, and ability to form 

semiconductive or metallic thin-films, there is great interest in the use of single-walled 

carbon nanotubes (SWNTs) for a multitude of next generation electronic device 
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structures.  However, regardless of the bulk growth method used for SWNTs, the product 

is largely composed of soot, and residual catalyst nanoparticles.  These impurities often 

account for 40 to 60 % of as-produced (AP-grade) SWNT soot.  Moreover, strong inter-

SWNT van der Waals interactions cause them to clump together into bundles of hundreds 

of nanotubes.1-4 Additionally, purified SWNTs are a polydisperse material, exhibiting a 

wide variety of bandgaps, lengths, and diameters.  Individual SWNTs even exhibit 

metallic or semiconductive behavior, as dictated by the chirality of each nanotube.  

Therefore, purifying and unbundling SWNTs without damaging their electrical properties 

is a major focus of scientific investigation.4-10 

One approach to dealing with the variations in electrical properties of SWNTs is 

the use of networks of SWNTs.11 Such networks exhibit much greater current drive than 

an individual SWNT and result in greatly improved device reproducibility.11 

Additionally, these networks can serve as semiconductive thin-films with the use of 

methods to enrich the proportion of semiconductive SWNTs,12 change their electrical 

properties via polymer or DNA wrapping,13, 14 or control the density of SWNTs during 

network formation.15  Suspension deposition methods require stable suspensions of 

known SWNT concentration.  Thus, there is a great need for large-scale purification 

methods that will unbundle SWNTs and separate them from residual impurities without 

damaging their electrical properties. 

Low-G centrifugation has been shown to be effective in removing amorphous 

carbon and catalyst nanoparticles, while leaving high-aspect-ratio SWNTs in 

suspension.4, 9, 16 Sodium dodecyl sulfate (SDS) was chosen as the surfactant for these 

studies because, of the many commonly used surfactants, it has the lowest binding energy 
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with SWNTs of diam. ~ 1.2 nm,17 typical of the arc discharge  nanotubes used in these 

studies.  A low surfactant binding energy is an important consideration for post-

deposition removal of surfactants from the SWNT networks, as surfactant reduces their 

electrical performance.   

  In order to determine the effect of starting concentration on the average length, 

density and effectiveness of removing bundles, five initial concentrations were examined.  

These studies will allow the preparation of high quality, purified dispersions enriched in 

unbundled, high-aspect ratio SWNTs having minimal modification to their inherent 

electrical properties.  

2.3 Experimental Methods   

SWNT suspension formation 

1 % SDS (J.T. Baker) stock solution was formed in nanopure water (R > 18.1 

MΩ).  Then, enough SWNT soot to yield a concentration of 1 mg/mL was dispersed in 

this solvent via 30 minutes of ultrasonic probe agitation (Fisher, 500) at 12 W. This stock 

suspension was then diluted with 1 % SDS to form the five concentrations investigated: 

0.1, 0.08, 0.05, 0.03, and 0.01 mg/mL. Each suspension was mixed using a vortex after 

dilution (Thermolyne model 37600).   

Analytical methods 

UV-Vis-NIR, spectroscopy (Varian, Cary 5000) was used to characterize each 

suspension (path length = 1cm) over the course of three centrifuge cycles.  Raman 

spectroscopy (ThermoFisher, DXR) was performed with a 532 nm diode laser source 

with 5 mW laser power. Suspensions were encapsulated in a 1.5 x 90 mm capillary tube 

prior to Raman analysis, while low-density SWNT networks dispersed on silicon wafer 
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(Si/SOx) wafer fragments were analyzed without further modification.  The SWNT 

networks are prepared using laminar flow deposition (LFD), a method previously 

described.4, 9 Each centrifugation cycle involved a 30-minute period at 18,000 G 

(Beckman Microfuge18Centrifuge), after which the upper half of the supernatant 

carefully decanted.    Finally, atomic force microscopy (AFM, Molecular Imaging, 

PicoPlus) was used to analyze deposits formed from each suspension to determine the 

differences in SWNT properties and the amount of SWNT and impurities deposited for 

each concentration. 

2.4 Results and Discussion 

UV-Vis-NIR characterization 

In the previous chapter, the metallic and semiconducting behaviors of SWNTs 

were stated to be a function of diameter and chirality.  Moreover, this was determined 

with discontinuous peaks in the density of states.18  These peaks are called Van Hove 

singularities (VHS) and reflect the one-dimensional electronic band structure of SWNTs.  

Scientists have been greatly interested in VHS since the energies between them can 

determine the optical properties of carbon nanotubes.3, 19  The difference of energies is 

also referred as a transition.  It occurs between the states of semiconducting or metallic 

tubes and can be seen in the optical spectra.  The optical transitions for semiconducting 

are known as S11 and S22, while the transition for metallic is M11.  Furthermore, UV-Vis-

NIR absorption spectroscopy is commonly used to characterize SWNT suspensions since 

the nanotubes have active electronic transitions in this region that give rise to van Hove 

singularities in the optical spectra.20 A typical absorption spectrum shows these various 

peaks between 400 and 1400 nm.  Peaks, due to the first interband transitions of metallic 
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SWNTs (M11), range from 400 to 650 nm.  Peaks due to the first and second interband 

transitions of semiconducting tubes (S11 and S22) range from 900 to 1600 nm and 550 to 

900 nm, respectively.20-22 

In general, the absorbance for each suspension decreased inversely proportional to 

the number of centrifugation cycles it was subjected to (Figure 2.1).  In Figure 2.1a, the 

initial concentrations have high absorbance and less resolution of transitional peaks.  For 

0.1 mg/mL, noise was seen between 200 — 400 nm region due to oversaturation of the 

detector.  Still, in the UV region from 200-300 nm, 0.03 mg/mL and 0.01 mg/mL samples 

showed a broadening of the peak.  Since the amounts of the impurities and SWNTs were 

nearly equal, there were not a clear distinction between 275 nm (the peak associated with 

SWNTs) and 250 nm (the peak associated with the small carbon-carbon bonds or 

carbonaceous materials).23  In Figure 2.1b, after centrifugation, there were less 

absorbance and more resolved peaks.  Such peaks were located at 275 nm as the 

shouldered peak of the carbonaceous peak at 250 nm and also metallic transitional peak 

at 750 nm. Furthermore, based on the quality of the spectra, it was concluded that a 

significant amount of the particles has been removed from the suspensions after the third 

centrifugation.  The 0.1 mg/mL suspension was used to hypothesize the changes that 

have occurred for all other suspensions since this concentration had the strongest 

absorbance than the more diluted suspensions of 0.05 mg/mL and 0.03 mg/mL.  Because 

of the low-G centrifugation, the large amount of carbonaceous matter had been separated 

out of the suspension.  As a result, again observing the range from 200–300 nm, there 

was an increase of absorbance seen around 275 nm that was related to SWNTs, as well as 

the metallic SWNTs prominent peak. 
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(a)  

(b)  

Figure 2.1. UV-Vis-NIR spectra. (a) Before centrifugation (b) After the 3rd centrifugal 

cycle.  For 0.1 mg/mL, noises are found from 200 to 400 nm, indicating oversaturation. 

In addition, spectra show that SWNT Peaks at 275nm and 750nm are enhanced relative to 

the baseline.  275nm is associated with SWNT and 250nm peak is small c-c bonds; M11-

first metallic transition; S22 and S11 overlapping each other.  This shows how all 

concentrations are related to each other. 
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The absorbance spectroscopy indicated that this purification method enriched the 

suspension in unbundled SWNTs, while removing carbonaceous impurities, as evidenced 

by the increased prominence and resolution of absorption bands due to unbundled 

SWNTs.   Yet, not only was a qualitative analysis obtained but a quantitative one as well 

using UV-Vis-NIR spectroscopy to determine the SWNTs’ purity.  For determination of 

the concentration of SWNTs, the absorbance taken at 600 nm was used because the 

relationship between the concentration and absorbance (Beer’s law) was more linear.24   

 Figure 2.2 showed the degree of separation of impurities from the suspension. In 

Figure 2.2a, the linear regression lines have larger decline in the slope between the first 

and second centrifugal cycle than second and third centrifugal cycles.  Thus, the largest 

amounts of impurities and SWNT’s were removed in the first cycle than the other cycles.  

