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The operating mechanism of the carbon nanotube enabled vertical field effect 

transistor (CN-VFET) requires gate field access to the channel layer without too much 

screening from the intervening single wall carbon nanotube source electrode layer. 

Hence, while the nanotube surface density can be well above the electrical percolation 

threshold the layer must still be rather dilute (sub-monolayer). For large area arrays of 

devices this places more severe constraints on the nanotube deposition method in 

terms of attaining homogeneous films over the entire array. To demonstrate nanotube 

layers exhibiting the requisite homogeneity I have explored ultrasonic spray deposition 

of the single wall carbon nanotubes in a home built spray station from single wall carbon 

nanotube ink. 

To spray coat the generally insoluble nanotubes from solution the use of two 

distinct types of dispersants was developed. In contrast to surfactant based dispersions 

which require a large excess of surfactant for metastable suspension of the nanotubes, 

each dispersant used here was to associate to the nanotubes with sufficient binding 

energy to permit elimination of the excess dispersant before the spray deposition. In this 

way there would be minimum dispersant to remove, post deposition, to yield the high 
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conductivity necessary for the devices to function well. In both cases the strong 

association of the dispersant with the nanotubes was via non-covalent -stacking of 

pyrene molecules to the nanotube sidewalls. One dispersant consisted of the pyrenes 

attached via flexible linkers to a hydroxypropyl cellulose polymer backbone. The other 

dispersant consisted of tetrasodium pyrenetetrasulfonic acid. The resulting inks 

minimized the amount of dispersant reducing the necessary post-treatment of ultrasonic 

sprayed films, providing good stability. UV-vis spectral absorbance and fluorescence 

measurements were used to optimize the ink recipe and simplify ink preparation. 

Film quality was characterized by atomic force microscopy, sheet resistance, UV-

Vis spectroscopy, a specially developed larger-area uniformity test that samples 

microscopic “pixels” over macroscopic areas and by the fabrication of CN-VFETs. In all 

cases comparison was made between spray fabricated and the previously developed 

filtration based nanotube film fabrication methods. The results demonstrate a scalable 

method for film formation for such devices. 
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CHAPTER 1 
INTRODUCTION TO SINGLE WALL CARBON NANOTUBES 

1.1 Fundamentals 

Carbon nanotubes (CNTs) have been widely investigated because of their 

unique mechanical, thermal and electrical properties, including extremely high tensile 

strength [1, 2], high thermal and electron conductivity [3, 4]. Extensive research has 

been done to study fundamental properties and incorporate carbon nanotubes into 

various devices ranging from prosthetics [5, 6] to microelectronics, including thin film 

transistors [7-9], nonvolatile memories [10, 11] and rechargeable batteries [1, 12, 13]. 

As a potential substitution for transparent conductor indium tin oxide (ITO) films that is 

used in virtually all commercial electro-optic devices ranging from solar cells to displays, 

CNTs films are preferred because of their lower cost and higher flexibility [14]. Annual 

production capacity exceeding several thousand tons per year indicates the worldwide 

interest in this unique material.  

Single wall carbon nanotubes are categorized into three types: armchair, zigzag 

and chiral nanotubes, depending on the chiral or roll-up vector Ch (n,m) (m<n) along 

which single layer 2-D graphitic sheet is rolled up and forms a seamless tube, where n 

and m are the integer number of the two non-orthogonal unit vectors for the graphene 

lattice that specify the location of each carbon atom within the lattice. When n=m, 

SWNTs are armchair nanotubes, when m=0, SWNTs are zigzag nanotubes and all 

other combination of n,m results in chiral nanotubes. Different nanotube chiral angles 

and diameters separate nanotubes into metallic or semiconducting [15].All armchair 

SWNTs (n=m) are metallic, SWNTs with n-m=3j, where j is an integer, are 

semiconducting with narrow energy band gaps, which however behave as metallic wires 
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at room temperature with high electrical conductivity [16-18], and all other SWNTs are 

semiconducting with energy bandages that depend approximately inversely on the tube 

diameter [19]. These rules lead to an overall 2:1 ratio of semiconducting to metallic 

nanotubes over all allowed n, m values. Diameters of SWNTs are typically between 0.8 

to 2 nm with tube length ranges from less than 100 nm to a few centimeters, resulting in 

an extremely high aspect ratio.  

A carbon atom in SWNTs form the sp2 bonds with three nearest neighboring 

atoms, forming 1.44Å long C=C bonds and resulting hexagonal lattice structure similar 

with graphene. This structure similarity results in their closely related electronic 

properties [15]. Tight binding theory calculates the electronic band structure of single-

layer graphene with π and π* bands touching at six Dirac points on the boundary of the 

first Brillouin zone, resulting in a semi-metallic (zero bandgap semiconductor) band 

structure for two-dimensional graphene. For carbon nanotubes, because of their 

confinement and periodic boundary condition along circumferential direction and thus 

the restriction of wave vector circumferentially, continuous 2-D energy dispersion 

surfaces of graphene are cut by a set of parallel energy bands with corresponding 

reciprocal lattice vectors, therefore inducing the Van Hove Singularities observed in 

density of state (DOS) as shown in Figure 1-1.  
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Figure 1-1. The density of states of semiconducting (10,0) single wall carbon nanotube 
(solid line) and graphene (dotted line) as a function of energy dispersion. No 
density of states was near Fermi level (Ef=0 eV).Reprinted with permission 
from Riichiro Saito, Gene Dresselhaus, Mildred S Dresselhaus, Physical 
properties of Carbon Nanotubes (World Scientific Publishing Co, Inc.) 

Research has demonstrated that the Fermi level of carbon nantubes can easily 

be manipulated based on their relatively low density of states through either chemical 

charge transfer doping or electrical field effect gating [20-23]. For example, strong 

Bronsted acids, namely H2SO4 and HNO3 shift the Fermi level of SWNTs towards the 

valence band by acceptor doping (p-doping). The so called intercalation, an 

energetically driven process here involves a negative charge transfer from the SWNTs 

to the intercalated species [24, 25]. Adsorption of acceptor/electron donating gas 

molecules on a nanotube causes charge transfer between nanotube and adsorbed 

molecules, leading to dramatic electron conductance change in nanotube films, which 

serves as basis for highly sensitive carbon nanotube sensors [26, 27]. SWNTs can 

easily be de-doped through high temperature annealing to de-adsorb any 
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attached/intercalated species and re-shift Fermi level to its initial, dedoped position. 

Previous study in our lab [20] demonstrated appreciable Fermi level shit from electrical 

field gating via optical transmittance measurements. Fermi level shifting from electric 

field gating effect serves as a main key for device working mechanism discussed later in 

this thesis.  

1.2 SWNTs Synthesis 

There are three major ways to produce SWNTs, including arc discharge, pulsed 

laser vaporization (PLV) and chemical vapor deposition (CVD) [28-31]. With each 

having advantages and drawbacks, PLV is the method producing SWNTs with high 

quality and low defect density [31, 32], and is the technique used for SWNTs growth in 

our lab. As prepared carbon nanotubes (CNTs) require multiple purification steps to 

remove contaminants residue, mainly including catalyst nanoparticles and amorphous 

carbon. Detailed information is described in previous literature [32]. After purification, 

SWNTs are suspended in a surfactant solution, polyoxyethylene tert-octyphenyl ether, 

trade name Triton-X100 surfactant (TX) using bath ultrasonication, and stored 

refrigerated at 4 °C.  

1.3 SWNTs Film Fabrication: Vacuum Filtration Method 

SWNTs films can be prepared through a simple vacuum filtration method [20]. In 

a typical procedure, SWNTs/surfactant suspension is filtered through a mixed cellulose 

ester (MCE) membrane with 100 nm pore size, leaving nanotubes accumulated on the 

membrane forming a thin film. Film thickness is easily controlled by the concentration of 

SWNTs in suspension and the volume of suspension filtered. The SWNTs film on the 

membrane is washed with copious amounts of DI water to remove any surfactant 

residue, dried under lamp and stored in inert atmosphere for future use. Vacuum 
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filtration is usually followed by a film transfer process for film deposition onto desired 

substrates. When transferring the film to a substrate, the film is pressed against the 

substrate to form an intimate contact and the membrane is gradually dissolved in 

acetone vapor bath at 60 °C for 2 hours followed by thoroughly washed away with three 

acetone baths (each at least 2 h long) and one short isopropyl alcohol bath (5-10min 

long). This vacuum filtration method produces SWNTs films with high uniformity and 

conductivity, which were widely used in electronic device made in our lab in the past few 

years and showed outstanding performance [10, 33-35].  

However, the weakness of this vacuum filtration method is that film size 

produced is limited to the scale of filtration apparatus and available membrane sizes 

and thus hard to scale up for mass production. Another disadvantage is that a transfer 

step usually is needed for vacuum filtered films. During the transfer process, substrates 

must tolerate exposure to hot acetone vapor and multiple hours-long acetone baths, 

which limits the substrate materials onto which the films can be transferred. To 

overcome this limitation another solution-based SWNTs deposition technique was 

investigated in this thesis.  

1.4 Other Solution-based SWNTs Film Deposition Methods 

Solution-based SWNT film deposition has been extensively investigated because 

of its substantial advantages compared to direct growth methods, for example, it is a 

low temperature process which is compatible with various substrates including plastics; 

it does not need a high-vacuum system, significantly lowering the fabrication costs. 

Besides vacuum filtration-transfer method discussed in the Section 1.3, solution-based 

deposition includes Langmuir-Blodgett deposition, self-assembly method, dip-coating, 

spin-coating, drop-casting, Mayer rod coating, electrophoretic deposition, 



 

22 

dielectrophoresis, and spray-coating [28]. A brief description of these techniques and 

their advantages and draw backs follows:  

The “Langmuir-Blodgett (LB)” method consists of forming a SWNT film at the 

air/liquid interface in an LB trough and pushing the film via a motorized paddle onto a 

substrate that is simultaneously lifted at the same rate. SWNT films using the LB-like 

method have been prepared based on the hydrophobic behavior of CNTs [36-39]. A key 

factor is the good surface spreading of CNTs at the air/water interface. Tube alignment 

can be observed, and is attributed to compressed-induced or flow-induced orientation 

[39]. The LB technique is useful for producing monolayer/submonolayer films; however, 

it is not readily scalable.  

Dip-coating has been used to fabricate thin CNT films on various substrates [40]. 

Solution viscosity, interaction between functionalized CNTs and substrates surface and 

coating speed are the main factors determining coated film qualities. 

Surfactants/dispersants are usually used to functionalize CNT surface with negatively or 

positively charged chemical groups. Substrate surface is modified by linking either polar 

or non-polar functional groups with CNTs being attracted toward polar regions or by 

writing charge with CNTs being attracted to the charged region through Columbic 

interactions [41, 42]. However, during the dip-coating process both sides of substrate 

are coated, which may not be preferred for some applications. Another disadvantage is 

that self-organization of CNTs in evaporating droplets is complicated during drying 

process, which may lead to certain local tube alignments and thus effect film quality [43, 

44]. Besides, substrates functionalization may not be compatible with the functionality of 

the device to be built using this method.  
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Spin-coating [45, 46] and drop-casting [47] methods rely on a high shear force 

during film fabrication. Small amount of solution is dropped onto the substrate followed 

by high speed spinning of substrate (spin-coating) or air drying (drop-casting), 

respectively. These two methods are easily processed; however, the non-uniformity of 

CNT distribution caused by circumferential force during spin-coating or drying process 

during drop-casting remains problematic.  

The most widespread solution-based coating techniques in industry that have 

been applied to deposit CNTs films mainly include Mayer rod, Slot slide and Gravure 

[48, 49] followed by controlled drying. For example, Mayer rod is an easy processed 

method that dries the liquid thin film with a wire-wound heating bar that passes the liquid 

film with certain speed allowing liquid to be fully evaporated and leaving CNTs on 

substrates. This method can deposit films onto various substrates in a scalable way, 

however, it does have restrictions for coating fluid, which requires specific rheological 

behavior and wetting properties.  

Electrophoretic deposition (EPD) and dielectrophoresis (DEP) require external 

electrical field with certain magnitude and/or frequency to drive charged CNTs moving 

towards conductive electrodes. These two processes are difficult to scale up and less 

applicable [50-53]. 

Spray-coating method has been investigated to fabricate CNT films for further 

promising applications [54-56]. Advantages of this technique include: high uniformity 

can be achieved by using diluted nanotube/agent solutions, called nanotube inks and 

multiple spray steps; requirement of surface tension of CNTs dispersion and surface 

energy of substrates is less stringent, especially for ultrasonic spray-coating; less 
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dewetting effect on film quality because of extremely small droplet size after atomization 

in ultrasonic nozzle; spray-coating is compatible with substrates having different 

topology, even extremely rough surface; spray-coating is easy to scale up.  

Spray-coating technique has been investigated in this work for fabrication of 

highly uniform, large-area SWNT film based on its superiority to other solution-based 

processes. However, subsequent removal of dispersant that is utilized to stabilize 

nanotube dispersion, without disturbing or damaging nanotubes in the sprayed film 

remains a major research objective. Challenges of this work include SWNT ink 

optimization by minimizing necessary amount of dispersant and therefore simplifying 

post-treatment of sprayed films. 
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CHAPTER 2  
INTRODUCTION TO SINGLE WALL CARBON NANOTUBE DISPERSION (SWNT INK) 

2.1SWNTs Ink Preparation Methods: Nanotube Modification 

As-prepared SWNTs are hydrophobic and possess only minor solubility in 

organic solvents. Moreover, in high yield synthesis methods the nanotubes naturally 

form van der Waals bundles and larger assemblies that are difficult to break apart. This 

is due to the inter-tube Van Der Waals forces that caused by the large aspect ratio of 

nanotubes. Such strong forces keep CNTs bundled together in a form of big ropes, 

which are hard to separate and disperse, increasing processing difficulty and imposing 

limits on CNTs applications. Nanotubes can be suspended in some solvents by simple 

ultrasonication. This type of nanotube suspension possesses poor stability with 

precipitation occurring immediately or after a short time when sonication is interrupted. 

Meanwhile, harsh ultrasonication induces defects on the ends and sidewalls of carbon 

nanotubes and even shortens the tube length causing low conductivity of subsequently 

fabricated CNT films. Superior to sonication-only process, chemical modification of 

nanotube surface to induce CNT solubility in organic solvents/water for a more 

stabilized CNT dispersion has attracted extensive interest [57-59]. 