In addition to the decrease of the slope, the increase in linearity becomes more consistent 

to Beer’s law.  This confirmed that the increasing amount of centrifugal cycles done on a 

suspension removes impurities from the suspension.  Another observation was that 

suspension with a higher starting concentration removed a larger percentage of 

substances in the suspension.  Figure 2.2b plotted the relationship between the centrifugal 

cycles and absorbance.  After the first cycle, the suspensions leveled out, which 

suggested a large majority of impurities was removed after the first cycle.  This was a 

better estimation of the relative concentration of the suspension, and more importantly, 

the low-G centrifugation method removed impurities from the suspensions.  
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(a)  

(b )  

Figure 2.2. Effects of Centrifugation. (a) Concentration of each cycle (b) Absorbance 

after each cycle. 

The NIR region is where the interband transitions are located.  These bands are 

used to evaluate the relative purity of suspensions.  In Figure 2.3a, the NIR spectra of the 

suspensions were taken before centrifugation. Here, the M11 and overlapping S22 and S11 
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transitions were not well defined for any concentrations.  In contrast, the NIR spectra of 

the purified suspensions (Figure 2.3b) showed more defined, transitional peaks for 

metallic and semiconducting SWNTs in each suspension, with the varying physical 

properties of the SWNTs contributing to the broadness of the peaks.  Hence, low-G 

centrifugation promoted the purity of the suspensions as evidently shown in the NIR 

spectra.   
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(b)  

Figure 2.3. NIR spectra.  (a) Suspensions before centrifugation (b) Suspensions after 

third centrifuge cycle.  There were partial metallic transition at 800nm; 2nd 

semiconducting transition at 1000nm; and 1st semiconducting transition at 1100nm. 

Figure 2.4a, the relationship between each suspensions normalized at the 1015 nm 

peak was observed. A similar broad resolution was seen; however, due to the absorption 

of the carbonaceous materials alongside the SWNTs, shifting could be determined.  

Another type of baseline correction was performed where the broad background due to π-

plasmon absorbance25 was subtracted, which left behind the transitional peaks for 

semiconducting SWNTs (Figure 2.4b). S22 peak was chosen for purity evaluation based 

on purity evaluation based on previous studies.26 Then, finding the apex of the second 

transition peak of each suspension, only shifting of a few nanometers between the 

suspensions, except between 0.1 and 0.03 mg/mL, was observed.  However, in both 

Figures 2.4a and b, besides the different area of the peaks due to the concentration and 

small random shifting for 0.08 mg/mL, 0.05 mg/mL, and 0.03 mg/mL, there was no 
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significant difference in the spectra offset.  Each concentration may have represented 

similar ratios of SWNTs to impurities or even free SWNTs to bundled SWNTs.  More 

studies would need to be done in order to verify this finding such as comparing the areas 

of the peak to different concentrations, observing any difference between the 

concentrations in each cycle, and comparing other techniques that have been published. 

(a)  

(b)	  

Figure 2.4. Baseline Corrections of Before Centrifugation. (a) Normalized at 1015nm (b) 

Linear Correction of S22.  
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A close analysis of the purified suspensions provided insight into the effect of the 

starting concentration on the quality of suspensions produced.   The linear correction 

applied slope correction for background effects using two X values.  Thus, each of 0.1 

mg/mL and 0.01 mg/mL centrifugal cycles were analyzed for any significant shifting in 

the S22 transition peak.  In Figure 2.5a, the peak at 1015 nm was normalized for 

comparison since differences between the cycles of each suspension can be seen.  Once 

again, the resolved transitional peaks were more noticeable after centrifugation.  Figure 

2.5b and c, 0.1 and 0.01 mg/mL respectively showed the shifting between cycles.  Even 

though there was not a clear shifting trend with each suspension or a shifting trend with 

each cycle, shifting occurs with each suspension between its non-centrifugal sample and 

any of its centrifugal samples regardless the number of centrifugal cycles. Thus, the 

increased resolution of the peaks indicated that the centrifugation has separated the 

impurities from the suspension.   

(a)   
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(b)  

(c)  

Figure 2.5. UV-vis Spectra of SWNT Suspensions. (a) 0.1mg/mL offset at 1015nm (b) 

Linearly corrected of 0.1mg/mL cycles (c) Linearly corrected of 0.01mg/mL cycles.  

Table 2.1 reports the mean and standard deviation to have a better understanding 

of the peak and total area of 830-1240 nm, which are the S22 and S11 transition peaks.   
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increased.  This confirmed that low-G centrifugation purified the suspensions by the 

removal of impurities.  Thus, the better resolution of the peaks demonstrated that the 

centrifugation, again, separated the impurities from the suspension. Moreover, the small 

peak shift did not affect the diversity of nanotube suspension.   

Table 2.1. Peak and Total Area Ratios between 830-1240nm  

 

Raman spectroscopy characterization 

Raman spectroscopy was used to study SWNTs because of its sensitivity to the 

symmetric covalent bonds.  The spectra would inform about the vibrational and other 

modes in the system. Thus, the Raman bands of the sp2 bonds can be used to show the 

disorder of the nanotubes. The G-band, which represented a symmetrical graphene lattice, 

was observed around 1590 cm-1; and the D-band, which represented a disorder graphene 

lattice due to defects in the sp2 bonds in the system, was observed around 1330 cm-1 

(Figure 2.6). 
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(a)  

(b)  

Figure 2.6. Raman Spectra of SWNTs. (a) Raman Spectra of Centrifugal Cycles of a 

Suspension (b) Raman Spectra of Centrifugal Cycles of a Suspension Deposited on Si 

wafer. 

In Raman spectroscopy, bands indicated the ability of low-G centrifugation to 

limit such defects after each centrifugal cycle of SWNTs suspensions and to show the 

increase of individual SWNTs due to dispersion.  Raman spectra of centrifugal cycles of 

a suspension were normalized at the D-band (Figure 2.6a). G-band was approximately 

1590 cm-1, and D-band ranged from 1300 -1340 cm-1.  As the amount of centrifugal 

cycles increased, the G and D-band intensities decreased. After the third cycle, the D 
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band is close to the baseline.  In Figure 2.6b, observation of the SWNTs on Si surface 

determined a larger shoulder from the G-band than for the suspensions.  Also, like the 

Raman spectra for the suspensions, the D-band intensity declined with more centrifugal 

cycles.  The correlation between the band peak-to-peak intensities of SWNTs suspensions 

and their centrifugal cycles had previously been reported.7 Thus in Table 2.2, the G-to-D-

band peak ratios were used to show the decline trend of aggregation as well as the 

effectiveness of the low-G centrifugation to not damage the tubes.  In addition, band 

intensities from SWNT suspensions instead of SWNT deposition on a substrate were 

chosen because of higher consistency than surface deposition.25 Unfortunately, the 

average and standard deviation on some of the suspension cycles were similar.  Hence, 

some of the variables may have not been controlled consistently.  Finding the peak-to-

peak ratios of SWNTs networks was done to investigate further the inconsistency of 

aqueous suspensions.  Yet, similar to the results of the SWNT suspension, the ID/IG peak 

ratios of the networks increased after the 1C and then were inconsistent for the others. 

Table 2.2. G-to-D Ratios for the SWNT Suspensions Deposited on a Si Wafer Before 

Centrifugation (0C), after First Centrifugal Cycle (1C), and after Third Centrifugal 

Cycle (3C)  
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AFM characterization 

Atomic force microscopy (AFM) is a type of microscopy that can form high-

resolution images of surfaces. A part of a larger branch scanning probe microscopy, AFM 

measures the motion of a cantilever beam with a very small mass.  The force required to 

move this beam through measurable distances (10-4 Å) can be as small as 10-18 N.  This 

level of sensitivity can clearly obtain resolution that is on the nanometer scale, more than 

the optical diffraction limit.  Hence, the lateral resolution of AFM can be approximately 

30 Å, and the vertical resolution can be up to 0.1 nm.  Fundamentally, AFM images of 

the SWNT networks were produced by a sharp probe on the bottom end of the cantilever 

was brought close to the sample surface.  The forces between the tip and the sample 

caused a deflection of the cantilever.  That deflection was measured by a laser beam that 

was aimed at the top surface of the cantilever.  Then, the cantilever beam reflects the 

laser beam from the cantilever to a position-sensitive photodetector that comprise four 

segments.  The differences between signals generated from these segments indicated the 

position of the laser on the detector and thus, angular deflection of the cantilever. 

Generally, AFM can be operated in three imaging modes, contact, intermittent, 

and non-contact.  Yet, intermittent mode was used since these experiments were 

performed in ambient conditions, and topography of the SWNTs was desired with 

minimal amounts of noise and drift from the probe tip.  To produce an image in this 

mode, the cantilever was driven to oscillate near its resonance frequency by a small 

piezoelectric element located in the AFM tip holder.  The electronic servo controlled the 

height of the cantilever as it engaged the nanotube networks; therefore the damages from 

intermittent contacts of the tip and the sample were reduced.  Finally, the force of the 
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contact was measured to create an image of the surface.  One key advantage of this 

technique was that three-dimensional image was formed. Consequentially, once an image 

was fabricated, characteristics such as SWNT density, SWNT length, and surface height 

were possible to measure.  For this paper, the AFM is another method to characterize the 

physical properties of SWNT deposited on Si surface.  This was important to distinguish 

differences between concentrations.  In addition, the impurities deposited on the surface 

may vary with the initial SWNT concentration. 

Below are AFM images of the 0.1 mg/mL (Figure 2.7). The images were 

produced by placing the AFM tip in the middle of each deposited SWNT suspension.  

Since the AFM cantilever can scan up to 40-μm x 40-μm area, five-8 μm x 8 μm images 

were selected in various places.  Images of different centrifugal cycles of initial 

concentration of 0.1 mg/mL were selected since this concentration showed more tubes 

and impurities and as a result, the largest change in the impurity reduction after each 

cycle (Figure 2.7). Before centrifugation, there were noticeable impurities represented as 

the white irregular shaped globules and SWNTs represented as the white lines in the 

image (Figure 2.7a). The height histogram inset showed the majority of the surface height 

approximately 10 nm, which was far above the average SWNT height of 1.2 nm.  Thus, 

there was a necessity for centrifugation in order to reduce the amount of impurities. 

However, after the first cycle, the globules have decreased in size and amount.  There 

was also a shift in the height profile towards 5 nm.  Thus, even one centrifugal cycle was 

enough to reduce the height by half and the bigger globular impurities have been 

removed. Moreover, the amount of SWNTs seemed to have increased with more 

individual tubes being distributed evenly (Figure 2.7b). Finally, the third cycle revealed 
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smaller impurities compared to the first cycle.  However, the amount of the impurities 

and SWNTs seemed to be similar.  The height profile inset shows that the surface height 

has been further reduced to approximately 4 nm, for an overall 60 % reduction from the 

0C or before centrifugation (Figure 2.7c). 

(a)    

(b)  
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(c)  

Figure 2.7. AFM Images of SWNT Deposits of 0.1 mg/mL Suspension. (a) Formed 

before centrifugation (0C). (b) After first centrifugal cycle (1C). (c) After third 

centrifugal cycle (3C).  The occurrence and size of globular impurities increased with 

concentration, demonstrated the need purification for every concentration of SWNT soot 

used to form each suspension.  AFM images of deposits formed after three centrifugation 

cycles were used to purify the SWNT suspensions showed that the frequency and average 

height of impurities was greatly reduced for all concentrations. 

To characterize the SWNTs in each cycle of a concentration, the SWNT density, 

SWNT length, and surface height were determined.  Table 2.3 lists the SWNT density of 

initial concentration, first, and third cycles for 0.1, 0.08, and 0.05 mg/mL.  The density 

was determined by counting the number of whole SWNTs in the scanning image (8 μm x 

8 μm).  This determined any changes of SWNTs deposited as a function of concentration. 

All initial concentrations had similar amounts of tubes.  Therefore, the amount of 

suspension deposited on the Si wafer was saturated for all concentrations and proved that 
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the deposition method was an ideal choice.  With the exception of 0.05 mg/mL, the tube 

density of first and third cycles increased and then decreased.  Since precision decreased 

for every concentration as the cycles increased, this may indicate a preference on where 

the SWNTs deposited.  Thus, the deposition was sensitive to LFD. 

Table 2.3. SWNT Density of Before Centrifugation (0C), After First Centrifugal 

Cycle (1C), and After Third Centrifugal Cycle (3C). 

 

  Next, the average surface height generated height measurements of SWNTs and 

impurities. As explained in the histograms for Figure 2.7, a visual representation of the 

centrifugal cycle versus surface height gave insight in how centrifugation was affecting 

the suspensions.  Table 2.4 quantifies surface heights to confirm the reduction was caused 

by the centrifugation.  There was at least a 30 % drop from the initial concentration to the 

first cycle, and further decrease in the height as the number of cycle increased. 

Table 2.4. Average Surface Height of Before Centrifugation (0C), After First 

Centrifugal Cycle (1C), and After Third Centrifugal Cycle (3C) 
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Finally, SWNT length measurements were taken from SWNT counted as part of 

the density (Table 2.5).  The 0.1 and 0.08 mg/mL samples generally stayed consistent 

after centrifugation unlike 0.05 mg/mL samples.  The tube length became shorter as the 

number of cycles increased. Yet, 0.1 mg/mL had the longest tubes than any other.  

Furthermore, though centrifugation removed impurities, it may initially have increased 

the number of tubes deposited without a drastic change to the SWNT length for the two 

higher concentrations.  Yet the 0.05-mg/mL samples may have increased their SWNT 

density with shorter tubes. 

Table 2.5. Average SWNT Length of Before Centrifugation (0C), After First 

Centrifugal Cycle (1C), and After Third Centrifugal Cycle (3C) 

 

2.5 Conclusion In conclusion, low-G centrifugation is a method that separates SWNTs 

from impurities because the transition peaks become more resolved with every 

centrifugal cycle.  This method demonstrates its degree of separation for each 

concentration. In the UV-vis range, the peak at 275 nm is noted visible after the first 

centrifugal cycle. Moreover, the resolution increases when comparing the degrees of 

separation of impurities between sequential cycles.  Observing the interband transitions at 

the NIR region, all concentration had similar absorbance.  Subtracting the plasmon 

region, the interband S22 peak was similar to all, and therefore, the fractions of SWNTs 

and impurities were the same to all concentration.  Further analysis, the ratio between the 
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peak area and total area proves that peaks were more resolved as the cycles increased.  

Also, the starting concentrations have similar amounts of SWNTs and impurities. There 

was no shifting for different concentration as well as different cycles per suspension.  For 

Raman, efforts should be focused on the problems that prevented the analysis of the 

defects or damages of nanotubes. Results showed an increase in the peak ratio of IG/ID 

bands from the initial concentration to the first centrifugal cycle for all suspensions.  

Hence, each concentration has SWNTs with lower structural damage available after the 

first cycle.  Yet, peak ratios after second and third cycles were inconclusive. Thus, the 

study needed to be investigated further in order to characterize further the effects of low-

G centrifugation on SWNTs.  Finally, topographic images from AFM provided 

information about the density, surface height, and SWNT length.  Size of globules and 

surface height decreased as from the 0C state to the 1C.  Moreover, there was a small 

change in height from the 1C to 3C even though it was less than the change from 0C to 

1C and topographic images of 1C and 3C appeared identical. Also, a 60 % height 

reduction and an increase of SWNT density after 3C were reported. In conclusion, 

different SWNT concentrations produce similar characteristics at 0C and after 1C only.  

More centrifugal cycles and less concentrated SWNT suspensions caused more 

fluctuations when determining characteristics for each concentration.  The higher 

concentrations tend to have higher SWNT density and better accuracy. Thus, they are 

more reproducible and reliable for future SWNT-based applications. 
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CHAPTER 3 

INVESTIGATING COFFEE-RING DEPOSITION METHODS FOR 2-DIMENSIONAL 

SWNT NETWORK FORMATION2 

  

                                                
2 Stanley, D.M. and M.D. Lay. To be submitted in J. Mat. Sci. 
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3.1 Abstract Two evaporation-controlled, convective self-assembled methods that 

deposit single-walled carbon nanotube (SWNT) suspension onto a substrate as a way to 

control 2-dimensional (2D) SWNT networks were explored.  After incubation and then 

dried with a stream of N2 gas, samples were analyzed by atomic force microscopy (AFM) 

to determine height and roughness information.  AFM images revealed that the edges 

contain more SWNTs than the center of the droplet.  This observation was due to the  

“coffee-ring” effect.  The influences of the ring-like structures on the volume of SWNT 

droplet and the incubation period were also reported as a way to control 2D formation of 

SWNTs. The immerse method showed evidence of high evaporation rate and more 

impurities as compared to the drop method.  Forming small SWNT networks randomly 

have few inter-network connections.  Therefore, the evaporation rate limited the SWNT 

patterns. In addition, the large drop area limited the network formation.  However, the 

drop method had various drop areas that were smaller than constant area of droplet of the 

immerse method.  Subsequently, there were fewer impurities, and the evaporation rate 

was reduced.  Thus, lower volumes and times were used to study 2D patterns and 

network formations.  An increased 2D patterns and networks were seen.  Furthermore, 

the drop method formed dense SWNT networks; volume can control evaporation rate and 

repeatability; and evaporation time can control 2D patterns over 3D patterns and 

impurities.  