Chemical modification approaches can be divided into two categories: a) 

covalent attachment of chemical groups onto carbon nanotube surface; b) noncovalent 

interaction with the aid of surfactants or dispersants (e.g., polymer wrapping) [60-62]. 

Covalent bond formation affects electronic band structure of nanotubes disrupting π-

conjugation and changing their electronic, optical, and mechanical properties. On the 

other hand, noncovalent functionalization is based on Van der Waals forces and/or π-π 

stacking bonds between chemical surfactant/dispersant and CNTs; it attaches functional 
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groups to CNTs without affecting the electronic properties of the nanotubes. Therefore, 

noncovalent functionalization is superior to covalent nanotube functionalization methods 

and will be used in this report. Noncovalent functionalization is generally formed through 

interaction between carbon nanotube surface and various chemical compounds 

including polymers [62, 63], polynuclear aromatic compounds [64], surfactants [65, 66] 

or biomolecules [67], among which aromatic compounds attract most attention. The 

reason is that aromatic compounds contain benzene rings as shown in Figure 2-1, likely 

as a unit of CNT’s graphite structure, has an affinity to CNTs on basis of π-π conjugated 

bonds, which is more stable than Van der Waals forces induced by other noncovalent 

functionalization. In our lab, SWNTs are originally suspended and stored in 1%TX 

surfactant suspension. Therefore, both surfactant/CNTs suspension and aromatic 

compounds/ CNTs suspension attract our interest and will be discussed. 

 

 

 

Figure 2-1. Chemical structure of benzene ring and carbon nanotube sidewall. 

nanotube sidewall Benzene ring 
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2.2 Surfactant Functionalized SWNTs 

2.2.1 Fundamentals of Surfactant 

Surfactants are compounds that greatly reduce the surface tension between two 

liquids or between a solid and a liquid. Surfactants are water-soluble with both 

hydrophobic and hydrophilic functional groups, enhancing solubility of insoluble/low-

solubility matter in aqueous solution. This mechanism was used to prepare aqueous-

based carbon nanotube dispersion.  

Surfactants tend to partition into water/air or water/oil interface with hydrophilic 

heads dissolve in water and hydrophobic tails extended into air/oil, reducing the 

system’s free energy by removing contact between its hydrophobic part and water. As 

concentration increases, surfactant in bulk aqueous solutions aggregates into Micelles. 

Micelle structure is shown in Figure 2-2; hydrophobic tails start to associate with each 

other while hydrophilic heads helps to disperse in water [68]. Critical Micelle 

Concentration (CMC) is the point where micelles start to form. Above CMC, any 

additional surfactant added to solution will increase the number of micelles. Previous 

studies [69-71] reported that CMC and double CMC (DCMC) of TX are 0.28 mM and 

0.54 mM and aggregation number in one micelle of TX ranges from 105 to 139 at room 

temperature T = 25 ℃ depending substantially on the ionic strength in solution. As T 

increases, aggregation number increases. The micellar radius ofaround 3.7 nm has 

been determined when CTX is above CMC up to 9.6 mM. 
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Figure 2-2. Micelle structure of surfactant in aqueous solution. Reprinted with 
permission from Pasquali, Matteo, Gelation: Grow with the flow(Nature 
Materials, 2010). 

2.2.2 Surfactant functionalized SWNTs 

Strong intertube van der Waals forces cause CNTs to form large bundles and 

render them insoluble in common organic solvents and water. Stability of surfactant-

assisted nanotube suspension depends on a variety of factors, including pH level of the 

solution, temperature, ultrasonication power and time, nature of the surfactant, its 

concentration in suspension, and concentration of CNTs. With all other external 

conditions the same, strong surfactant-graphite interactions play the most important role 

in achieving high stability of the dispersion. The association structure between 

surfactants and nanotubes varies depending on the nature of the surfactant. Self-

organization of surfactant on nanotubes can be divided into three types as shown in 

Figure 2-3: cylindrical micelles, semi-micelles and random [72-74]. Which self-

organization of surfactant gives better stability of ink still remains debatable. 
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Figure 2-3. Self-organization structures of surfactant in surfactant/nanotube 
suspensions, divided into three association structure: cylindrical micelles, 
semi-micelles &random. Reprinted with permission from Vaisman, L., H.D. 
Wagner, and G. Marom, The role of surfactants in dispersion of carbon 
nanotubes (Elsevier, 2006). 

Among surfactants that have been applied for nanotube dispersion, TX, sodium 

dodecyl sulfate (SDS) and sodium dodecylbenzene sulfonate (NaDDBS) are most 

widely studied. Studies showed that the hydrophobic alkyl chain part of the surfactant 

molecules tends to lie flat on the graphite surface [75, 76]. Figure 2-4 gives a schematic 

representation of how these three surfactants associate with nanotubes and form semi-

micelle structures. The interaction strength between the surfactant molecules that lie 

along the tube surface (parallel to the tube axis) and nanotube sidewalls determines 

dispersion stability. It has been reported that surfactant with π-conjugated moiety, 

longer alkyl chain length, and smaller head groups tends to form stronger interactions 

with nanotube sidewalls and induce higher stability of the CNT dispersion [65]. In ionic 

surfactants the ionic head group (e.g. SO3-) causes electrostatic repulsion leading to 

charge stabilization of nanotubes, which also improves stability of the CNT dispersion.  

Micelle 

Random 

Semi-Micelle 
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Figure 2-4. Schematic representation of how three most widely studied surfactants 
associate with nanotube surface. Reprinted with permission from Islam, MF, 
et al., High weight fraction surfactant solubilization of single-wall carbon 
nanotubes in water (American Chemical Society, 2003). 

2.3 Aromatic Compounds-Pyrene Derivatives Functionalized SWNTs Inks 

2.3.1 Introduction to Pyrene Derivatives 

Among aromatic compounds for dispersing CNTs, pyrene derivatives have drawn 

substantial attention. Pyrene (C16H10) is a flat aromatic system formed by four 

neighboring benzene rings, as shown in Figure 2-5. This π-conjugated molecule has 

very similar structure with nanotube sidewalls, thus providing a very strong affinity with 

nanotube surface through π-π bonding. By attaching to the pyrene moiety a water 

soluble group the entity can behave like a surfactant to solublize carbon nanotubes. 

Another advantage is that pyrene has characteristic fluorescence signals, which are 

dramatically quenched by Forster resonance energy transfer once the pyrene 

associates with either graphene or nanotubes [77-80]. This feature can be can be used 

to monitor the association during the preparation process. In my work, we have 

exploited two types of pyrene derivatives: a pyrene tethered by a flexible linker along a 

long-chain polymer backbone and small molecular pyrene derivatives.  
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Figure 2-5. Chemical structure of pyrene- a flat aromatic system formed by four 
neighboring benzene rings. 

2.3.1.1 Pyrene functionalized hydroxypropyl cellulose: Py-HPC 

Stable CNTs dispersions in water and organic solvents were obtained using 

pyrene derivatized polymers [57, 81]. In this thesis, a long-chain polymer Pyrene 

Hydroxypropyl Cellulose (HPC) functionalized by pyrene was used for nanotube 

dispersion and film formation. Cellulose is a long chain polysaccharide consisting of 

linked D-glucose units. In HPC some of the hydroxyl hydrogens are replaced by the 

hydroxypropylated form, attaching -OCH2CH(OH)CH3 groups derived from propylene 

oxide. Commercially available HPC is soluble in water and common organic solvents 

and biodegradable to some extent [82]. As shown in Figure 2-6A, a pyrene derivatized 

HPC (Py-HPC) was synthesized via a condensation-substitution reaction; the pyrenes 

are attached to oxypropyl pendant groups of the HPC polymer as described elsewhere 

[80]. The Py-HPC used was synthesized by Prof. John Reynold’s group formerly of UF 

but presently at the Georgia Institute of Technology. 
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Both Py-HPC and HPC have been used to disperse CNTs [58, 79, 83]. HPC has 

an affinity to nanotubes presumably due to the Van der Waals interaction between its 

polysacharide structure and nanotubes while its polar groups promote water/alcohol 

solubility of the CNTs. However, a high HPC concentration vs. SWNTs concentration is 

required to ensure a stable SWNTs/HPC suspension. Py-HPC provides a stronger 

affinity to the nanotubes through π-stacking between the pyrenes and the nanotube 

sidewalls, resulting in more stable dispersions and the need for far less excess 

dispersant to stabilize the nanotubes providing the rationale behind its use in this work. 

Figure2-6B shows a schematic representation of how Py-HPC associates with 

nanotubes. It has been reported that pyrene containing polymers or conjugated 

polymers wrap around nanotube in the dispersion; however the wrapping structure 

varies depending on the solvent and pH value [84, 85]. It should also depend upon the 

density of pyrene substitution along the polymer backbone. Figure 2-6C compares two 

SWNT inks that were dispersed using HPC and Py-HPC under the same condition after 

six months of storage in a refrigerator at 4 °C. Almost all of the nanotubes in HPC 

solution aggregated, while the Py-HPC/SWNTs ink remained stable with no visible 

aggregates, with the HPC concentration equivalent to the Py-HPC concentration. 

Pyrene functionalized HPC provides a dramatically enhanced SWNTs ink stability, as 

will be shown below with minimum excess dispersant. 
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Figure 2-6. Py-HPC/SWNT ink preparation. A) synthetic route forPy-HPC from Pyrene 
and HPC, reprinted with permission from Yang, Q. and X. Pan, Preparation 
and characterization of water-soluble single-walled carbon nanotubes by 
hybridization with hydroxypropyl cellulose derivatives (American Chemical 
Society, 2010), B) schematic representation of how Py-HPC absorbs onto the 
nanotube surface, C) Stability comparison of SWNTs dispersed with HPC 
&Py-HPC after six months storage at 4°C in refrigerator. 

 
2.3.1.2 Small molecular pyrene derivatives 

Pyrene molecules modified with polar hydrophilic functional groups attached to 

hydrophobic polycyclic aromatic system induce good solubility in water or other solvents 

(e.g., alcohols). Numerous small molecular pyrene derivatives are commercially 

available and some of them have been used as dispersants to create graphene or CNT 

dispersions, including 1-pyrenesulfonic acid (PSA), 1-pyrenecarboxylic acid (PCA), 1-

pyrenebutyric acid (PBA), 1-pyrenemethylamine (PMA) and 1,3,6,8-Pyrenetetrasulfonic 

Acid Tetrasodium Salt (PTSA) (chemical structures are shown in Figure 2-7. 

Hydrophobic pyrene is functionalized with hydrophilic groups to induce their solubility in 

various solvents. Because of their amphiphilic nature, it was reported that functionalized 

A 

B 

C 

CNTs in HPC 
solution 

CNTs in Py-HPC 
solution 



 

34 

pyrene molecules may form micellar architecture of aggregates when pyrene 

concentration is as low as Cpyrene=10-4 mM [78, 86]. 

For dispersing CNTs, the planar aromatic structure of the pyrene moiety anchors 

itself onto hydrophobic sidewall surface of nanotubes through -stacking while the 

functional hydrophilic groups provide dispensability in water or alcohol. Recent studies 

showed that pyrenesulfonate-based SWNTs dispersion exhibited higher stability 

compared to that of the PCA- and PBA-based SWNTs suspensions [87]. Moreover, 

PTSA-based graphene dispersions could be prepared using milder association 

conditions than in case of PBA dispersant [78]. These findings are consistent with our 

independent studies. With two CNT dispersions prepared under the same conditions 

(same concentrations), PCA-based SWNTs ink started to aggregate after a week, 

showing a poorer stability while PTSA-based SWNTs ink was stable for more than two 

months. This could be also explained by charge stabilization of tubes. In general, 

introduction of multiple bulky sulfonic groups around the nanotubes should induce 

strong repulsive forces and thereby realize an enhanced PTSA/SWNTs ink stability 

compared to that of the PCA- or PBA-based molecular dispersions.  
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Figure 2-7. Chemical structure of somesmall molecular pyrene derivativesstudied for 

CNT dispersion. 
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2.3.2 Pyrene Fluorescence 

Pyrene chromophores have been widely used as fluorescent probes because of 

their pronounced characteristic fluorescent signals, including both monomer and 

excimer emission [88-91].  

2.3.2.1 Introduction to fluorescence measurement 

Fluorescence is the emission of light by a substance that has absorbed light or 

other electromagnetic radiation. Except for circumstances in which the excitation has 

very high intensity (not considered in this work) the emitted light has longer wavelength 

(lower energy) than the absorbed radiation [92]. 

The typical fluorescence instrumentation is illustrated schematically in Figure 2-8. 

Incident light from an excitation source is filtered through the first monochromator and 

strikes the sample. A proportion of the incident light is absorbed and some of the 

molecules fluoresce in all directions. To help avoid the intense incident light, only 

emitted light perpendicular to the incident direction is collected by the detector. In this 

work fluorescence emission, excitation and lifetime measurement were used. Emission 

spectra were obtained by keeping the excitation wavelength fixed and scanning across 

the emission wavelengths. Excitation spectra were obtained by sweeping the excitation 

light across a wide range of wavelengths and recording the emission intensity at a 

particular wavelength. Fluorescence lifetime measurement records the emission 

intensity at a fixed excitation and emitting light wavelength as a function of time (with the 

broad band excitation replaced by pulsed excitation source of short duration). These 

studies were performed using a SpexFluorolog-3model FL3-22 Spectrofluorometer 

(Jobin Yvon Horiba) in the laboratory of Prof. Weihong Tan in the Chemistry 

Department at UF. The Spex Fluorolog-3 is equipped with a 450-W Xenon source, 
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double monochromators for excitation and emission, and a R928P photomultiplier tube 

in photon-counting mode as the emission detector.  

 

 
Figure 2-8. Schematic representation of Fluorescence Measurement System 

 
2.3.2.2 Fundamentals of fluorescence spectrum: emission and excitation 

Emission spectra are the relative distribution of wavelengths emitted when the 

sample is excited at a single wavelength. During the excitation, molecules that adsorb 

the incident radiation at a specific wavelength (energy) undergo a transition from the 

lowest vibrational level in the ground electronic state S0 to some vibrational level in 

excited electronic states. The radiative deactivation of upper electronically excited state 
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is known as fluorescence and occurs very rarely as a mode of electronic transition 

between two electronic states other than the ground state and the lowest excited singlet 

state. Explanation is the excited electronic states are much closer together than are the 

ground state and the lowest excited state in most molecules. Consequently, efficient 

vibrational relaxation and internal conversion almost always occurs and precludes the 

possibility of fluorescence arising as the result of electronic transition between states 

other than the ground state and the lowest excited state. For this reason, only the 

lowest excited singlet state S1 is shown in Figure 2-9. After excited to the different 

vibrational levels in S1, rapid vibrational relaxation (10-14-10-12s) relaxes the molecules to 

the lowest vibrational level of the excited electronic state S1, from where the 

fluorescence takes place. Molecule fluorescence is among the slowest processes in 

electronically excited states, requiring from 10-10 to a few seconds [93]. The fluorescing 

molecule will then arrive into the vibrational manifold of the ground electronic state, as 

shown in Figure 2-9. This explains why emission spectraare practically independent of 

the excitation wavelength (so long as sufficient energy for the electronic transition is 

provided). Subsequent to emission, vibrational relaxation occurs, with molecule 

ultimately arriving in the lowest vibrational level of the ground state.  
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Figure 2-9. Energy-level diagram showing why structure is seen in the absorption and 
emission spectrum and why these two spectrum are roughly mirror images to 
each other. 