3.2 Introduction Single-walled carbon nanotubes (SWNTs) have electrical properties 

that have been explored based on individual nanotubes to create SWNT-based devices.  

Yet, this route has proven unviable since the subsequent materials produce a low current, 

are irreproducible, and/or presented an enormous challenge for wide-scale fabrication.1,2  
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SWNT networks offer advantages over individual nanotube-based devices since they can 

create complex hierarchical structures easily via liquid deposition methods.  Thus, 

creating thin films of SWNT networks is the optimal route to take advantage of its 

properties without difficulties of depositing a single tube onto a substrate.  

Finding procedures to form SWNT devices that are reproducible and tunable 

directs toward the formation of 2-dimensional (2D) SWNT networks.   Since high SWNT 

density or bundled SWNTs such as 3-dimensional (3D) networks will produce metallic 

conductivity, the SWNT density determines the electrical properties of SWNTs.  Devices 

that exhibit semiconducting properties need a low density of unbundled SWNTs with 

high-aspect ratios.   Additionally, these networks can be tuned to any degree of 

semiconducting behavior based on the number of SWNTs in the network.   Yet, assembly 

of low-density networks requires the control over direction at a certain location. Thus, 

creating a technique that allows 2D SWNT network formation and the ability to 

manipulate the alignment is highly desirable.  

Several studies have integrated evaporation as a part of a deposition method since 

it exploits a simple way to yield highly ordered structures for nonvolatile solutes.3-8  For 

example, Dimitrov and Nagayama found that array formation dried in one direction is 

manipulated by particle diameter, its concentration, and receding rate of the film-

meniscus contact line.  They derived an equation that predicted growth of these arrays.3 

In our group, different controlled-evaporative techniques were studied to control the 

SWNT density.  Here, each technique produced SWNT networks that were 2D, 3D, or 

combination of both and have tunable conductivities.8  Thus, evaporation of SWNT 

suspensions combined with a drying process serves a great possibility for the formation 
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of low-density, 2D SWNT networks.  In addition, ring-like deposits along the perimeter 

of the droplet due to “coffee-ring” effect can be used to achieve the spatial arrangements 

with these deposits.  This phenomenon is commonly seen in drops with dispersed 

solutes.9-11 As for the SWNT droplets, unbundled, high-aspect ratio SWNTs may form 

2D networks by flowing away from contact line or bonding to the substrate before 

moving towards the droplet periphery, which will result in a uniform deposit.  Hence, 

depositing methods driven by evaporation can control the type of SWNT network 

formation.  Our group reported the creation of these thin films of SWNT networks that 

are 2D and have tunable electrical properties, using controlled evaporative methods. 

Developing a feasible depositing method that utilized the evaporation process 

coupled with convective assembly on sessile SWNT droplets to drive 2D SWNT network 

formation and observed the effects of the coffee-ring phenomenon on the 2D formation 

was the focus of this study.  Two approaches were developed and then, evaluated with a 

broad range of different volumes and times.  The effectiveness of these methods was 

characterized by AFM.  The hypothesis created was that the 2D SWNT networks were 

the function of time with respect to volume and not just time; also surface area of the 

droplet (size of droplet or average thickness of the droplet) may play an important role in 

these formations. 

3.3 Experimental Methods 

SWNT suspension preparation 

To form suspensions of unbundled SWNTs with high-aspect ratios, a probe 

sonication (Branson, 250) was used to disperse as-produced, arc-discharge SWNTs 

(Carbon Solution Inc.) in 1% sodium dodecyl sulfate solution while minimizing damage 
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for 30 min at 12 W.  Next, a low-G centrifugation process was repeated for 45 min at 

18,000 G (Beckman, GS-15R) where top half of supernatant was decanted after each 

cycle.  Afterwards, purity of these stable suspensions, verified with UV-VIS-NIR 

spectroscopy (Varian Cary 5000) and Raman microscopy (Thermo Fisher, DXR), was 

composed of 0.03 mg/mL SWNTs for depositing the networks. 

Substrate preparation 

Silicon wafers were cleaned with CO2 before deposition of 10 mM (3-

aminopropyl) triethoxysilane (APTES, Aldrich) in ethanol for 45 min.  After incubation, 

water and ethanol rinsed the silane solution off the wafer and then dried with N2 gas.  

Finally, CO2 removed excess layers of APTES to yield a monolayer. 

SWNT network formation 

Two methods were performed to compare their efficiency to control the density of 

SWNT networks.  The morphology of subsequent SWNT networks from each method 

was examined with intermittent mode atomic force microscopy (AFM, Pico Plus, 

Molecular Image).  Average height from the height histograms was generated from image 

analysis software (WSxM v 5.3).12  Both methods were performed under a humidity 

range of 27—51 % and temperature range of 74—80 °F.  For the immerse method, the 

suspension was distributed the entire 1 x 2 cm substrate at varies volumes 50, 60, 70, 80, 

100, 200, and 300 µL (Figure 3.1a).  With a constant area and a known volume, an 

average height was determined.  After an incubation time, the suspension was dried with 

a stream of N2 gas, rinsed with nanopure water to remove the surfactant, and then dried 

again with N2 gas.  Based on the gas flow that dried the surface, five images from the 

center, top, sides, and bottom of the wafer were obtained (Figure 3.1b).   
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For the drop method, a drop of the SWNT suspension was incubated on the 

substrate for a certain time.  Experiments were performed under a humidity range of 27—

51 %, having a median of 41 %, and temperature range of 70—80 °F, having a median of 

74.4—74.7 °F.  Seven volumes were chosen to compare their efficiency to control the 

density of SWNT networks.  The volumes were 1, 5, 10, 20, 30, 40, and 50 µL.  For the 

deposition method, droplets of the SWNT suspension were incubated on the substrate for 

three different times of 1, 3, and 5 minutes.  AFM was used to raster-scan five images on 

the top, sides, and bottom of the edge as well as the center of the droplet (Figure 3.2).  

Then, more images were produced to assess closely the edges of the droplet.  Five images 

from inner, middle, and outer of each area of the edge were obtained (Figure 3.3). 

 

(a)  
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(b)  

Figure 3.1. Schematic diagram of the immerse method.  (a) The solution covering the 

entire silane-coated Si/SiOx fragment. Droplet covered the entire surface at given 

volumes to yield average thicknesses. (b) The size, direction flow of N2, and images that 

were taken as indicated by the red dots of the fragment. 

 

Figure 3.2. Schematic diagram of the parameters of drop method for preparation and data 

collection. A droplet was placed on silane-coated Si/SiOx wafer. The direction flow of N2 

that dried the droplet and images that were taken as indicated by the red dots of the 

fragment are shown.  
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Figure 3.3. Schematic diagram of a closer view of the coffee-ring for the data collection 

of the drop method. A droplet was placed on silane-coated Si/SiOx wafer, dried with N2 

gas, and images that were taken as indicated by the red dots of the fragment are shown 

above. Image of the droplet’s edge is enlarged to show the sets of images taken at the 

outer, middle, and inner parts of the edge as well as the center of the droplet.  

3.4 Results and Discussion  

Immerse method—Constant droplet area 

Since the pinning of the contact line drives the coffee-ring (CR) effect, the initial 

emphasis was to understand how surface area affected 2D network formation in the 

droplet. Observing different volumes and evaporation times aided in this study.  Hence, 

the area of the droplet was held constant for the first method.  The SWNT suspension 

covered over the entire substrate induced a convection driven by surface tension in the 

droplet.  Thus, this effect may lead to an even and well-controlled drying process. Since 
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the droplet formed a hemisphere, an average height of the droplet can be obtained as a 

way to correlate surface area of the droplet with the evaporation process.  

Seven volumes were chosen (50, 60, 70, 80, 100, 200, and 300 µL) for the 

volumetric study, based on the average height of the droplet.  This revealed that volume 

could predict 2D formations. As the result, average height of the surface showed a 

general decline, as the volume increased (Figure 3.4).  The volumes of 50, 60, and 70 µL 

showed evaporation started on the corners of the substrate, probably due the volume used 

at the corners was the lowest when compared to the edges and center of the droplet. 50-

µL samples have the largest degree of evaporation.  Then, 60 and 70 µL have 

significantly less percentage of evaporation.  Images from these volumes were highly 

packed with 3D SWNT bundles.  This was confirmed by the decreasing average surface 

heights respectively.   For the higher volumes, there was a noticeable difference of the 

number of SWNTs towards the edges than the center, which confirmed the CR effect. 

 

Figure 3.4. Volumetric Study at 10 min for 50, 60, 70, 80, 100, 200, and 300 μL. Large 

variance for the lower volume was due to evaporation.  The average height stabilized as 

the volume increased.  However, there was a difference in patterns and SWNT density. 
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Another observation was the large variance seen from the results of 50, 60, and 70 

µL.  This suggested that 3D patterns and impurities have deposited after the network 

formation process (Figure 3.5).  These deviations occurred in the higher volumes even 

though the contact line did not recede as greatly as 50, 60, and 70 µL.  The experiments 

were performed in ambient conditions where the room temperature ranged from 74—80 

0F, thus bench top where the substrate lied had been at a constant temperature.  

Furthermore, instabilities, particularly Marangoni effect, were not documented since 

there was not temperature gradients in the droplet.10,13 These temperature gradients could 

have caused by the random spatial arrangements.   

 (a)  
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(b)  

Figure 3.5. AFM image of 60 μL. (a) Right side of the substrate (b) Center of the droplet.  

There were noticeable amounts of impurities. The highly aligned SWNT density of the 

2D networks was more abundant on the sides of the substrate than center. Yet due to 

evaporation, 3D networks were also abundant. 

A temporal study done using 80, 100, and 200 µL also predicted the 2D networks 

since CR effect begin to be observed without noticeable signs of evaporation. The 

average height showed an upward trend like the 80-µL study.  Finally, the 200-µL studies 

showed that the trend for average height inconclusive.  Possibly since the average droplet 

height was around 0.1 cm, a higher temporal selection was needed to draw a conclusion 

about the average surface height (Figure 3.6).  The lack of trend suggested that a larger 

percentage of the SWNTs are being removed during the drying process.  Thus, a trend 

was seen for the 80-µL samples, instead of the 100 or 200-µL samples.  Perhaps an 

increased incubation time was needed to ensure that the tubes are securely attached to the 

substrate. 
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Figure 3.6. Temporal Study using 80, 100, and 200 μL. The different R2 values 

suggested that SWNT patterns of 80 µL and 100 µL are more predictable than 200 µL. As 

the volume increased, less SWNT networks were found. Instead 1D patterns or single 

SWNTs were abundant. 

In summary, for the volumetric studies, height increased as volume decreased; 

volumetric and temporal adjustments predicted the optimal parameters for 2D bundles to 

develop.  If large degree of evaporation had occurred then, the 3D bundles were more 

prevalent than if there was little or no evaporation observed. The significant evaporation 

from the 50, 60, and 70-μL studies formed plenty of 3D and 2D networks.  Evaporation 

at the corners of the substrate was seen for volumes of 50, 60, and 70 μL (average drop 

height of 0.25, 0.3, 0.35 mm respectively), which increased the amount of evaporation as 

the volume decreased.  Temperature gradients did not caused the high variance in the 

average surface height for the lesser volumes. 
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Drop method—Various droplet areas 

Since uneven patterns were discovered from the immerse method, the drop 

method that placed a drop without disturbance until it was dried was proposed to 

eliminate the high deviation for the average surface height.  Again, the method was 

designed to control the formation of 2D bundles by varying the volume of the dispersed 

SWNT solution and its incubation time on the substrate.  Additionally, the effects of the 

CR structures on the 2D formation and the droplet surface area were observed.   This 

differed from the first method since its focus was discerning the effect of droplet surface 

area based on volume and time only.  

Each volumetric trial required a new sample, and each temporal trial required 

three different samples.  To determine the accuracy of the height and roughness 

measurement, the area of each droplet sample was calculated.  Since the area of the 

droplet influences evaporation rate, any variations of the area between samples fluctuated 

the height measurements.  Thus, a trend cannot be established, and the measurements 

were not accurate.  Moreover, comparison of the droplet areas established the ideal 

volume to perform this method using different vinyl silanes.  Hence, an accurate study 

can determine the effectiveness of the deposition method to other self-assembly 

monolayers.   

The areas of samples with lower volumes from 1 to 30 µL were relatively close.  

Meanwhile the areas of samples from 40 and 50 µL trials had noticeable different 

between the temporal trials.  Deciding which volume to use for further studies required 

observing the consistency of the deposition as well as the quantitative data.  The 20-µL 

and 30-µL temporal trials both were consistent in depositing the solution onto the wafer 
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compare to the other lower volumes.  However, the 20-µL trials showed more evidence 

of 3D bundles on the AFM images and histograms.  The 30-µL trials have more 2D 

bundles than 3D bundles as well as more depositing consistency than 20-µL.  Thus, the 

volume 30 µL can be used as the standard for further studies on 2D formation using the 

CR effect (Figure 3.7). 

 

Figure 3.7. Area of each sample for each volume.  Trials of 30 and 20 µL consistently 

spread very similar area.  Height and roughness were less affected by evaporation rate; 

thus, results were more reliable than the other volumes. 

Based on these preliminary results, a hypothesis was postulated that 2D SWNT 

network formation could be obtained at any volume and any time.  To prove this 

hypothesis, more images of the edges were obtained (Figure 3.3).  The first volume 

examined was 50 µL at 1, 3, and 5-minute trials (Figure 3.7).  The average surface height 

at the edges of the droplet was overall higher than the center. Other volumes (1, 5, 10, 20, 



 

64 

30, and 40 µL) were performed at the same time trial in order to further investigate 

morphology of the ring-like structure. 

Drop method: Height as a function of volume at constant time 

When time was held constant, the volumetric trends were evaluated by recording 

the average height of the peripheral ring of the droplet.  The general height trend 

suggested how the volume influenced it (Figure 3.8).  The height of 1 and 3 min were the 

same for the 10 µL.  For 20-µL studies, there were slight increases in height where the 

height at 3 min for the 20-µL sample was at the highest value.  There was a steady 

downward trend for the height as the volume increased, as expected.  At 3 min, the height 

result was higher than at 5 min, except 30 and 10-µL samples.  In addition, the 10-µL 

sample had the highest height for the 5 min. 

  

Figure 3.8. Height averages of all border of the droplet at constant time. Except for the 

10-µL sample at 5 min, there was a general downward trend as the volume increased.  
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The results for 1-µL samples differed dramatically, in comparison to the others. Results 

were seen from 4 to 10 nm in height and 1 to 4 in roughness. 

Examining the border of the droplet at each time was analyzed further.  Looking 

at height at 1 min, the 10 and 20 µL increased in the height, whereas the 20 µL had the 

highest results.  The rest of the volumes fall between 3 and 4 nm. At 3 min, as 10 and 20 

µL increased in height for the outer layer, similarly to the results at 1 min, from 6 to 9 

nm.   Yet, the rest fall between 4 and 5 nm.  Analyzing the results at 5 min, the outer 

layer of 10 µL drastically increased height and RMS roughness, estimated at 50 nm and 

14.  The height for the rest was between 4 and 8 nm.  The outer layer had more changes 

to occur as time increased and volume decreased.  The middle and inner layers of each 

volume have a small range of change between ± 4 nm.  

Finally, exploring how the volume affected the different location of the droplet, 

the droplet was divided into sections that correspond to the direction of the N2 gas.  Thus, 

the top section was where the origin of the gas flow, and the bottom was the end of the 

gas flow.  Left and right sections were decided on the direction of the N2 flow.  Height 

values of the outer layer fluctuated from 4 to 20 nm.  The 10 and 20 µL have significantly 

higher values than the other volumes.  Top section of 20 µL had the highest height value.  