Excitation spectra probe the absorption of the incident light. By monitoring the 

emission at a specific wavelength (within the emission band) as the excitation 

wavelength is swept, one gets a record of the relative distribution of the absorbed 

intensities (Figure 2-10, Absorption). Emission generally has lower energy (longer 

wavelength) compared to adsorption, with a displacement called the Stokes shift, 

explained by the Franck-Condon principle. The emission and absorption spectra often 

appear as mirror images. Schematic explanation is shown in Figure 2-10. Emission 

wavelength λ0 corresponds to the transition to lowest vibrational level in excited state 

S1, representing the lowest absorption energy and longest wavelength in the absorption 
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spectrum. In emission, λ0 represents the highest fluorescent energy with the lowest 

wavelength. The fact that the spacing between energy levels in the vibrational manifolds 

of the ground state and the first excited state are roughly equal and the transition 

probabilities are similar results in the approximately mirror images between absorption 

and emission spectra. Figure 2-10 shows the absorption and emission spectra of the 

PTSA solution in water forming a mirror image; (excitation wavelength λ = 348 nm). 

Generally, increasing the size of the aromatic system results in lower frequencies 

(longer wavelength) of fluorescence because the energy gap between the ground and 

excited states decreases in magnitude as the aromatic molecule increases.  
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Figure 2-10. Mirror image of the emission (black line) and absorption spectra of the 
PTSA solution in water, excitation wavelength λexcitation = 348 nm. 

The excitation spectrum shows the relative efficiencies with which different 

wavelengths of incident light to excite fluorophores. If the fluorescent energy is 
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proportional to the absorbed energy, excitation spectrum will match the absorption 

spectrum. For more sensitive fluorescence detection the emission spectrum is generally 

excited at the wavelength of the maximum intensity signal in the absorption spectrum; 

while the excitation spectrum is generally detected at the wavelength of the peak 

emission.  

2.3.2.3 Typical pyrene fluorescence spectrum 

The pyrene fluorescence spectrum is characterized by both excimer and 

monomer emission bands. An excimer is a dimeric or heterodimeric molecule formed by 

two species, at least one of which is in electronic excited state. In general, excimers are 

formed by two atoms or molecules that would not combine if both were in ground state. 

Excimer formation increases along with the density of monomer because of its bi-

molecule interaction mechanism. With small concentration, excited monomers decay to 

its ground state before interacting with a ground state monomer and no excimer band 

would be observed in the emission spectrum. However, studies [91, 94] have shown 

that pyrene excimers can be formed by pre-associate ground state dimers or by the 

association of an excited- and ground-state pyrene molecule, depending on the 

structure of the pyrene derivative or the external gas/liquid environment. Figure 2-11 

shows the typical spectra of pyrene in a) emission and b) excitation. Pyrene exhibits a 

structured violet emission with three vibrational peaks located at 370 nm, 398 nm and 

421 nm (monomer emission) and a broad structureless aqua-blue emission which 

appears at around 470nm (excimer emission) [95]. Typically, the unstructured emission 

in blue region of the spectrum arises as concentration of pyrene is brought up to 10-2 M. 

The intensity of the blue fluorescence is proportional to the square of the pyrene 

concentration [93].  
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As pyrene concentration increases, monomer emission essentially decreases 

and excimer emission occurs. Excimer emission, as part of pyrene characteristic 

spectrum, has been widely applied to investigate the interaction between pyrene 

functionalized species [88, 96, 97].  

 
Figure 2-11.Fluorescence spectrum of pyrene. A) emission curve excited at 328 nm for 

Py-HPC in aqueous solution,B) excitation curve monitored at 376 nm for Py-
HPC in aqueous solution. Reprinted with permission from Yamazaki, I., et al., 
Excimer formation in pyrene-labeled hydroxypropyl cellulose in water: 
picosecond fluorescence studies (American Chemical Society, 1987). 
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CHAPTER 3 
SINGLE WALL CARBON NANOTUBE INK PREPARATION AND 

CHARACTERIZATION 

3.1Py-HPC/SWNTs Ink 

3.1.1 Py-HPC/SWNTs ink Preparation 

Solution-based deposition of CNTs films is usually followed by removal of 

insulating dispersant/surfactant residue to increase film conductivity. Therefore, 

minimizing amount of the dispersant used in the ink is desirable. To improve 

conductivity of CNT films that are made from CNT inks, longer and highly individualized 

dispersed tubes are preferred [98]. Superior SWNTs ink is characterized by highly 

individualized tubes with less/smaller bundles, longer tubes and small dispersant to 

CNTs ratio. A high stability, as another important feature of good CNT inks, also needs 

to be considered for potential scale-up usage.  

In our lab, SWNTs are grown by dual pulsed laser vaporization, followed by a 

multi-step purification and stored in a 1% (wt) non-ionic surfactant TX [32]. To prepare 

Py-HPC/SWNTs ink, the1% TX surfactant of the stock suspension was first reduced to 

a level approaching the CMC. The TX associated with the nanotubes was subsequently 

exchanged by the Py-HPC dispersant. Finally, the excess surfactant and unassociated 

Py-HPC were removed and the Py-HPC dispersed SWNT ink collected for later use. 

These steps are illustrated in Figure 3-1 and elaborated below. 

1) Minimizing the TX concentration in TX/SWNTs dispersion. The SWNTs/1% TX 

suspension was bath sonicated for 20 min followed by vacuum filtration of the 

suspension and excess TX through an Isopore VCPT polycarbonate membrane (0.1 

µm). In carrying out this step it was critical to avoid letting the SWNT film that forms at 

the filter surface as a filter cake dry since once dried the SWNTs associate in a mass 
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that becomes very difficult to redisperse. This film was washed with an aqueous TX 

solution at its DCMC, in order to get rid of the excess of the TX but still ensure a good 

TX coating on SWNTs. The wet film was then scraped off the membrane into an 

aqueous TX solution at double the critical micelle concentration (DCMC) and left stirring 

overnight. The SWNTs were redispersed by a mild bath sonication (20 min) followed by 

centrifugation at 6,000rpm for 1h to sediment any large tube aggregates and the 

supernatant was collected.  

 

 

Figure 3-1. Py-HPC/SWNTs ink preparation process. 

 
2) TX exchange. Equal volumes of DCMC-TX/SWNTs and Py-HPC solution 

(0.33mg/mL) were mixed and stirred for 4-5 days. TX association with the nanotubes is 

a meta-stable and dynamic process. During this incubation, because of strong π-

stacking interaction between pyrene moieties and SWNTs, Py-HPC gradually replaces 

the TX to associate with nanotube sidewalls. 
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3) Minimizing excess TX surfactant and unassociated Py-HPC dispersant. The 

suspension was centrifuged at 17,500 rpm for 5 hours, the supernatant was pipette out, 

and the Py-HPC/SWNTs sediment was redispersed in DI water or ethanol via brief bath 

sonication. This step was repeated twice to thoroughly wash the Py-HPC/SWNTs.  

3.1.2 Py-HPC/SWNTs Ink Characterization: UV-vis Absorbance 

Minimizing excess dispersant through the centrifugation cycles was monitored 

using a Perkin-Elmer Lambda 900 UV-Vis spectrophotometer. Figure 3-2A shows the 

absorbance spectra of the TX and Py-HPC aqueous solutions. The absorbance 

spectrum of the Py-HPC (red line) has six characteristic pyrene absorption peaks at 

224, 267, 277, 314, 328 and 344 nm [79]. The spectrum of TX (black line) shows a 

characteristic absorption peak at 276 nm with a non-pronounced shoulder at 287 nm 

and an intense absorption band at 223 nm. Absorbance spectra of the Py-

HPC/SWNTs/TX mixture before and after dispersant minimizing (step 3 above) were 

recorded to verify whether the excess TX and Py-HPC was thoroughly removed. As 

shown in Figure 3-2B both the pyrene and TX absorption signals are greatly diminished, 

indicating that the surfactant and non-associated dispersant have essentially been 

removed. After preparation, the ink was stored in a refrigerator at 4 °C; no nanotube 

flocculation was observed even after six months of storage.  
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Figure 3-2.UV-vis spectrum for Py-HPC/SWNTs ink characterization. A) UV-vis 
absorbance spectrum of the TX (black line) and Py-HPC (red line) solutions in 
water,B) UV-vis absorbance spectrum of mixture Py-HPC/SWNTs/TX before 
(black line) and after (red line) purification through centrifugation process. 

Although the stability and purity of the prepared SWNT inks were quite high, 

purification of the inks using the multi-step centrifugation was labor-intensive and would 

be difficult to scale up. Another less labor intensive means for removing the TX and 
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excess Py-HPC from the sample, effectively to replace step 3 above is dialysis.  During 

Py-HPC/SWNT dialysis the material is placed within a porous pouch membrane with 

pores of a size significantly smaller than the size of nanotubes but large enough to let 

out surfactant/dispersant. These pouches were sealed and then permitted to float in a 

large volume container of DI water. The driving force for dialysis is the concentration 

gradient between the aqueous solutions inside and outside the pouch membrane so the 

DI water in the large container was periodically refreshed. Unfortunately, Py-HPC, as a 

polymeric material, takes long time to be dialyzed compared to monomeric dispersants 

(discussed below), due to the polymer’s aggregation in solution. Experiments were 

performed to dialyze the Py-HPC/SWNTs/TX mixture. While this successfully made 

usable Py-HPC/SWNTs ink, the long dialysis times and need for membrane 

replacement due to fouling of the relatively expensive membrane pores made this less 

promising. Another weak point of the Py-HPC/SWNTs ink lay in the post-treatment of 

the SWNTs films fabricated from the ink using spray-coating. Because of its long-chain 

structure and complex wrapping association with nanotubes, it proved somewhat 

difficult to thoroughly remove. Multiple nitric acid baths were needed for this.  

3.2 PTSA/SWNTs Ink 

3.2.1 PTSA/SWNTs Ink Preparation 

The challenges of purifying the excess Py-HPC from the Py-HPC/SWNT mixture 

and removing the SWNT associated Py-HPC from the films encouraged a search for 

alternative dispersants. To decrease the dialysis time and potentially avoid harsh acid 

post-treatment for SWNTs films, small molecular pyrene derivatives were selected to try 

as SWNT dispersants. As discussed previously PTSA has a strong affinity to the 

graphene like structure of nanotubes. The multiple sulfonate groups promote SWNT 
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dispersability in water and alcohols and provide high columbic repulsive forces prevent 

tube to tube association and thus, induce good ink stability. The PTSA/SWNTs ink 

preparation includes three steps with the first two steps similar to the Py-HPC-based 

SWNTs ink preparation steps: 1) minimizing TX concentration to the DCMC level in 

TX/SWNTs suspension in water, 2) replacement of the TX surfactant with PTSA 

dispersant. During this step specific volumes of aqueous TX/SWNTs suspension and 

PTSA solution were mixed to achieve the following concentrations: CTX ≤ 0.56 mM (≤ 

DCMC of TX surfactant) and CPTSA = 10 -4 mM. The concentration of the SWNTs CSWNTs 

in the TX/SWNTs suspensions was varied depending on the target weight ratios of 

PTSA to SWNTs. The mixture was then slowly stirred for 4-5 days to insure efficient 

association of the PTSA molecules with the carbon nanotubes. After that incubation 

time the PTSA/SWNTs/TX suspension was subjected to dialysis using biotech cellulose 

ester membranes with a molecular weight cut-off (MWCO) of 1,000 kD (Spectrum Labs) 

against water to remove unassociated PTSA and TX. The DI water in the exterior 

container was replaced every 24 h. Dialysis time depends on density of nanotubes in 

the mixture and ranged from 48 to 96 h. The efficiency of the dialysis in removing both 

excess surfactant and non-associated dispersant was monitored using UV-Vis 

absorbance measurements. After the dialysis, the suspension was centrifuged at 6,000 

rpm for 1 h to remove any impurities introduced during the dialysis and to get rid of large 

SWNT aggregates that formed during the process. Once complete the ink was stored in 

refrigerator at 4 °C for future use.  
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3.2.2 PTSA/SWNTs Ink Characterization 

Figure 3-3 shows effect of the dialysis during an early batch of PTSA-based 

SWNT ink preparation. A quantity of 0.5mL of 0.4 µg/mL PTSA aqueous solution were 

added to 3mL of 0.67 µg/mL SWNT suspension in ~DCMC TX yielding a weight ratio of 

PTSA : SWNTs=1:10. SWNT suspension in ~DCMC TX was prepared from original 

store suspension-SWNT in 1% TX as described in Section 3.1.1. After 48 h of dialysis, 

characteristic TX absorption bands at 230 - 300 nm absorption region were deplete to a 

baseline intensity (red line) indicating an efficient removal of the TX surfactant. Since 

the PTSA concentration in the original PTSA/SWNTs/TX mixture was extremely low 

(CPTSA=10-4 mM), the characteristic absorbance peaks of the pyrene at 300 – 350 nm 

were barely observable before the dialysis though a small decrease is observed after 

dialysis. After a quick centrifugation, UV-Vis absorption was measured again. No 

change was observed between the spectra of the inks before and after centrifugation 

(overlapping with red line). This ink was stable for at least two months of refrigerated 

storage.  
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Figure 3-3. UV-Vis spectra of the PTSA/SWNTs/TX mixture before (black line) and after 

(red line) 48 h of dialysis. In the PTSA/SWNTs/TX mixtureCTX≤0.56 mM, 
CSWNTs =0.57µg/mL, CPTSA =10-4 mM. 
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3.2.3 Optimizationof the PTSA/SWNTs Ink Preparation Procedure Using 
Fluorescence Measurements 

The objective of the ink optimization was to: 1) minimize the amount of 

dispersant so that less post-processing treatment would be needed for sprayed films, 

and 2) simplification of the ink preparation process. The UV-Vis measurements were an 

effective monitor of the TX removal by dialysis based on dramatic decrease of the TX 

absorbance signals, however, it provided little information about the PTSA dispersant 

because of the extremely low PTSA concentration in the initial PTSA/SWNTs/TX 

suspension. In order to quantify the effect of dialysis on removal of the excess of 

unbound PTSA dispersant, more sensitive fluorescence measurements were conducted. 

3.2.3.1 Typical fluorescence spectrum of PTSA in water 

Typical fluorescence spectra for PTSA in water (10-4 mM) are shown in Figure 3-

4. Both emission (A) and excitation (B) curves are shown. The emission spectrum 

excited at 348 nm shows only the monomer emission peaks located at 383 nm, 402 nm 

and 425 nm; no excimer signals were observed, as is typical for solutions with pyrene 

concentrations lower than 10-2 M. The excitation spectrum monitored at 402 nm shows 

three corresponding vibrational peaks located at 374 nm, 355 nm and 338 nm with three 

less resolved peaks located at 260-290 nm.  

Since in the initial PTSA/SWNTs/TX suspension we have two fluorophores (TX 

and PTSA) with emission and absorption maxima at similar wavelengths, energy 

transfer between these two fluorescent molecules could occur affecting their fluorescent 

intensity values and obstructing analysis of the spectra [69, 77, 99]. Fluorescence 

measurements were performed to study and understand this phenomenon. 
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Figure 3-4. Fluorescence spectra of PTSA in water. A) Emission spectrum recorded at 

excitation wavelength λ = 348 nm, B) excitation spectrum monitored at 402 
nm, CPTSA = 10-4 mM. 

3.2.3.2 TX-induced enhanc 

ed fluorescence of PTSA 

It has previously been reported [69, 99], that a strong overlap between the 

fluorescence emission of TX (donor) and the absorption of pyrene (acceptor) in pyrene 

and 1-pyrenebutyric acid aqueous solutions results in an efficient energy transfer that 

yields an increased intensity of pyrene emission (so called sensitization of pyrene). The 

donor and acceptor molecules must lie within quite close proximity for the energy 

transfer to take place. Such close proximity readily arises if the pyrene molecules are 

solubilized in the micellar interior of the surfactant molecule. For this to occur the 

concentration of TX surfactant should be higher than its critical micelle concentration 

(our circumstance) and we indeed observed an enhanced intensity of pyrene emission 

in PTSA/TX solutions compared to that of the PTSA in pure water (Figure 3-5). The 

PTSA concentration in both solutions was CPTSA = 10-4 mM while the TX concentration 

in the PTSA/TX solution was slightly less than DCMC level (CTX ~ 0.56 mM). The 

emission intensity for PTSA/TX solution (black line) was almost 25% higher compared 

A B 
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that of the PTSA solution in pure water (red line) at the peak λ emission = 383 nm, 

indicating enhanced fluorescence of the pyrene acceptor induced via energy transfer 

from TX donor. 

This phenomenon could contribute to an enhanced fluorescence emission in 

PTSA/SWNTs/TX suspensions and must be taken into consideration during analysis of 

the spectra. For accurate characterization in the following series of fluorescence 

measurements of the PTSA/SWNTs/TX suspensions with various SWNT 

concentrations, PTSA/TX aqueous solution containing both fluorophores will be 

measured as a control solution (baseline).  
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Figure 3-5. Emission spectra of PTSA/TX (black line) and PTSA (red line) solutions in 

water.Both solutions were excited at λ excitation = 348 nm with PTSA 
concentration at CPTSA = 10-4 mM. In PTSA/TX solution CTX ~ 0.56 mM. 

 
3.2.3.3 Minimizingthe PTSA to SWNT weight ratio 

Pyrene-based molecules exhibit intense fluorescence emission that is quenched 

in the presence of carbon nanotubes, which is understood to be due to energy transfer 
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between the pyrene moiety and the SWNTs. The photoluminescence quenching 

phenomenon is well known and is often used as evidence of an efficient non-covalent 

π-π interaction between pyrenyl group and side walls of the carbon nanotubes [77, 80]. 

Steady state and time-resolved fluorescence measurements were used to characterize 

the association between PTSA and the SWNTs. In this set of experiments emission 

spectra of a series of suspensions containing different PTSA to SWNT weight ratios 

were recorded using Spex Fluorolog-3 spectrofluorometer at room temperature. In 

these suspensions the PTSA concentration was kept constant while the concentration 

of carbon nanotubes in TX was gradually increased. Specifically, 3 mL of TX at its 

DCMC with different SWNT concentration (ranging from 0.67ug/mL to 30ug/mL) were 

added to 0.5ml 0.4 µg/mL PTSA solutions in water. Most concentrated SWNT/TX 

suspension with CSWNT = 30ug/mL was prepared as previously described in Section 

3.1.1 and then diluted with DCMC-TX solution accordingly to lower the SWNT 

concentration but still ensuring a good TX coating on SWNTs . In all suspensions, the 

concentration of PTSA and TX remained constant CPTSA = 10-4 mM, CTX~ 0.56 mM while 

concentration of nanotubes was gradually increased, from 0.57 µg/mL (PTSA : SWNTs 

=1:10) to 25.7 µg/mL (PTSA : SWNTs =1:450). Immediately after mixing, suspensions 

were ultrasonicated in a bath sonicator for 2s, and then the emission spectra were 

recorded. A photograph of the PTSA/SWNTs/TX suspensions, containing PTSA to 

SWNTs ratio values ranging from (1 : 10) to (1 : 450), is displayed in Figure 3-6A 

spectrum of the PTSA/TX solution without SWNTs is given for comparison and was 

used as a baseline. Upon excitation at 348 nm the characteristic vibronic structure of 

pyrene monomer emission with three distinct bands at 383, 402, and 425 nm is 
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observed. The emission intensity decreases with the increase of SWNT concentration in 

suspension until it essentially depletes when the PTSA to SWNTs weight ratio reaches 

a (1 : 450) value (Figure 3-7A).  

Figure 3-7B shows the rate with which the fluorescence emission peak intensity 

is quenched 

           
    

  
                                              (3-1) 

Where I0 and I are the emission intensity value of the baseline PTSA/TX solution and 

the PTSA/SWNT/TX suspensions, respectively, at λ emission = 383 nm. As shown in 

Figure 3-7B, the rate of quenching increases sublinearly, reaching> 90 % quenching for 

the maximum amount of SWNTs (1:450). This sublinear quench rate dependence on 

the relative nanotube concentration is most likely due to the increasing absorbance by 

the nanotubes as their concentration is increased, i.e. the intensity available for PTSA 

excitation is decreased by the SWNT absorbance, and the increasing energy transfer 

between nanotube and pyrene along with increase of nanotube concentration.  

 

Figure 3-6. Photograph of the PTSA/SWNTs/TX dispersions with various PTSA:SWNTs 
weight ratio values ranging from (1 : 10) to (1 : 450). 
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Figure 3-7. Fluorescence Quenching in PTSA/SWNT/TX mixture. A) Fluorescence 
emission spectra of the PTSA/TX control solution used as a baseline (black 
line) and PTSA/SWNT/TX suspensions with various PTSA:SWNTs weigh 
ratios, λ excitation = 348 nm, B) Quenching rate ((I0-I)/I0) at the emission peak at 
λ emission = 383 nm as a function of SWNT to PTSA weight ratio, λ excitation = 
348 nm. In all solutions CPTSA = 10-4 mM, CTX≤0.56 mM. 
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Table 3-1.Quenching rate Rquenching of  pyrene emission peak intensity at λ emission = 383 
nm corresponding to different SWNT:PTSA weight ratios, λ excitation = 348 nm 

SWNT: 

PTSA 

1:10 1:40 1:90 1:105 1:150 1:200 1:250 1:300 1:360 1:400 1:450 

Rquenching 20.5 31.9 47.1 51.2 56.1 66.9 72.2 78.4 83.7 86.7 90.6 

 
Quenching rate values corresponding to different SWNTs : PTSA ratios are given 

in Table 3-1. Clearly demonstrated is that the PTSA : SWNT = 1 : 10 weight ratio 

utilized in our initial SWNT ink preparation procedure, the quenching rate was quite low 

(~ 20 %), implying a large excess of unbound PTSA dispersant in the suspension, which 

indicated that the amount of PTSA necessary for SWNT dispersion could be reduced 

significantly. The SWNT dispersions containing different PTSA to SWNT ratios were 

purified using dialysis and stored in refrigerator. As the weight ratio of SWNTs : PTSA 

increases (weight ratio PTSA:SWNTs decreases), less excess of unbound PTSA 

dispersant is left in the mixture, which should facilitate removal of the dispersant after 

the SWNT film is fabricated. However, when the concentration of the nanotubes was as 

high as 25.7 µg/mL for the ink with weight ratio of PTSA : SWNT=1:450, TX and PTSA 

diffusion in such concentrated suspension becomes quite slow, making purification of 

the ink via dialysis more time-consuming (96 h).The stability of the PTSA-based SWNT 

dispersions was monitored by periodic inspection for visible flocculation. With increase 

of the SWNT concentration and decrease of the relative amount of dispersant the 

stability of the PTSA-based SWNT dispersions was found to decrease. Ink with a PTSA 

: SWNT = 1 : 105 weight ratio was deemed to be optimal for further processing and 

storage. The concentration of PTSA dispersant in this case was reduced by about an 

order of magnitude compared to that used initially without sacrificing stability of the 

dispersion. The PTSA : SWNT = 1 : 105 dispersions were stable for more than one and 
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a half months of storage without visible nanotube flocculation and demonstrated no 

change in UV-Vis absorption spectra before and after storage. Insignificant aggregation 

was observed after two months of storage. Minimizing of dispersant concentration while 

allowing for stable carbon nanotube dispersion should facilitate dispersant removal after 

film fabrication.  

3.2.3.4 Minimizing PTSA/SWNTs association time 

As noted above, during the initial studies using PTSA as the dispersant, to 

associate the PTSA with the SWNTs (replacing the TX surfactant coating), the DCMC 

TX suspended SWNTs and PTSA were stirred for 4-5 days before the dialysis. To 

determine if such a long time was necessary for this association/replacement, kinetics 

studies were performed. In these studies immediately after mixing the DCMC TX 

suspended nanotubes with the PTSA the sample was loaded into the Fluorescence 

spectrometer and with excitation at 348 nm, decay of the emission peak intensity at λ = 

383 nm was monitored as a function of time over the first 1.5 h. The emission spectra 

were then additionally recorded after 1, 7, and 10 days. Figures 3-8A-K display the 

fluorescence decay data for the PTSA/SWNTs/TX solutions, containing PTSA to SWNT 

weight ratios values ranging from (1 : 10) to (1 : 450). Figure 3-8L shows all these decay 

curves on the same plot. After ~1000s, the PTSA fluorescence was mostly quenched, 

saturating to a distinct fluorescent baseline depending on the PTSA : SWNT ratio. 
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Figure 3-8.Fluorescence Measurement to investigate association kinetcs of 

PTSA/SWNTs. A-K) Decay of emission peak intensity at λ = 383 nm of 
various PTSA: SWNT weight ratios as a function of time (1.5hrs), L) Decay 
curves of all solutions with different PTSA : SWNT weight ratios. 
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Figure 3-8. Continued. 
 

Table 3-2. Decay constants from fitting of the kinetic curves of the inks with different 
PTSA:SWNTs weight ratios 

 1:10 1:40 1:90 1:105 1:150 1:200 1:250 1:300 1:360 1:400 

Fast  
decay 

64 92 82 72 100 87 99 96 86 122 

Slow 
decay 

1225 2622 3209 1416 1298 9108 4609 3624 2955 4353 

The decay curves were fitted well by a biexponential decay of the form: 

G 
H 

I 
J 

K L 



 

60 

                                                             (3-2) 

These possessed a fast decay time constant t1and a slow decay time constant t2 

saturating to different baselines depending on the concentration (see Figure 3-8L). A 

representative fit is shown in Figure 3-8D. The extracted time constants are listed in 

Table 3-2. All fast time constants were similar as were all the slow time constants, with 

some deviations, but with no apparent relation to the nanotube concentrations. Figure 3-

9 overlaps the kinetics plots each normalized by its first data point, showing the close 

correspondence of the curves. As speculation (without further studies), the fast time 

constant might be relate to the diffusion of PTSA to the immediately available sites 

(made available by the brief ultrasonication) while the long time constant might be 

related to the rate at which the metastable TX surfactant spontaneously desorbs from 

the nanotube surfaces (to be replaced by the PTSA).  
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Figure 3-9. Decay curves smoothened and normalized for solutions with PTSA : SWNT 
ranging from 1:10 to 1:450. 
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As shown in Figure 3-10, emission spectra recorded for the dispersion with PTSA 

: SWNT = 1 : 105 weight ratio after 7 and 10 days did not show any significant changes 

compared to that measured after 1.5 h. Thus, it could be concluded that the association 

of PTSA with carbon nanotubes is a fast process, and can be completed within several 

hours. This was corroborated experimentally. Two batches of the PTSA/SWNT/TX 

dispersions, containing identical concentrations of the dispersant and nanotubes, were 

prepared. One batch was stirred for 4-5 days as was done initially while the other was 

stirred for 20 h. The dispersions were then dialyzed. Both batches of SWNT inks were 

stable for over one and a half months without any visible flocculation. These 

experiments met the goal of better optimizing the procedures for forming the PTSA 

based SWNT inks. 
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Figure 3-10. Fluorescence emission spectra of the PTSA/SWNT/TX mixture recorded 
on day 1 after 1.5 h of emission peak intensity decay measurement, then on 
day 7 and day 10. Emission spectrum of PTSA/TX base solution (black curve) 
is given for comparison. In all experiments λ excitation = 348 nm.  



 

62 

CHAPTER 4 
ULTRASONIC SPRAY COATING 

4.1Ultrasonic Spray-Coating and Home-made Spray Station 

Spray coating in general includes the formation of fine droplets of a coating 

solution and their deposition on a substrate. Inultrasonic spray-coating a thin layer of 

liquid driven by capillary forces to an ultrasonically vibrating nozzle is atomized into 

micron scale droplets. The generated droplets are directed towards atypically heated 

substrate where they form a coating. Advantages of spray coating are: simplicity and 

good reproducibility [100, 101].  