The middle and inner layers have a narrower range.  In other words, height equaled from 

2 to 5 nm for middle layer.  For inner layer, the height ranged between 2 and 4.5 nm. 

 For the outer layer, right section of 20 µL had the highest values.  The top section 

had a similar height value to the right section.  In the middle layer, as the volume 

increased, height range increased between the sections.  Finally in the inner layer, the 

height varied by a couple of units when comparing each section at a volume.  For the 
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outer layer, 10-µL sections have the highest values; the bottom and top have the higher 

height value than the left and right.  Thus, there may be more organized bundles for the 

top and bottom sections.  AFM images and histograms were used to confirm this 

speculation.  Middle and inner layers also have similar values. 

Difference was seen between the top of the droplet, where the N2 gas streams 

began, and the bottom, associated with the size and the spacing the SWNT clusters.  For 

all of the volumes, the bottom of the ring had smaller clusters and their spacing was 

farther apart (Figure 3.9).  This may be due to the force of the N2 stream pushing the 

nanotubes off the substrate.  Hence, these thinner clusters have fewer junctions to connect 

networks.  Moreover, as the result of the gas stream, another trend was seen at the bottom 

section of the ring.  SWNTs or small clusters surrounded a large cluster, yet there were 

no junctions to connect the large cluster to the smaller ones or individual tubes.  These 

trends caused problems dealing with electronic connections since the chance of electron 

hopping decreased (Figure 3.9b). Whereas the top of the ringlet usually showed more 

uniform networks that were wider and shorter than ones at the bottom of the ring.  Also, 

there were more crosslinks with other SWNT clusters. The uniformity became more 

evident as the time increased and as the layer got closer to the inside (Figure 3.9a). 
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(a)  

(b)  

Figure 3.9. AFM images of ringlet using 40 µL and 5-min evaporation time. (a) Top of 

the ringlet that had more and wider networks connected to one another. (b) Bottom of the 

ringlet that had fewer SWNT connections and thinner 2D networks. 

In conclusion, similarly to the previous method, for volumetric studies, the 

surface height increased as volume decreased.  Volumetric adjustments can create 2D 

bundles formation.  Yet, based on the images collected, the N2 flow seemed to control the 

direction of the tube in the middle of the drop, from top, then center, and finally bottom, 
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more than the right or left sides of the drop.  Since the droplet area varied with each 

volume, comparable average droplet heights can be created and hence, the lower volumes 

of 10, 20, 30, and 40 µL were tested. Further analysis revealed that the average cross-

section height for the tubes for any volume was between from 2 to 4 nm for the top, 

center, and bottom; and from 3 to 5 nm for the sides after 5-min incubation. The average 

cross section height for the tubes after 3-min incubation was between from 1 to 3 nm for 

the top, center, and bottom; and from 2 to 4 nm for the sides.   

 

Drop method: Height as a function of time at constant volume 

Initially, the overall border average of the droplet at each time was examined for 

general trends as well as deviations (Figure 3.10).  At the center of the droplet, since 

more evaporation occurred as the volume of the droplet decreased, there was a slight 

increase in the height and RMS roughness as the volume decreased.  In addition, as the 

time increased, another slight increase was observed.  The height fluctuated for 50, 40, 

and 20 µL.  Usually a slight increase from the 1st to the 3rd min was observed, yet a 

decrease at the 5min.  The 30-µL studies resulted in a steady increase from approximately 

3 nm to 5 nm.  For 10-µL studies, the height decreased at 1 and 3 min, approximately 5 to 

4.8 nm, then increased drastically to 19 nm.  
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Figure 3.10. Height averages of the droplet at constant volume. Signs of evaporation 

were evident by the high average height for the lower volumes of 1, 5, and 10 µL for all 

temporal trials. However, small changes in the average height were noticed for the higher 

volumes. 

The height averages for layers of 10-µL showed that the outer, middle, and inner 

layers at each time.   This explained the reason for a higher standard deviation at 5 min.  

At the outer layer at 5 min, height increased 6-fold from other temporal trials.  Analyzing 

the layers of 20 µL, the outer layers for each incubation time decreased as the time 

increased, 9.3, 8.9, and 7.5 nm respectively.  The relative standard deviation increased as 

the time decreased.  Interestingly, at 1 min, the relative standard deviation was 68 %.  For 

the 3 and 5 min, the relative standard deviations were 40 and 44%, respectively.   

For 10 µL of the outer layer section averages, the bottom section was the highest 

at 5 min and the lowest for 1 and 3 min.  For the height at 1 min, the values increased 

from bottom, left, right, and top.  The height increased for the left and bottom sections.  
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The height values were lower for the right and left sections than top and bottom.  Maybe 

that was due to impurities or more disordered.  Furthermore, the AFM images and height 

histograms verified that there were more impurities on the sides or more 3D bundles.  For 

the middle and inner layers of 10 µL, bottom sections have the lowest values; however, 

top section and either left or right section have the highest roughness values.  For 20 µL 

of all layers section average, the outer layer of the bottom section had the lowest values 

with top section having the highest height value at 1min. As for the left and right sides, 

usually the highest RMS roughness values was observed on either side at all times.  For 

the middle layer, a general increase was seen with increasing incubation time, except for 

bottom section.  The bottom section had the highest values for 1 and 3 min.  Similarly to 

middle layer, an upward trend was seen for the inner layer.  Also, the top layer had the 

highest roughness.  For the 30 µL of all layers section averages, the outer layer showed 

general upward trend as the time increased.  Small change in the values as the time 

increased.  Top section for roughness was the highest; bottom section was the lowest.  

For the middle layer, it was the same as the outer layer, except right section for 5 min had 

the highest values.  The inner layer had similar results as the middle layer.  As for the 40 

µL of all layers section averages, 1 and 3 min have a narrow range for all values.  For 

values from 3 min to 5 min, the outer layer, values increased 3-fold.  For middle layer, 

the height values increased 2.5-fold and 2-fold increase for inner layer.  Finally, the 50 

µL of all layers section averages showed that the outer layer at 3 min had the highest 

values than the 5 min.  

Signs of evaporation were seen for the 1 µL at 3 and 5 minutes.  At 5 min, the 

majority of the solution had evaporated and, hence the average height was very high in 
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comparison.  At 3 min, the bottom portion of the droplet had evaporated, where the 

evaporation began.  In addition, the average height at 1 min is over 40 nm, even though 

there were no observed signs of evaporation.  The other areas of the droplet showed signs 

of evaporation.  Thus, this volume would not be ideal for 2D SWNT networks. 

Even after 5 min, 40 nm was measured as the average height, which was high.  

Interestingly, when comparing this volume to height of 10 µL was the similar.  The other 

areas of the droplet showed signs of evaporation.  Thus, this volume would not be ideal 

for 2D SWNT of the outer layer from the 1 and 3-minute trials, even though the other two 

layers showed an increase as the time increased.  This behavior could be possible that 

SWNTs were not moving towards the scanned location.  Thus, this would explain the 

randomness seen in the different sides on the outer layer at different times.  

3.5 Conclusion This study documented the spatial-temporal evaporation of two methods, 

immerse and drop.  Drop method was better deposition method because the number of 

the tubes versus impurities was higher and easier to obtain the CR.  The average height of 

the deposited SWNTs increased as the evaporation time increased, except for the lower 

volumes of the immerse method. Further analysis of the drop method revealed that lower 

volumes have a more consistent deposited area.  Other factors that were observed were 

the relative humidity and temperature during deposition.  Even ten-point temperature 

range showed no signs of trends for both methods.  Yet for the drop method, there 

seemed to be an increase of deposited particles as the relative humidity increased. 

In the temporal and volumetric studies, each droplet was measured multiple times 

in multiple areas using AFM.  In both studies, the measurements were made for three 

variables (average height, border layers, and the sides of droplet) from 1260 images, 
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excluding the 105 images in the center of the droplets.  Also, the overall averages of 

height were not included as variables.  Since average height was a measurement of 

impurities and SWNTs on the surface, the expectation was this variable would reflect the 

border layers created by CR effect and sides of the SWNT droplet.  In the previous 

sections, the regression was considered on only two or three variables.  Moreover, in both 

studies, the linear relationship between the average height and border layers appeared 

stronger than the linear relationship between the average height and sides of the droplet. 

Thus, the CR effect had a stronger influence on the formation of 2D bundles and SWNT 

density than the evaporative technique.  This means that a variation on how the droplets 

were deposited and dried have lesser effects on the SWNT network formation.   