Most commercially available ultrasonic spray systems move the spray head 

above the substrate to get areal coverage across the surface. However moving parts 

tend to generate particulates. For our purpose of generating SWNT films for electronic 

and optoelectronic devices particulates can be highly problematic. Often the devices 

consist of the nanotube layer acting as one electrode separated from another electrode 

by a thin film measuring 10 s to hundreds of nanometers. If nanotubes run over particles 

co-deposited during their deposition, the nanotubes can protrude above the substrate to 

touch the counter electrode in the final device and create an electrical short. To avoid 

particles from a mechanism that moves the spray head across the substrate a home 

built spray station was designed by Matt Gilbert and Prof. Rinzler that keeps the spray 

head stationary but moves the underlying substrate, keeping the mechanical parts in 

motion below the substrate. A photograph of the ultrasonic spray station built in the UF 

Physics machine shopis shown in Figure 4-1A. In this system the ultrasonic nozzle 

spray head (Sonoaer 120K50T 120 KHz) and the directing air nozzle are stationary, 

while a heated sample platform executes the motions. Motion is controlled by linear 
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stage motors (Lexmark) that lie underneath the heated platform below a shield. The 12 

x 12 inch2 travel of the heated sample platform (temperature is controlled by an Omega 

CN7500 temperature controller) permits uniform spraying across 10 x 10 inch 

substrates. A Gilson Pump 307 is used for delivering the SWNT ink to the ultrasonic 

nozzle. The ink mist is directed to the substrate by a flow of argon gas that entrains the 

untrasonic mist by the Venturi effect (Figure 4-1B). Figure 4-1C illustrates the typical 

spray pattern. The substrate moves along the path indicated, after which it retraces the 

path backwards. This motion pattern is repeated as many times as necessary to deposit 

the film thickness desired. Indicated in Figure 4-1C is the substrate ( blue block) and an 

overspray region in both X and Y directions to ensure uniformity at the substrate edges. 

 

Figure 4-1. Ultrasonic spray station system. A) photograph of the home-made spray 
station, B) schematic representation of how atomized ink was redirected and 
sprayed onto substrates, C) typical spray patterns with substrate moving 
relative to stationary ultrasonic nozzle. 

 

A 
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Figure 4-1. Continued. 
 
It is reported that the uniformity of a sprayed film isinfluenced by a a number 

ofparameters [102]: ink flow rate through the system (R), temperature of the substrate 

(T), the distance between nozzle and substrate (L) and the moving velocity of the 

substrate (V), nitrogen flow that carries the atomized solution to the underlying substrate 

surface(R’) and spacing between two adjacent spraying paths (D). In our initial sprayed 

films, the well-known “coffee-ring effect” was observed in which the material deposits 

inhomogeneously from each microdroplet as rings of high density around centers of low 

density. This was described by Deegan et al. to be the result of capillary flow [103] 

where for a drop on a surface the liquid evaporates faster from the pinned contact line 

of the dropletto be replenished by a flow of the solution outwards from the center of the 

drop carrying entrained material that deposits in a ring at the boundary. If droplet 

evaporation from the surface is made rapid there is insufficient time for such flow to be 

established avoiding the effect. Low substrate temperature, short nozzle/substrate 

distance, fast ink flow rate and low nozzle sonication power were all found to result in 

such coffee ring deposition. These parameters were optimized through numerous 

experiments to eventually settle on R=0.06 mL/min, T=130 °C, L=13 cm, V= 5 cm/s, 

B C 
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D=1.9 mm, R’ =3.5 L/h and nozzle sonication power setting at 69%, the X and Y 

overspray was set at X =0.5 cm, y=1.2 cm.  

The target nanotube surface density and sheet resistance of the sprayed 

nanotube films in these studies was set by those found to be useful in the carbon 

nanotube enabled vertical field effect transistor developed in our group [20, 34, 104] that 

traditionally used filtration fabricated films. Details regarding the performance of devices 

made using the sprayed nanotube inks optimized as discussed in this chapter are 

discussed in Chapter 5.   

4.2 Spray from Py-HPC/SWNTs ink 

4.2.1 Py-HPC/SWNTs Ink Dilution 

Py-HPC/SWNTs ink prepared through multiple centrifugation, washing, 

redispersion steps was sprayed onto Benzocyclobutene (BCB) coated glass substrates 

to form the nanotube films with sheet resistance values of 4 - 6 kΩ/□. To test for ink 

concentration dependence on the uniformity of the sprayed films, the Py-HPC/SWNTs 

ink was diluted with DI water, decreasing the concentration of the ink and increasing the 

number of spray repetitions. Solutions contained different nanotube concentrations: 

CSWNTs =0.1 µg/mL, 0.2 µg/mL, 0.5 µg/mL and 1.0 µg/mL were made. The uniformity of 

the sprayed films was tested using sheet resistance (Rs) measurements (derived from 

four-probe conductivity measurements) and atomic force microscopy (AFM). For the 

same amount of original Py-HPC/SWNTs ink, spray-coating time for diluted solution 

with nanotube concentration of CSWNTs = 0.1 µg/mL was ten times longer than that for 

the solution with CSWNTs = 1.0 µg/mL. No significant changes in Rs values and SWNT 

film uniformity on AFM images were observed for all tested films. These results 
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indicated that reducing the ink concentration below 1.0 µg/mL SWNT ink does not 

improve the quality of the sprayed film.   

Given the hydrophobicity of the BCB coated glass surface, another strategy to 

improve uniformity of the sprayed films is to decrease surface tension of the sprayed 

solution for better substrate surface “wetting”. The Py-HPC/SWNTs ink was diluted to 

the concentration of CSWNTs =1.0 µg/mL using solvents that have different surface 

tensions: 1) DI water with the surface tension γwater ~ 72 N/m and 2) ethanol with γethanol 

~ 22 N/m. Sprayed films fabricated on BCB-coated glass substrates using these two 

diluted SWNT ink solutions with different surface tensions were characterized by Rs 

measurements, AFM, and optical microscopy. Figure 4-2 shows the optical micrographs 

and AFM images of the SWNT films sprayed from the SWNT ink solutions diluted with 

water (Figure 4-2A) and ethanol (Figure 4-2B), respectively. SWNT films sprayed from 

the SWNT ink diluted with water were covered with “coffee-ring”-shaped depositions. 

AFM images show that lighter areas found on the optical micrographs contained a high 

density of aggregated nanotube bundles while darker grey areas are barely covered 

with nanotubes. Black ring edge areas are covered with the excess of dispersant and 

some nanotubes burried underneath –the “coffee rings” formed during the SWNT ink 

evaporation. Dilution of the SWNT ink with ethanol yielded more homogeneous film, as 

shown in Figure 4-2B, uniformly covering the substrate (grey areas) with fewer ring 

edge lines.  
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Figure 4-2.Optical microscope images (x5 magnification) and AFM images of the 
sprayed SWNT films from diluted Py-HPC-based SWNT inks. A) ink diluted 
with water, B) ink diluted with ethanol. Arrows indicate certain areas on the 
micrographs that were measured by AFM. 

 

A 
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Better uniformity of the films sprayed using the SWNT ink solutions diluted with 

ethanol was also supported by Rs measurements as shown in Table 4-1. For the same 

amount of solution sprayed, the films from solutions diluted with ethanol showed five 

times lower sheet resistance, Rs=2.98 kΩ/□, than the film made from solutions diluted 

with water, Rs=16.65 kΩ/□. Besides the reduced surface tension improving the surface 

wetting, another possible reason for the improved homogeneity is that ethanol has a 

lower evaporation temperature compared to water thereby increasing the evaporation 

rate and reducing the prevalence of “coffee rings”.   

 
Table 4-1.  Sheet resistance of the SWNT films sprayed the inks diluted with water and 

ethanol. Concentration (CSWNTs = 1.0 µg/mL) and volume of the diluted inks 
were the same. 

SWNT films sprayed from the inks Sheet resistance (kΩ/□) 

diluted with water 16.65 
diluted with ethanol 2.98 

 
4.2.2 Post-treatment of Sprayed Py-HPC/SWNTs Films 

Sprayed Py-HPC/SWNTs films were treated with a variety of acids and organic 

solvents, including sulfuric acid (10 mM H2SO4 to 1 M H2SO4), nitric acid, methanol, 

acetone and isoproponal baths to attempt removal of the residual Py-HPC. AFM images 

of sprayed films before and after treatment showed that film cleanliness was slightly 

improved after a 1 M H2SO4 bath but with no visible change after organic solvents. It 

has been reported [54] that concentrated nitric acid treatment of the nanotube films 

sprayed from a carboxymethyl cellulose-based SWNT dispersions removes most of the 

dispersant (due to acid hydrolysis of the cellulose polymer backbone). We put as-

sprayed Py-HPC/SWNT film to 4 M HNO3 bath overnight then let the film dry in the air 

for 2-3 h, followed by a rinse with DI water. Figure 4-3 shows optical micrographs and 
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AFM images of the film before and after cleaning. The as-sprayed film exhibits a 

considerable amount of the dispersant residue partially covering the nanotubes, 

resulting in a relatively high sheet resistance Rs=20.1 kΩ/□. After the HNO3 treatment, 

the circular shape dark lines were mostly removed, leaving a clean grey surface 

uniformly covered with nanotubes. AFM imaging after the cleaning shows that the major 

fraction of the polymer dispersant residue was removed. There was also some 

nanotube loss during this treatment. This is unsurprising since nitric acid is a known 

intercalant of nanotubes. Despite of the SWNT film density loss during acid treatment, 

the sheet resistance values decreased from the original 20.1 kΩ/□ pretreatment to 6.65 

kΩ/□ post treatment, indicating an efficient removal of the insulating Py-HPC from the 

tube surfaces improving the tube-to-tube contact and thus the conductivity. 
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Figure 4-3.  Optical microscope images (x5 magnification) and AFM images of the 
sprayed Py-HPC/SWNTs films. A) as-sprayed film with Rs=20.1 kΩ/□, B) film 
after overnight in 4M HNO3 bath treatment with Rs=6.65 kΩ/□. 

4.2.3 Comparison between Sprayed Films and Filter-transferred Films 

To compare the two solution-based SWNTs deposition processes, ultrasonic 

spray-coating and vacuum filtration-transferring, the electronic and optical properties of 

the films fabricated using these two methods, were investigated. Figure 4-4 shows the 

AFM images of the acid-treated sprayed film and traditional filter-transferred film. Both 

films showed similar transmittance as high as ~97% at wavelength λ = 500 nm. Sprayed 

A                   Before Treatment                Rs=20.1 kΩ/□  

B                  After Treatment                 Rs=6.65 kΩ/□ 
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film with slightly higher nanotube density shows higher sheet resistance Rs ≥ 6 kΩ/□ 

than that of the typical filter-transferred film with Rs~ 4 – 6 kΩ/□. The reason for this is 

that during vacuum filtration the SWNTs tend to lie straighter and get into better contact 

with each other, coming together in Y junctions as opposed to X junctions that appeared 

the more often in sprayed films, which induces more tube-to-tube contact resistance 

and thus causes the sheet resistance increase [98]. Another possible reason is that the 

residue of insulating dispersant prohibits the tube-to-tube contact and affects 

conductivity of the sprayed film.  

  
 

 

Figure 4-4. AFM images of the SWNT films fabricated using different deposition 
processes. A) sprayed film with Rs ≥ 6 kΩ/□, B) traditional filter-transferred 
film with Rs~ 4 – 6 kΩ/□. 

Overall, sprayed Py-HPC/SWNTs films after acid treatment show comparable 

electronic and optical properties with typical filter-transferred films. Further investigation 

will be performed by preparing CNTs-based electronic devices from both sprayed and 

filter-transferred films.  

A    Sprayed Film B    Filter-transferred Film 
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4.2.4 Homogeneity Comparisonof Sprayedand Filter-transferred Films 

4.2.4.1 Homogeneity measurement set-up 

Uniformity of the ultrasonic spraying and filter-transferring technique was tested 

using a film resistance-homogeneity measurement station designed and built by my 

colleges Dr. Bo Liu and Xiao Chen. The homogeneity test process is as follows: 1) 

Substrate Preparation. A 4″glass wafer was coated with 9 blocks of patterned 50 nm Au 

thick electrodes as shown in Figure 4-5A. Enlargement of the electrode array in one 

block is shown in Figure 4-5B. Each block occupies an area of 21.82 mm x 19.28mm, 

consisting of 72 electrodes (the black regions) arranged as 64 electrode pairs. The 

magnified area in Figure 4-5B shows one electrode pair possessing a 400 µm gap 

between the two electrodes. The substrate is subsequently spin-coated with BCB to 

form a thin hydrophobic layer and patterned using lithography to only occupy the 

regions where there is no Au. 2) Nanotube “pixel” definition. After a blanket deposition 

of the nanotube film across the array, the SWNT film was patterned using 

photolithography such that it crosses the 400 µm gap between the electrode pair 

extending across each electrode pair as indicated by the orange area in the magnified 

region in Figure 4-5B as a 400 µm wide strip, resulting in a 400 µm x 400 µm square, 

which comprises one “nanotube pixel”. 3) Homogeneity measurement. The two terminal 

resistance across the nanotube “pixel” between each electrode pair was measured by a 

home-made set-up that allows recording the resistance of 8 pairs at a time before the 

probe must be repositioned to measure the adjacent column of pixels. Because of the 

square shape of the pixel area, the resistance measured between paired electrodes 

equals the sheet resistance of nanotube film in that region (ignoring contact resistance). 
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By acquiring statistics on the resistances across such blocks we obtain a measure of 

the film homogeneity for each method of film deposition.  

 

 
Figure 4-5.Substrate array for the SWNT film homogeneity measurement. A) A 4″ glass 

wafer is covered with nine blocks of patterned 50 nm gold electrodes,B) 
Enlargement of electrode array in one-block area. 72 electrodes (black 
region) were paired into 64 electrode pairs. Each electrode pair is shown in 
the magnified area with a 400 µm gap between. For the resistance 
measurements the SWNT film is patterned as 400 µm wide strips extending 
across each electrode pair as indicated by the orange area in magnified 
region. 

A 

B 
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4.2.4.2 Homogeneity discussion 

SWNTs films having the size of 1-block area were sprayed or filter-transferred 

onto prepared substrates to compare the film uniformity from the two solution-based 

deposition processes. Both films were prepared targeting sheet resistance of Rs~ 4 – 6 

kΩ/□. Resistance of 64 pixels in both films were measured and plotted in color plots 

appearing in Figure 4-6, ranging from 3190 Ω/□ (blue) to 5710 Ω/□ (red). The sprayed 

film had a lower overall sheet resistance. This is consistent with AFM measurements 

showing that the sprayed film has higher nanotube density than the transferred film. For 

the sprayed film the center of the spray pattern was not set with sufficient precision such 

that the turn-around point ended up too close to one edge of the array. This meant that 

the last column on one side had less material sprayed on it, as indicated by the 

increased resistance observed in the right edge column (>4500 Ω/□) in Figure 4-6A. 