Though that conclusion was directly established, it did not allow some questions 

to be investigated.  These questions, for example, deal with defining the relationship 

between average height and border layers when the sides were adjusted or similarly, the 

relationship between average height and sides when the border layers were adjusted.  

Additionally, the previous analyses may not be able to answer important questions about 

the relationship observed when the temporal and volumetric studies were combined to 

understand how time and volume can be used to optimize 2D bundle formation and 

SWNT density. 
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CHAPTER 4 

COMPARISON OF SELF-ASSEMBLED MONOLAYERS ON SWNT NETWORKS 

IN AMBIENT CONDITIONS3   

                                                
3 Stanley, D.M. and M.D. Lay. To be submitted in J. Mat. Sci. 
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4.1 Abstract Conductive SWNT thin films were made by a simple method that took 

advantage of coffee-ring deposition.  Pristine SWNTs were processed into a solution to 

create these 2-dimensional (2D) films.  The efficacy of this deposition was determined on 

the 2D SWNT network formation and connections between these networks. 

Hydrophobicity of the Si wafer due to vinyl silanes, 3APTES and OTMS, can manipulate 

the contact angles between the surface and SWNT solution.  The starting SWNT 

concentrations do not affect the amount of order in the networks or connection since to 

SDS concentration was within the critical micelle concentration.  Such parameters were 

used to make devices using a mask and double ring.  Moreover, this method may be used 

as a pattern for encircling ringlets that can be left as individual rings or linked massive 

networks together. 

4.2 Introduction Carbon nanotubes are one of the most studied materials due to its 

physical and electrical properties. They can be applied in vast number of fields including 

sensors, LEDs, and transistors.  In particularly, SWNTs have shown the potential to 

replace current materials in such fields.  However, a method that would use their 

properties is still not clearly defined.  Developing SWNT networks involves the 

challenge of control and ease during growth of the network.  Thus, using solution-based 

processing to disperse SWNTs has been proven effective to provide pristine tubes with 

high-aspect ratios that are ready for deposition. 

 Addressing issue of controlled deposition requires an evaluation of the growth of 

the SWNT networks. Manipulating formation of these networks, the order of the network 

and as well as the connection between networks are good references to compare the 

routes of the growth rate and direction.  There have been examples that use growth of the 
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particles during a deposition.  The strong interaction between the functionalized silane 

and SWNTs greatly determines the alignment and density of SWNTs due to the charge of 

the silane and its functionalized patterns created on the substrate.  Thus, a significant 

degree of control in deposition of individual nanotubes at specific locations on a surface 

is the start for SWNT networks. 

 In the past couple of years, the development from our group is that the coffee-ring 

(CR) phenomenon may be an alternative to create random 2D SWNT networks than 

using only convective flow.1 Several articles have reported the creation of networks and 

then connection of them with each other randomly.2-4  Atomic force microscopy images 

demonstrated the ease and capability of this phenomenon; however, in order to 

functionalize these connected networks arbitrarily, there are a few qualifications. Though 

a great deal of control on their formation is highly desirable, the disorderly placement of 

SWNTs is what gives its abilities for different applications.5 Thus, finding a reliable 

method for 2D SWNT network deposition needs to be approached.  

Using CR patterning provides a simple way to modify devices of a surface in 

order to alter roughness, reactivity, and optical properties. Moreover, the random 

formation of networks was forced on the edges of the droplet, and then incubation time is 

part of the motion of the tubes in the droplet. The ring pattern provides a way to layer the 

ring droplet. Different parameters have been tested in previous work that showed their 

influence on network formation.6  For example, the starting concentrations have no affect 

on the result and humidity does affect how the tube adheres to the surface and its 

orientation. Developing a means to create and to link semi-ordered SWNT networks that 

are conductive is focused in our research recently. Forming conductive patterns at room 
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temperature in a single step is unmet need. In this report, the CR deposition method, a 

concept for incorporating SWNT solution into the conductive networks, is explored.   

4.3 Experimental Methods  

SWNT suspension preparation 

To form suspensions of unbundled SWNTs with high-aspect ratios, a probe 

sonication (Branson, 250) was used to disperse as produced, arc-discharge SWNTs 

(Carbon Solution Inc.) in 1% sodium dodecyl sulfate solution while minimizing damage 

for 30 min at 12 W.  Next, a low-G centrifugation process was repeated for 45 min at 

18,000 G (Beckman, GS-15R) where top half of supernatant was decanted after each 

cycle.  Afterwards, purity of these stable suspensions, verified with UV-VIS-NIR 

spectroscopy (Varian Cary 5000) and Raman microscopy (Thermo Fisher, DXR), was 

composed of 0.03 mg/mL SWNTs for depositing the networks. 

Substrate preparation   

Silicon wafers were cleaned with CO2 before deposition of 10 mM (3-

aminopropyl) triethoxysilane (APTES, Aldrich) in ethanol for 45 min.  After incubation, 

water and ethanol rinsed the silane solution off the wafer and then dried with N2 gas.  

Finally, CO2 removed excess layers of APTES to yield a monolayer (Figure 4.1).  
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Figure 4.1. Parameters of preparation and data collection. A droplet was placed on 

silane-coated Si/SiOx wafer. The direction flow of N2 that dried the droplet and images 

that were taken as indicated by the red dots of the fragment are shown.  

Network formation 

The morphology of subsequent SWNT networks from each method was examined 

with intermittent mode atomic force microscopy (AFM, Pico Plus, Molecular Image).  

Average height from the height histograms was generated from image analysis software 

(WSxM v 5.3).7  Experiments were performed under a humidity range of 27—51 %, 

having a median of 41 %, and temperature range of 70—80 0F, having a median of 

74.4—74.7 0F.  Seven volumes were chosen to compare their efficiency to control the 

density of SWNT networks.  The volumes are 10, 20, and 30 µL.  For the deposition 

method, a drop of the SWNT suspension was incubated on the substrate for three 

different times of 3 and 5 minutes.  AFM scanned five images on the top, sides, and 

bottom of the edge as well as the center of the droplet.  Later, more images were 
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produced to assess closely the edges of the droplet.  Five images from inner, middle, and 

outer of each area of the edge were obtained (Figure 4.2).  

 

Figure 4.2. Location of Collection of AFM Images. A droplet was placed on silane-

coated Si/SiOx wafer, dried with N2 gas, and images that were taken as indicated by the 

red dots of the fragment are shown above. Image of the droplet’s edge is enlarged to 

show the sets of images taken at the outer, middle, and inner parts of the edge as well as 

the center of the droplet.  

4.4 Results & Discussion   

Comparison of silanes  

To test how the surface wettability influences the SWNT density as well as the 

bundle formation and alignment, the CR deposition using octadecyltrimethoxysilane 

(OTMS) was compared to CR deposition using 3APTES.  OTMS is used for preparing 

hydrophobic surfaces from homogeneous patterns of self-assembled monolayers.8 This is 

essential for the reproducibility of electronic devices.  
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Similar preparation of the surface was used for the OTMS at room temperature.  

Based on the consistency of the droplet area and the most precise upper trend seen in the 

temporal studies, the volume 30 µL was chosen from the deposition trial using 3APTES 

for the trial using hydrophobic silane, OTMS.  The desire of optimal parameters for 2D 

formation and SWNT density was found using that volume during 1, 3, and 5-minute 

incubation periods. The main focus of the experiment was consistent droplet area so not 

to introduce more parameters in the experiment and lowest standard deviation to give the 

most precise results.  The only methodical deviations for each temporal trial were the 

relative humidity and temperature, 29 % and 77.9 °F respectively.  Moreover, the 

temporal trials using 3APTES have a range 41 – 47 relative humidity % and 73.3 – 75.6 

°F.    

The different layers of the ring deposition are averaged and then, compared to 30 

µL (Figure 4.3). The first and third minutes for the OTMS trials are approximately 4 nm 

for the average height and 2 units for the RMS roughness, which are similar averages in 

the outer, middle, and inner layers of the 3APTES trials.  However, the averages 

increased in the 3APTES trial as the incubation time increased.  In comparison, the inner 

layer of the three-minutes trial decreased using OTMS. This is due the overall decrease 

seen in that trial.  Finally, the five-minute trial showed the most increase in both 

roughness and average height.  Whereas the outer layer of the OTMS trial had a 

significant jump, the 3APTES trial increases in one-unit increment for all temporal trials. 
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(a)  
 

(b)  
Figure 4.3. Height averages of outer, middle, and outer layers of 30 µL using 3APTES 

and OTMS. Comparing 30 µL using 3APTES (a) to 30 µL using OTMS (b), there is more 

evaporation occurring in the outer layer at 5 min for OTMS, thus more 3D bundles. Other 

times and layers using OTMS are similar to the 3APTES. 