The sheet resistance statistics for the sprayed film is thus based on 56 measured 

“pixels” excluding this column. These gave a mean resistance of 3567 Ω/□ with a 

standard deviation (SD) of 176 Ω/□ yielding a relative standard deviation (RSD) that was 

4.94% of the mean. The statistics are tabulated in Table 4-2. Compared with transferred 

film with RSD% ~ 5.32% with mean sheet resistance in the similar range (3 - 5 kΩ/□), 

the sprayed film shows slightly better homogeneity, indicating that the ultrasonic spray 

technique provides at least comparable film uniformity compared with that of the 

traditional filter-transferring technique.  

Table 4-2. Statistics of nanotube pixel resistance from sprayed and filter-transferred 
films with the same size of 21.82 mm x 19.28 mm. 

 Average Rs (Ω/□) SD (Ω/□) RSD (%) 

Sprayed Film 3567 176 4.94 
Transferred Film 4904 261 5.32 
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Figure 4-6. Homogeneity comparison between sprayed and filiter-transferred films. A) 
Color sheet resistance plot of acid-treated sprayed film from Py-HPC/SWNT 
ink, B) AFM image of acid-treated sprayed film, C) A color sheet resistance 
graph of traditional filter-transferred film, D) AFM image of filter-transferred 
film. Both color plots show resistance of 64 “nanotube pixels” ranging from 
3190 Ω/□ (blue) to 5710 Ω/□ (red). 

 

 

Filter-transferred Film                 
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4.3 Error Analysis of Ultrasonic Spraying and Filter-Transferring Process 

4.3.1 Calibration Curve: CSWNTs vs. Absorbance 

To achieve more precise control over ink and film fabrication processes, a 

calibration curve defining nanotube concentration CSWNTs on the basis of UV-Vis 

absorbance spectra of SWNT solutions was plotted. Experimental details are as follows: 

concentrated SWNT dispersion in 1%TX aqueous solution with a known nanotube 

concentration CSWNTs = 3.75 µg/mL was diluted with different volumes of DI water 

resulting in solutions with a series of CSWNTs and CTX. UV-vis absorption spectra of these 

solutions are shown in Figure 4-7. As more DI water is added, characteristic TX signals 

at λ = 223 nm, 276 nm and 287 nm gradually decrease as well as the absorbance 

baseline (300 nm - 500 nm) that is mainly determined by CSWNTs. 
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Figure 4-7.  UV-vis spectrum of diluted SWNT/1%TX solutions with different 
nanotubesand TX concentrations. 
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Figure 4-8 plots the absorbance intensity of tested solutions at λ= 500 nm, 

sufficiently distant from absorption bands of TX, as a function of nanotube concentration 

CSWNTs, showing linear dependence:  

                                                               (4-1) 

Which means CSWNTs can be easily determined through following equation: 

                                                                (4-2) 

This linear relationship is consistent with Beer-Lambert Law and will help to 

indentify nanotube concentration in solutions.  
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Figure 4-8.  Linear dependence between absorbance of SWNT solutions at λ= 500 nm 

and Cswnts, fitting equation of this relationship is                  
                    . 

4.3.2 Spray depostion material losses 

In the vacuum filtration transfer process all the SWNTs that are in the suspension 

deposit onto the filtration membrane and are subsequently transferred, without loss of 

SWNT material, to the substrate. This is not true for spray deposition where some 
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fraction of the material is lost by deposition beyond the target area or lost, as a 

condensed layer, on the ultrasonic spray nozzle. In this section these losses are 

estimated.  

SWNTs films with a series of effective thicknesses De (between 4 nm ~ 20 nm) 

were filter-transferred onto BCB coated glass substrates. All films were prepared with 

the same SWNT/1% TX solution with the same nanotube concentration. The volume of 

the solution that was needed for film with target thickness Dt was calculated as follows:  

As a first order estimate of the nanotube weight needed for certain target 

thickness (Dt) was decided by: 

                                                              (4-3) 

S is the area of the spray pattern, Dt is the target thickness and ρ is the nanotube film 

density; ρ= 0.71 g/cm3 as previously reported [105]. Based on the amount of SWNTs 

needed, the volume v of the original SWNTs ink solution was calculated as: 

                                                               (4-4) 

where CSWNTs was obtained from UV-vis absorbance spectra.  

After filter-transferring onto the substrate, film thickness was measured by AFM 

step height measurement. This process was only used for the thickest film Dt ~ 25 nm 

because the nanotube film density ρ= 0.71 g/cm3 was obtained from the calculation of a 

1.5 µm thick film, within which empty space between tubes is largely eliminated, 

something not true for submonolayer films that do not fully cover the substrate. For 

thinner films, an effective film thickness was measured based on the UV-Vis 

transmittance spectra using the Beer-Lambert Law  

 

  
                                                           (4-5) 
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Where T0 and T are the intensity of incident radiation and transmitted radiation, 

respectively; σ is the absorption coefficient and N is the concentration of attenuating 

medium; D is the distance light travels through the material, which is the effective 

nanotube film thickness in our experiments.  For the same nanotube material, both σ 

and N are the same.  

3 mL 10 µg/mL of SWNTs in 1% TX solutions were filtered through membrane 

forming a film with the target thickness Dt ~ 20 nm. AFM step height in multiple places 

were measured with an average effective thickness yielding De = 24.3 nm. Thinner 

SWNT films thicknesses (<25 nm) were controlled by the volume of the SWNT/1% TX 

solutions that was filter deposited. Effective thickness of these films ( De) were obtained 

by calculation of ratios from the Beer-Lambert law, 

   
     

  

   
 

  

 
     

  
                                                          (4-6) 

         
  

     
  

  
 

  

                                                    (4-7) 

UV-Vis spectra of the filter-transferred films with De of 24.3 nm, 18.9 nm, 13.5 nm, 

9.6 nm and 4.2 nm are as shown as the solid lines in Figure 4-9, corresponding to 3 mL, 

2.25 mL, 1.8 mL, 1.2 mL and 0.6 mL of the original volume of SWNTs in 1% TX solution, 

respectively. To estimate the losses during the spray deposition, the same series of 

volumes of the original SWNT/1% TX solutions were sprayed onto BCB coated glass 

substrates. Sprayed films were washed with an overnight 4 M HNO3 bath; film 

thicknesses were calculated using the Beer-Lambert law ratio and film quality was 

further characterized by AFM and sheet resistance measurements. As shown in Figure 

4-9, dashed lines are the transmittance spectra of sprayed films; the transmittance of 
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films with the same volume of SWNT/1% TX solutions are marked with the same color 

as the sprayed films. The latter consistently show a higher transmittance, representing a 

substantial material loss during the spray deposition. For example, 3mL of SWNT/ 1% 

TX solution formed a film with De= 24.3 nm by filtration, compared to an effective 

thickness of De= 9.1 nm using spray deposition. Now even this effective thickness 

measurement is somewhat off because of the turn-around points in the spray pattern 

where the deposited film ends up somewhat thicker, but this error will become less 

significant as the spray area increases. 
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Figure 4-9. UV-Vis transmittance spectrum of filter-transferred films (solid line) and 
sprayed films (dashed line). Spectra of films with the same volume of original 
SWNT/1% TX solution were marked with the same color. 

Losses during spray deposition was calculated as a percent of effective filter-

transferred thickness according to  

      
                                

                     
x100                                    (4-8) 
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Figure 4-10 shows the loss% of spray coating technique as a function of effective 

thickness of filter-transferred films corresponding to the same volume of original SWNT/ 

1% TX solution. The loss% for the film with De= 0.68 nm was 83.8%, significantly higher 

than loss% for other films, with a loss% typically of 50% ~ 60%. This is explained by the 

fact that loss during spray coating deposition is caused by operational / instrumental 

loss and the material loss beyond target area. The latter one is proportional to the spray 

repetition steps, and therefore should scale with the film thickness and be a constant 

after divided by the effective thickness of filter-transferred film. With extremely thin 

sprayed films, operational/instrumental loss plays an important role in loss calculation. 

However, as sprayed thickness increases, influence of operational / instrumental loss 

diminishes and loss% tends to remain consistent.  
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Figure 4-10. Loss percentage during spray coating deposition as a function of effective 
thickness of filter-transferred film. 

Sheet resistance measurements were also used to characterize sprayed/filter-

transferred films. Figure 4-11 shows the sheet resistance of the sprayed and filter-

transferred films as a function of effective thickness. For the same effective thickness, 

Rs of both films are reasonably close with sprayed films being slightly higher than 
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transferred films. This resistance difference between two types of films is likely due to 

two factors: 1) the possibility of minor residue of insulating dispersant left on the 

nanotube surface after acid treatment resulting in a lower conductivity, 2) vacuum 

filtered SWNTs tend to lie straighter and get into better contact with each other, coming 

together in Y junctions, which maximizes tube-tube contact area as opposed to X 

junctions in sprayed films which have more limited tube-tube contact at the single 

crossing point, inducing more tube-to-tube contact resistance. Tube-tube contact 

resistance is the main source of resistance in SWNT thin films [23]. Detailed information 

is shown in Table 4-3. Rs vs. De curve for the sprayed film (black line) was fitted to get 

the relation: 

                                                              (4-9) 
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Figure 4-11.  Sheet resistance of the sprayed (black line) and filter-transferred (red line) 
films as a function of target thickness. 
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Table 4-3.  Sheet resistance comparison between sprayed and filter-transferred films 
with corresponding effective thickness. 

Effective thickness 
De-spray (nm) 

Sprayed Rs (Ω/□) Effective Thickness 
De-filter (nm) 

Filter-transferred Rs 
(Ω/□) 

0.68 14641 2 5500 
2.5 6640 4.2 1194.9 
3.7 2980 9.6 473 
6.3 1564 13.5 331.45 
8.2 837 18.9 216.74 
9.1 586 24.3 168.17 
12.7 441 55 49 

 

For nanotube enabled Vertical Field Effect Transistors (VFETs), which will be 

discussed in the Chapter 5, the filter-transferred nanotube films that are typically used 

have an effective thickness ~2 nm, corresponding to Rs~ 4 – 6 kΩ/□. Table 4-3 shows 

that an effective thickness between 2.5 ~3 nm is needed for sprayed films for this 

desired sheet resistance range, which is consistent with the idea that sprayed films 

have a slightly poorer conductivity compared with filtered-transferred films of the same 

thickness. This 2.5 ~ 3 nm effective thickness for sprayed films, as predicted in Figure 

4-10 with an loss% of ~70%, corresponds to the effective thickness of filter-transferred 

film at De ~ 7 nm according to Equation 4-8. 

4.4 Spray-coating from PTSA/SWNT ink 

4.4.1 Sprayed Films from PTSA/SWNT ink 

Sprayed SWNT films were made from the PTSA/SWNTs inks discussed in 

Chapter 3. After dialysis and brief centrifugation (to remove some macroscopic fibers 

associated with the dialysis membranes) the PTSA/SWNTs ink was diluted with ethanol 

so that the nanotube concentration in the mixture for spray-coating was CSWNTs =1 

µg/mL. As previously discussed, the PTSA/SWNTs inks were all prepared with the 

same PTSA concentration CPTSA=10-7 M. Lower PTSA : SWNTs weight ratio meant a 
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higher nanotube concentration, so to keep the nanotube spray concentration constant 

required varying volumes of ethanol for dilution. These diluted solutions were sprayed 

onto BCB coated glass substrates to form films with a target Rs between 4 – 6 kΩ/□. As 

shown in Table 4-4, depending on different PTSA : SWNTs weight ratio values in the 

series of inks, the weight percentage of ethanol ranged from 54.8% to 92.3%. All diluted 

solutions were sprayed under the same spray conditions. Solutions were sprayed at 

69% nozzle power onto the BCB-coated glass substrates at a temperature of 130 °C. 

Ink flow rate was R = 0.06 mL/min, nitrogen flow rate was R’ = 3L/h. Overspray areas in 

X and Y directions were x = 0.5 cm, y = 1.2 cm. The film sprayed from the PTSA : 

SWNTs = 1 : 105 ink containing larger amount of ethanol (82.8%) showed substantial 

conductivity enhancement with Rs twice lower than that of the SWNT film sprayed from 

the PTSA : SWNTs = 1 : 40 ink containing less ethanol (54.8%). This conductivity 

improvement is due to ethanol-improved wetting characteristics, evaporate rate and less 

insulating dispersant. Surface tension of the mixture increases along with increase of 

ethanol weight% [106]. However, further ethanol weight% increases does not causes 

significant Rs changes. Films sprayed from the inks with ratio values of 1:105, 1:200, 

1:300 and 1:400 had sheet resistance ~ 4 – 8 kΩ/□ s (Table 4-4), which is within the 

range of typical Rs values necessary for the SWNTs films used in VFET.  

Table 4-4. Effect of the ethanol percentage in the PTSA-based inks on the conductivity 
of the sprayed films. 

PTSA : 
SWNTs 

CSWNTs (µg/mL) DI (mL) Ethanol(mL) Ethanol weight% Rs (Ω/□) 

1:40 2.54 2.8 4.3 54.8% 12366 
1:105 7.06 1 6.1 82.8% 6393 
1:200 11.4 0.69 6.41 88.0% 8427 
1:300 16.18 0.5 6.6 91.2% 4857 
1:400 18.62 0.44 6.66 92.3% 5598 
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Optical microscopic images of as-sprayed films were obtained to determine film 

cleanness. The amount of dark lines caused by the “coffee ring effect” decreased with 

the increase of ethanol mass%. However, a few dark lines still appeared on films that 

were sprayed from the ink with minimum PTSA : SWNTs weigh ratio 1:400, meaning 

that post-treatment was unavoidable.  

4.4.2 Post-treatment 

Since PTSA dispersant has a good solubility in alcohols, we used ethanol 

(avoiding concentrated acid needed with Py-HPC) for post-treatment of the PTSA based 

sprayed films. The films were characterized using Rs, AFM, and UV-Vis measurements. 

Figures 4-11A and B show the AFM images of the as-sprayed and ethanol-treated 

SWNT films (PTSA : SWNTs = 1 : 105 ink, target thickness of the film Dt ~ 7 nm). As 

seen from the AFM images most of the dispersant residue was effectively removed by 

ethanol bath. This is in a good agreement with sheet resistance measurements: after 

ethanol treatment the Rs dropped from >6 to 4 – 5 kΩ/□. Another PTSA/SWNT film 

sprayed under the same conditions was treated with an overnight 4 M HNO3 bath for 

comparison. The film was thoroughly cleaned after acid bath, as shown in Figure 4-11C, 

giving Rs ~ 6 kΩ/□. It could be concluded that much milder ethanol treatment allows for 

removal of the dispersant residue as efficiently as a 4 M nitric acid bath. This could be 

attributed to the small quantity of the PTSA dispersant in the SWNT inks and sprayed 

films and the good solubility of PTSA in ethanol.  

Comparing ethanol treated sprayed film with filter-transferred film with a similar 

Rs ~ 6 kΩ/□, as shown in Figure 4-11B and D, filter-transfer deposition seems to induce 

more local tube alignment while ultrasonic spray-coating shows randomly spread tubes 

over the whole substrate. The tube density in both films is comparable. The 
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transmittance of the acid-treated, ethanol-treated sprayed films and a filter-transferred 

film is shown in Figure 4-12. All three films give similar transmittance between 97.0 ~ 

97.5% at wavelength λ = 500 nm.  

 

Figure 4-12.  AFM images of the sprayed and filter transferred films before and after 
treatment. A) as-sprayed PTSA/SWNT film with Rs> 6 kΩ/□, B) PTSA/SWNT 
film after overnight ethanol treatment, Rs~ 4 – 5 kΩ/□,C) PTSA/SWNT film 
after overnight in 4 M HNO3 bath, Rs ~ 6 kΩ/□, D) transferred film used for 
homogeneity test, Rs~ 4 – 5 kΩ/□. 
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Figure 4-13.  Percent transmittance spectra of the acid-treated, ethanol treated and 

filter-transferred films, all showing T% ~ 97% at wavelength λ= 500 nm. 

4.4.3 Homogeneity Test 

The uniformity of a more extended-area sprayed PTSA/SWNT film was 

investigated using homogeneity measurement set-up discussed in Section 4.2.4.1and is 

compared with transferred films. Nanotube films were ultrasonic sprayed or filter-

transferred onto a 2-block area of the wafer. The homogeneity measurement process, 

including substrate preparation, nanotube pixel deposition and sheet resistance 

measurement, were the same as discussed in Section 4.2.4.2.  
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Figure 4-14.  Electrode array in 2-block area, 144 electrodes (black region) forms into 
128 electrode pairs. Each electrode pair is shown in the magnified area with a 
400 µm gap between. For the resistance measurements the SWNT film is 
patterned as 400 µm wide strips extending across each electrode pair as 
indicated by the orange area in magnified region 

The Rs measurement of 128 pixels is shown in color plots in Figure 4-14, ranging 

between 4240 - 6960 Ω/□ from blue to red. The majority of pixels in both films are 

blue/green with Rs < 6 kΩ/□ with the exception of the left-side column of the sprayed 

film, which was again due to a centering problem on initiating the spray pattern. The left-

side column was accordingly excluded from Rs statistics calculation. The homogeneity 

statistics are shown in Table 4-5. The sprayed film has a mean Rs value of 5113 Ω/□ 

with a RSD that was 6.37% of the mean, compared to a mean Rs of 4933 Ω/□ with a 

RSD of 6.82% for transferred film. Homogeneity of the sprayed film is slightly better 

than filter-transferred films. These results are encouraging for future scale-up of spray 

deposition.  
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Figure 4-15. Homogeneity comparison between sprayed and filter-transferred films. A) 

color plot of the Rs values of 128 nanotube pixels for sprayed PTSA/SWNT 
film, B) a color plot of the Rs values of 128 nanotube pixelsfor transferred film. 
Each film covers an area of 21.87 mm x 41.51mm with Rs ranging from 4240 
to 6960 Ω/□ from blue to red. 

 

Table 4-5. Homogeneity statistics of Rs of 2-block area nanotube pixels for sprayed and 
transferred films. 

 Average Rs (Ω/□) SD (Ω/□) RSD% 

Sprayed Film 5113 326 6.37 
Transferred Film 4933 336 6.82 

 

 
  

A 
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CHAPTER 5 
SPRAYED FILMS FOR VERTICAL FIELD EFFECT TRANSISTORS 

5.1 Fundamentals 

5.1.1 Introduction to Vertical Field Effect Transistor 

The thin film transistor (TFT) has been the dominant transistor choice for the 

array backplane in active matrix displays for a long time [107-109]. Figure5-1A shows 

typical structure of a bottom gate-top contact TFT. The source, drain and active layer 

are co-planar above the dielectric layer and gate. Source is always grounded while 

voltage is applied to the drain electrode (Vd) and gate electrode (Vg). Carriers are 

induced by the applied gate electric field in the active layer near the interface with the 

dielectric layer [110]. A simultaneously applied drain voltage generates a drift current 

that flows between the source and drain. Positive gate voltage Vg induces negative 

charge (electron) injected from grounded electrodes while negative gate Vg voltage 

induces positive charge (hole) injected. The amount of accumulated charges in the 

interface is proportional to applied gate voltage Vg and capacitance of gate dielectric 

layer C according to capacitance equation 

                                                            (5-1) 

Accumulated charges in the interface between the semiconductor and dielectric 

layer that are induced by Vg will be driven to flow from source to drain in response to the 

horizontally applied electrical field Vd thus forming the drain current Id. The Vg applied 

must be larger in magnitude than the threshold voltage (Vth) in order to accumulate 

carriers. Vth is affected by the electronic properties of the active layer, gate/gate 

dielectric layer and charge traps on and around the dielectric layer. Output current Id in 

a TFT, which is determined by many factors, is illustrated in equation [111]: 
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                       (5-2) 

Where Cw is the channel width, CL is the channel length between source and drain 

electrodes, Ci is dielectric layer capacitance, Vg is gate voltage, Vth is threshold voltage, 

Vd is source-drain voltage. Id increases as channel length CL decreases. In order to 

achieve sufficient output current for active-matrix organic light-emitting diode (AMOLED) 

backplane application, for example, channel length needs to be short , which requires 

high resolution lithography that is highly costly and complex. An effective way to resolve 

this problem is to change the architecture of transistors in an innovative way, as shown 

in Figure5-1B [104]. Transistors with this vertically oriented structure are called vertical 

field effect transistors (VFETs). 

 

 

Figure 5-1.  Schematic representations of transistors. A) Structure of top contact-bottom 
gate thin film transistor. Source, active layer and drain are all co-planar. 
Output current depends on active layer length CL and width CW, B) Structure 
of vertical field effect transistor. Active layer is sandwiched by source and 
drain. The VFET source is designed to be perforated to avoid screening of the 
gate electric field. Channel length CL now can be visualized as the thickness 
of the active layer which is thin film (note however, Equation5-2 does not 
apply to VFETs). Reprinted with permission from Carbon-Nanotube-Enabled 
Vertical Field Effect and Light-Emitting Transistors (John Wiley and Sons, 
2008). 
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VFETs have been found to be a promising solution to both avoid high fabrication 

expenses and expand the range of potential channel materials. In a VFET, as shown in 

Figure 5-1B, source, active layer and drain are all stacked on the dielectric layer one 

after another. The overlapping region between the source, active layer and drain is the 

device area CA, with which the output current scales. The active layer length CL that 

scales inversely with current in Equation 5-2 is simply defined by the semiconductor 

thickness in VFETs. Therefore, instead of using costly high resolution patterning to 

define sub-micron channel lengths (as would be required in the conventional TFT 

architecture to provide the current required in an AMOLED backplane), VFETs achieve 

sufficiently high output current by simply depositing the channel layer as a thin film, 

which readily results in a nanometer scale channel length.  

5.1.2 Working Mechanism of VFETs 

Figure 5-2 shows the schematic of a working carbon nanotube enabled VFET 

(CN-VFET) [104]. The source electrode is grounded while the gate voltage (Vg) is 

applied to the gate electrode and the drain voltage (Vd) applied to the drain electrode. In 

operation, a constant Vd is applied and Vg is being swept between a range of voltage to 

switch the output current Id on and off. Current between source and gate is referred to 

as gate leakage current (Ig) and best if kept below 1×10-6 A/cm2. Gate leakage current 

through the dielectric layer usually occurs through defects such as pinholes or 

contaminants or from the unintended application of an overly large gate voltage 

resulting in an electric field across the dielectric above its breakdown value. 
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Figure 5-2.Structure of a carbon nanotube enabled VFET. Vg and Vd are applied with 
respect to the grounded source. Reprinted with permission from Carbon-
Nanotube-Enabled Vertical Field Effect and Light-Emitting Transistors (John 
Wiley and Sons, 2008). 

 
Distinct from the mechanism of a TFT, a VFET is a schottky barrier gated device 

[104]. It controls output current by modulating a schottky barrier that exists between the 

source electrode (CNTs in the case of a CN-VFET) and the semiconductor layer. This is 

where CNTs as the source electrode became the key innovation in our devices. 

Because of the low DOS of CNTs, their Fermi level can be easily manipulated by either 

chemical charge transfer doping or electrical field effect gating [20, 22, 23], and 

therefore modulating the schottky barrier height between source and channel layer. As 

shown in Figure 5-3, when a metal is put into contact with a p-type semiconductor, the 

Fermi level of the semiconductor lines up with the work function of the metal for thermal 

equilibrium at the interface.  
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Figure 5-3.Schottky barrier formation between a metal and a p-type semiconductor. A) 
Flat band diagram of the metal (work function qΦm) and semiconductor 
(electron affinity qχ and energe band gap Eg) before contact, B) after 
contacting, Fermi level of semiconducting material line up with work function 
of metal forming schottky barrier at the interface 

Charge rearrangement during this process forms a potential gradient within the 

semiconductors that prohibits any further transfer of charges, with band bending 

occurring for both conduction and valence bands. This creates a schottky barrier that 

resists holes moving from the metal to the semiconductor. Assuming the metal work 

function is qΦm, the electron affinity of the p-type semiconductor is qχ and its band gap 

is Eg. After contact, the schottky barrier height for holes to move from the metal to the 

semiconductor is  

qΦb= Eg-( qΦm- qχ)                                           (5-3) 

In CN-VFETs, the CNT source serves as a metal whose work function can be 

shifted in response to the gating electric field to control the transconductance through 

source-semiconductor-drain. Both the schottky barrier height and width are modulated 

A 

B 
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at the CNT/semiconductor interface to turn the device ON or OFF. The modulation of 

the barrier height, which is due to the shift of Fermi level of CNTs upon electric field 

gating, modulates the thermionic emission current. This is in addition to a thinning of the 

barrier as would be expected when the semiconductor is brought into accumulation 

under negative gate voltages (for a p-channel device). Modulation of the barrier width 

results in the modulation of the tunneling current. These two phenomena work together 

to make the CN-VFET very effective as a transistor. Electrostatic simulations have been 

done in previous work [104] and confirmed these phenomena. Figure 5-4 shows the 

simulation of gating effect on schottky barrier height at one point (green spot) on CNTs 

in the CNT/semiconductor (p-type) interface. The barrier height decreases as Vg 

increases in magnitude from -1v to -20v along with the thinning of the barrier. Negative 

gate voltage with increasing magnitude reduces schottky barrier height and width, 

inducing drain current and turns the device ON. On the other hand, increasing positive 

gate voltage increases barrier height and width and turns the device OFF. Typical 

metals have a much larger DOS than CNTs and therefore would not experience Fermi 

level modulation under electric field gating. This in turn would prevent schottky barrier 

height modulation, limiting the source-semiconductor-drain transconductance control to 

modulation of schottky barrier width only and making conventional metal based source 

VFETs inferior to CN-VFETs [10, 112]. 
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Figure 5-4.Schottky barrier between one intrinsic point on CNTs and semiconductor 
layer, both schottky barrier height and width changes along with applied gate 
voltage. Reprinted with permission from Carbon-Nanotube-Enabled Vertical 
Field Effect and Light-Emitting Transistors (John Wiley and Sons, 2008). 

5.1.3Fabrication Process of Organic-VFETs 

Figure 5-5A shows the typical device structure. Fabrication procedure is as 

follows: Heavily p-doped silicon with a 200 nm thermally oxidized layer of SiO2 was 

used as received for the gate electrode and dielectric layer, respectively. BCB, as a 

commercially available, easy-to-process polymer, was used as the dielectric surface 

treatment layer. It was diluted with trimethylbenzene and spin-coated to form a 5 nm 

thin film as a dielectric surface treatment layer, which was subsequently hard-baked on 

a hot-plate in an argon glovebox at 250℃ for 1 h to be cross-linked and resistant to 

organic solvents. Dilute CNT solution was spray-coated or filter-transferred onto the 

substrate as the source electrode with vapor-deposited Cr/Au (10/30 nm) at ends as 

source contact. The substrate was placed on a hot-plate in an argon glovebox at 225℃ 

for 1 h to dedope the CNTs (Fermi level from 4.9 eV to 4.6 eV). As-purchasedN,N’-di(1-

naphthyl)-N,N’-diphenyl-1,10-diphenyl-1,40-diamine)(NPD) with HOMO level ~5.5 eV, 
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structure as shown in Figure 5-5B, was used as the channel material, forming initial 

schottky barrier height qΦb~0.9 eV in the NPD/CNT interface. NPD was thermally 

evaporated from an effusion cell at 220 ℃ with a growth rate of 4 Å/s under a pressure 

of ~7E-7 Torr to form a thickness of 450 nm film. The substrate was subsequently 

transferred in an argon glovebox to a metal evaporation chamber without exposure to 

ambient. A TEM grid shown in magnified area in Figure 5-5C was used as a shadow 

mask to define hexagonal 30 nm Au pixels (0.035 mm2) as the drain electrodes on top. 

Figure 5-5C shows the top-view of a 0.6”×0.6” substrate with four sections (yellow 

circles) deposited with drain electrode pixels. The CNT source electrodes are shown as 

two grey strips. Pixel to pixel uniformity across the substrate was characterized by 

measuring numerous pixels across all four sections and will be discussed later on in this 

chapter.  

 

 
Figure 5-5.Structure of Organic-VFET. A) Schematic representation of an NPD-channel 

VFET, B) chemical structure of NPD, C) top-view of a 0.6"×0.6” substrate 

with four sections of working pixels. 

A 

B 

C 
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5.1.4 Typical VFET Curves 

Typical VFET curves include transfer curve, output curve and ON/OFF ratio. 