Examining the outer, middle, and inner layers, the 2D formations can be seen at 

different sides of the droplet (Figure 4.4).  The difference between the silane trials is that 

OTMS trials show a more evenly distribution of the SWNTs than the other silane.  The 
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top or right layer had a higher distribution of the nanotubes and impurities.  Since that 

trend was typically seen throughout the volumetric trials using 3APTES, it can be 

hypothesized that ring deposition using OTMS would have a more uniformly nanotube 

density and quite possibly uniform 2D bundle formations throughout the ring.  However, 

further analysis of the droplet’s side would need to be investigated in order to conclude 

such claim.  Again, the upper trend is seen as the incubation time increases, which is due 

to the CR effect.  

The response of a droplet rolling off a surface depends largely on how the droplet 

interacts with the surface.  This response can be quantified by contact angle hysteresis.9 

Contact angle hysteresis is the difference between the advancing and receding contact 

angles.  It can be used to characterize a surface roughness, mobility, and heterogeneity.  

For Shao et al, altering the natural process of evaporation led to uneven distribution of the 

particles, resulting in different ring formations.10 As previously learned, the different 

silanes do not change the orientation of SWNTs placed on the surface since the forces 

due to CR motion and laminar flow strongly affected the direction of flow. 

(a)   (b)  
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(c)   (d)  

(e)    (f)  

Figure 4.4. Comparison of AFM images of the ringlet of 30 µL after 3-minute deposition 

time using 3APTES or OTMS. (a), (c), (e) Top side of the ringlet, right side of the ringlet, 

and left side of the ringlet using 3APTES respectively.  (b), (d), (f) Top side of the 

ringlet, right side of the ringlet, and left side of the ringlet using OTMS respectively.  

Vertical alignment and better distribution of SWNT density were more evident than 

ringlet that used 3APTES. Alignments and SWNT patterns differed on each side of the 

ringlet that used. 
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Different Concentrations  

Different concentrations of SWNT solution were used to show that the amounts of 

SWNT soot have little effect on the network formation.  The starting concentration 

determined the amount of nanotubes is in the solution; however, the tubes all get 

deposited on the edge of the ringlet the same.  The random networks are still formed, and 

the time required for the network formation is the same.  This suggests that there are 

enough nanotubes in the suspension at all three concentrations.  Thus, the CRs can be 

made with very diluted concentration like 0.1 mg/mL up to ten times that concentration.  

This is interesting since the past deposition methods used by our group require higher 

concentration than 0.1 mg/mL and a higher number of depositions. Since the convective 

flow greatly influences on the orientation, the network formation can be controlled 

enough to form the networks, yet random positions can be created. 

Less soot before the solution was processed would cause more separation between 

individual SWNTs and between networks when the surfactant SDS was held constant.  

This was caused by the SDS reduced the friction between the surface and solution, hence 

the CR appeared.  The growth of these networks could be slowed and thus manipulation 

of the network direction could be attained. Yet, that idea was disproven since the same 

amount of order and types of formation were seen.  Perhaps the SDS concentration would 

need to be manipulated to prove this idea. 

4.5 Conclusion An account in which networks were formed from pristine SWNTs 

using the CR deposition was studied as a possible conventional method for SWNT 2D 

network formation.  Observing the level of order during network formation, the changes 

of different silanes, concentrations, and devices were compared using AFM and 4-probe 
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electrical measurements.   Like 3APTES, OTS provided similar amounts of network 

formation and connections between networks despite its hydrophobicity.  Changing the 

starting concentration of unprocessed SWNT solution showed that there is no difference 

with low concentrations.  Thus, higher concentrations may influence the formation since 

the critical micelle concentration of SDS will predict the growth rate of SWNT 

formation.  In other words, the effect can control the level of randomness and order of the 

SWNT networks.  

In the future, the CR deposition can simply manufacture the electrical devices 

rapidly was used.  Firstly, the double-ring patterns may become a part of device-making 

procedure and replace photolithography.  But for now secondly, the structure should 

allow multiple rings to be added and still give the similar result.11 Probably more rings 

can stabilize the potential and generate current throughout the ringlet. Furthermore, 

further investigation of SWNT device parameters would allow a better study of the 

electrical behavior of the 2D SWNT networks. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORKS 

5.1 Conclusion Since its discovery in 1991, carbon nanotubes have created new 

boundaries for the chemistry of the carbon.  In particularly, this dissertation has been 

focused on the control and manipulation of SWNT properties for various applications.  

The formation of SWNT networks is an important part of manufacturability, and a 

method that placed these tubes into a liquid phase has been used.  It supports the main 

goal that is to predict the placement of SWNTs.  Hence, this has the potential of 

improving electron transfer and making them more accessible for further process.  In 

general, SWNTs were purified and suspended into individual tubes with high-aspect 

ratios.  This process was detected and characterized by different spectroscopic and 

probing techniques. 

A couple of protocols for the formation of SWNT networks have been proposed.  

As in the case of network formation, the determination of a given method would depend 

on the purpose for the system.  For example, some may prefer the immerse method since 

it provided plenty of networks that were more evenly distributed from the point of view 

of large-scale production, while others like the drop method because it decreases the 

amount of impurities on the surface and creates a platform for further modifications.  

Furthermore, much work is needed still towards the manufacturability of CNT-

based electronics. Yet, the combination of the unique properties of SWNTs and known 

advantages of the deposition techniques represents a very good alternative for the 
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development of SWNT-based devices that are capable to address the technological 

challenges of the future. 

5.2 Future Works Expanding the current study, the search for the optimal 

concentration of SWNT suspensions that enables a uniform deposition and consequently 

predicting the electrical properties of 2D SWNT networks is of great interest.  As stated 

earlier, the effects of the different diameters of the droplet manipulated the homogeneity 

of the CR ringlet.  In addition, the diameter of ringlets could be more significant 

throughout the deposition process.  Yet, this is a current assumption, and the idea to form 

2D networks would require the knowledge of the internal behavior of the suspension.  

Even though evaporation is only occurring in a period of 1, 3, or 5 minutes, the change in 

diameter during incubation would impact the internal flow motion.  To evaluate this 

assumption, monitoring the incubation time to compute the droplet diameter and contact 

angle at all times.  Also, another study would continue the comparison of 

SWNT/substrate interactions as a function of various head groups of silane using 

spectroscopic and probing techniques. 

 Finally, the preliminary work described below addresses the groundwork for very 

relevant studies.  Table 5.1 indicates that the degree of semiconducting behavior of 

SWNT networks after linkage of two rings that were formed from the drop method 

described previously. The setup as shown in Figure 5.1 used the double-ring pattern to 

form electrodes.  The wafer substrate was functionalized with 3APTES.  30 µL of SWNT 

solution of 0.03 mg/mL based on absorbance of solutions without centrifugation 

performed was deposited onto the wafer substrate for an incubation time of 5 minutes.  

One probe was placed on the, and the other was placed inside the droplet to measure the 
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conductivity. Though the ratio of ON-OFF state of second ringlet device behaved more 

metallic than semi-conducting SWNT, this is crucial for building and connecting random 

networks together.  Future studies include the following: AFM studies to analyze any 

change of morphology at the junction of the two rings, incubation studies to have 

different times for the looped rings to understand its effect on the second ringlet, and 

conductive AFM studies to map the electrical pathways of SWNT networks in order to 

understand further how percolation occurs in the networks. 

 

 

Figure 5.1. Schematic Diagram of the double-ring pattern. DR1 is the first ring 

deposited. DR2 is the second ring deposited. Electrical measurements were taken from 

the ringlet of DR2 due to more connectivity than DR1. 
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Table 5.1. ON-OFF Ratios of the Second Ring of the Double-Ringed Pattern 
Section	of	the	2nd	Ring	 ON-OFF	

Top	 3.3±0.7	

Right	 2.2±0.4	

Bottom	 1.8	

Top-Right	 2.0±0.8	

 