Curves of the device prepared in Section 5.1.3 are shown in Figure 5-6. Figures 5-6A 

and B show the typical transfer curves in linear and log scale. Vg sweeps from -60 to 

+20 V while Vd is held constant at -5 V. Threshold Voltage (Vth) is the interception of the 

fitted regression line with the X axis in linear transfer curve. It indicates when the 

transistor starts to turn-on in the linear scale (OFF-to-ON). The log scale transfer curve 

clearly shows the ON/OFF ratio of the device. Subthreshold slope (Vss) is another 

feature of the device and has units of volts per decade representing how much Vg is 

required to modulate Id one order of magnitude when the device is being turned on:  

    
   

        
                                                   (5-4) 

It is extracted by fitting a linear regression line with the steepest part of log scale 

transfer curves (OFF-to-ON). A small Vss exhibits a fast transition between OFF and ON 

state. The counter-clockwise hysteresis results predominantly from charge traps in the 

dielectric surface treatment layer. According to electrostatic theory, in the ON state 

(Vg=-60 V), accumulated negative charge on the gate would induce a compensating 

amount of positive carriers in the VFET active region, compromised of CNT source and 

the region of the semiconductor layer nearby the CNTs and dielectric. In addition to the 

positive carriers accumulated in this active region, trapped positive charge is also 

present on or near the dielectric surface (in this case BCB). Positive carriers in the 

active region reduce the schottky barrier turning the device on. When Vg is swept from -

60 V to 0 V, the amount of electrons on the gate reduces. For electrostatic balance, the 

positive carriers in the active region should also decrease to the same level. Because of 
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the trapped positive charge in the BCB layer however, more positive charge is removed 

from the active region turning the device off earlier. On the opposite, while transistor is 

fully OFF (Vg = 20 V), positive carriers accumulate in gate, leading corresponding 

amount of electrons in the active region and BCB. Accumulation of electrons in the 

active region increases the schottky barrier, turning the device OFF. With Vg sweeping 

from 20 V to 0 V, positive charge on the gate decreases, followed by drastic reduction of 

electrons in the active region. The electric field from trapped electrons affects the active 

region as more negative gate voltage than is actually being applied and turns the device 

ON quicker than without traps. Therefore, because the trapped charge is affecting the 

transfer curves on both ends of the sweep and in opposite directions, hysteresis is 

observed. Because of its good storage ability for both holes and electrons, BCB gives 

large hysteresis and has been used for memory devices [10]. Figure5-6C and D show 

the linear-linear and log-linear output curves of the device pictured in Figure 5-5A. The 

output curve records source-drain current with sweeping Vd from 0 to -8 V and keeping 

Vg constant. A series of sweeps at gate voltages ranging from the ON (Vg = -60 V) to the 

OFF (Vg = 20 V) state were taken. ON/OFF ratio curve shown in Figure 5-6E shows the 

ON/OFF current ratio as a function ofon-state current density (current per unit drain 

area). 
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Figure 5-6.  Typical curves of VFET. A) Transfer curve in linear-scale, B) transfer curve 
in log-scale, C) output curve in linear scale, D) output curve in log-scale, E) 
ON/OFF ratio VS on-current density. 
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5.1.5 Effect of different VFET parameters 

As a schottky barrier modulated device, the VFET is influenced by multiple 

device parameters. This section talks about key features of some components: 

semiconducting channel layer and drain electrodes, nanotube networks and dielectric 

surface treatment layer.  

5.1.5.1 Nanotube bundle effect 

Because of nanotube aggregation in initial solutions or during deposition process, 

nanotube network as source electrodes is normally comprised of a bundle distribution 

ranging in diameter from 1 nm to 9 nm with peak centered at ~5 nm [104]. Some of the 

tubes, especially those sitting on top of bundles get screened from field gating. So if it is 

initially ON-device like Figure 5-7A, positive gate fielding can only switch Fermi level of 

CNTs in the bottom (Figure 5-7B) leaving a residual amount of current going through 

the channel between source and drain. In this case the device can’t be turned fully OFF, 

leading to a poor ON/OFF ratio. On the opposite side, in accumulation mode, initial 

barrier height is large enough; no current goes through active layer. Adding negative 

gate voltage would decrease qΦb between CNTs in the bottom and semiconductor, 

turning device ON as shown in Figure 5-7C. When switching gate voltage to positive, 

schottky barrier between CNTs and semiconductor layer is increased, turning device 

fully OFF (Figure 5-7D).Therefore, higher ON/OFF ratio is achieved. To get large initial 

barrier for lower OFF current, CNT films were baked in glovebox at 225℃, changing its 

Fermi level from ~4.9 eV to ~4.6 eV thus increasing the schottky barrier qΦb.  
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Figure 5-7. Schematic of CNTs bundle’s effect on switch transistor ON/OFF. A) 
normally-ON device in its ON-state, B) Positive gate voltage can only switch 
Fermi level of lower half CNTs, not turning device fully-OFF, C) normally-OFF 
device in its ON-state, D) positive gate voltage can fully turn the device OFF. 
Reprinted with permission from Bo Liu: carbon nanotube enabled vertical field 
effect transistors and their device derivatives (University of Florida, 2010). 

 
CNT networks need to be made dilute enough to avoid screening from near lying 

CNT bundles to allow the gate electrical field access to the organic semiconductor. 

However, the networks must be near or above the percolation threshold of metallic 

tubes so the sheet resistance is low enough to pass through appreciable current.  

5.1.5.2 HOMO level of semiconducting channel and work function of electrodes 

Previously built CN-VFETs in our lab were normally OFF devices, meaning little 

source-drain current occurs when Vg equals 0 V. This requires an appreciably large 
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initial barrier height between CNT source and semiconductor layer. To achieve this, for 

p-channel device, the HOMO level of the semiconductor must be several hundred meV 

(say > 400 meV in magnitude) deeper than the CNT work function. Otherwise, if HOMO 

level of semiconductor is sufficiently close (say < 200 meV in magnitude) to the CNT 

work function, an ohmic contact between the CNT/semiconductor will be formed, 

transforming the CN-VFET to a normally-ON device. In our experiments, 

semiconductors are usually chosen with their HOMO level ~ 5.3 eV or even deeper so 

the initial schottky barrier is large enough that device is normally OFF [34, 104, 113]. 

The work function of the drain electrode is selected to be close to the HOMO 

level of the semiconductor to minimize the hole-extraction barrier at the interface 

between the metal drain and semiconductor, reaching higher on-currents. Au (work 

function ~ 5.1 eV) is generally used. 

5.1.5.3 Surface treatment on dielectric layer 

Different surface treatments on dielectric layer highly affect device performance. 

This section discusses some previous experiments by earlier researchers in our group 

and insights of influence. Figure 5-8 shows transfer curves of VFETs with no surface 

treatment and treated with BCB and SiO2. BCB is very stable after cross-linking and has 

excellent ambipolar charge storage capability [10]. VFET with BCB treated dielectric 

surface gives lower off current and higher ON/OFF ratio than with RainX treated or bare 

SiO2. This phenomenon is due to the difference in the charge trap depths in the BCB 

and SiO2 surfaces. SiO2 layer has been proved to posse a large amount of electron 

traps states because of SiOH Silanol groups [114]. Electron traps in the BCB layer are 

deeper than those on the SiO2 surface. When positive gate voltage is applied to turn the 

device OFF, electrons are induced in the dielectric surface treatment layer, 



 

104 

semiconductor layer and CNTs for electrostatic balance. Shallower traps in SiO2 means 

that gate voltage starts to induce electron traps in SiO2 at an earlier point when 

sweeping gate voltage. For example, when Vg sweeps from -100 V to 100 V, electrons 

could start to be trapped at Vg-trap = 70 V for SiO2 and Vg-trap = 90 V for BCB. Starting 

from Vg = 70 V, negative charges start to be trapped in SiO2 surface, partially 

compensating further positive gating and therefore device is less turned OFF. On the 

other side, with deeper traps in BCB layer, negative charges only start to be trapped 

when Vg reaches to 90 V. Before this point, positive gate electric field is efficiently 

imposed on CNTs to turn the device more OFF, as shown a lower OFF current for BCB-

coated VFET in Figure 5-8. RainX treated device gives a lower OFF current because 

the functional groups in it can be bonded with hydroxyl groups in SiO2 reducing the 

electron traps in SiO2 when it is turning OFF. 

 

 
Figure 5-8.  Transfer curves of VFETs with different dielectric surface treatment layer. 

Reprinted with permission from Bo Liu: carbon nanotube enabled vertical field 
effect transistors and their device derivatives (University of Florida, 2010). 
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5.2 VFETs with Ultrasonic SprayedPy-HPC/SWNTs Films 

Electrical properties of acid-treated sprayed Py-HPC/SWNTs films were tested 

by building VFETs on top. Device uniformity was also measured as an indicator of 

uniformity of nanotube films used as the source electrode. The device structure was 

shown in Figure 5-5A and the same processing procedure mentioned in Section 5.1.3 

was used to fabricate the device. Two devices were prepared in parallel for comparison, 

one with sprayed CNTs (sprayed-CNT VFET), another with transferred CNTs 

(transferred-CNT VFET), all other conditions were the same. For ultrasonic spraying 

technique, a hand-made PET mask was used to define CNT strips. For filter-transferring 

technique, CNTs were cut into strips before transferring. Ten pixels were measured for 

both devices. At its first opportunity, 1 out of 10 measured pixels from transferred-CNT 

VFET and 2 out of 10 measured pixels from sprayed showed deviated performance due 

to the source-drain (S-D) leakage. Figure 5-9 plotted all remaining pixels for both 

transferred-CNT VFETs(black lines) and sprayed-CNT VFETs (red lines) in linear A and 

log-scale B, respectively. In one single substrate with either filter-transferred or sprayed 

film, pixels gave highly uniform performance.  

Device uniformity was tested by analyzing statistics on maximum current density 

Jmax, ON/OFF ratio, threshold voltage Vth and subthreshold slope Vss. For a 

conventional TFT the Vth is calculated from a linear fit on an Id 1/2 vs. Vg plot (based on 

the gradual channel approximation) and defined to be where the extracted regression 

line intersects the x axis [111]. 
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Figure 5-9.  Comparison of VFETs performance between sprayed Py-HPC/SWNT films 
as source electrode and traditional transferred CNTs as source electrode. 9 
out of 10 measured pixels from transferred-CNT VFETs (black lines) and 8 
out 10 measured pixels from sprayed-CNT VFETs (red lines) were plotted. A) 
transfer curve in linear scale, Vg swept between -60 v ~ 20 v, Vd = -5 v, B) 
transfer curve in log scale, C)output curve comparison between a random 
chosen pixel from both transferred-CNT VFETs and sprayed-CNT VFETs, D) 
ON/OFF ratio as a function of on-current density J, mostly between 
5*103~5*104. 

 
Because the CN-VFET is a Schottky barrier device, the equations from the 

gradual channel approximation are not applicable. Instead, Vth is extracted from linear 

Jd vs. Vg plot in its ON-state transfer curve because the Jd of the CN-VFET follows a 

nearly linear dependence on Vg [34]. Statistics information is shown in Table 5-1. 

Sprayed-CNT VFETs have an average threshold voltage Vth = -28.82 V with a standard 

A B 

C D 
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deviation SD = 1.35 V yielding an average deviation that was 4.68% of that mean. 

Comparing to SD% = 5.18% for transferred-CNT VFETs, sprayed-CNT VFETs gives 

slightly more uniform performance. This result is also consistent with subthreshold slope 

measurement which shows Vss of sprayed-CNT VFETs is 4.56% which is lower than 

that of transferred-CNT VFETs Vss = 5.47%. Transfer curves clearly show that the ON 

current of transferred-CNT VFET is nearly twice the value of sprayed-SWNTs-VFET 

while OFF currents in both are similar. Jmax was measured in transfer curves where Vd = 

-5 V and Vg = -60 V. On current difference is also observed from output curve 

comparison between a randomly chosen pixel from both transferred-CNT VFET and 

sprayed-CNT VFET, as shown in Figure 5-9C. This difference in on current leads to a 

higher ON/OFF ratio for transferred-CNT VFETs, nearly 14K comparing to 7K for 

sprayed-CNT VFETs as shown in Figure 5-9D. The lower ON/OFF ratio of the sprayed 

device may be attributed to the association of the Py-HPC residue with the CNT surface 

and may restrict hole injection from the CNT source into the channel layer.  

 
Table 5-1. Statistics of 9 out of 10 measured devices with transferred CNT and 8 out of 

10 measured devices with sprayed CNTs. 
 max Jmax (mA/cm

2
) ON/OFF ratio Vth (V) Vss (V/dec) 

T S T S T S T S 

av 9.04 4.79 13984 7090 -31.29 -28.82 5.67 4.39 
SD 0.61 0.32 3548 2226 1.62 1.35 0.31 0.20 
SD% 6.75% 6.68% 25.37% 31.40% 5.18% 4.68% 5.47% 4.56% 

*T means device with transferred CNTs and S means device with sprayed CNTs. 
ON/OFF ratio statistics is calculated at 5 mA/cm2 on current density. Max Jmax is 
measured at Vd = -5 V and Vg = -60 V.  

Overall, sprayed Py-HPC/SWNTs films maintain good electrical properties given 

comparable performance of sprayed-CNT VFETs with transferred-CNT VFETs. 

Overnight 4 M HNO3 treatments clean the sprayed films without damaging nanotube 

properties or inducing extra observable impurities. That 80% of pixels from sprayed-
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CNT VFET measured were functional without source-drain leakage is encouraging 

comparing to 90% for transferred-CNT VFET. With smaller SD% of both threshold 

voltage Vth and subthreshold slope Vss, device with sprayed nanotubes shows slightly 

higher uniformity, which is promising for future large-scale electronic device fabrication.  

5.3 VFETsOptimization 

In this section, several optimizations regarding nanotube cleanness, gate/gate 

dielectric layer and sprayed film treatment will be investigated to further lower operating 

voltage and source higher output current.  

5.3.1 CNT Film Cleaness and Optimization of Gate/Gate Dielectric Layer 

Similar with lateral TFTs, the shorter the channel length, the higher the ON-

current is. However, the channel layer thickness can only be reduced so far before S-D 

leakage current starts to arise due to impurities in the nanotube film. To solve this issue, 

oxygen plasma etching method for defining graphene perforated films [115] was applied 

to purify and planarize nanotube films by removing any large size impurities. 

Planarization steps are as follows: 100 nm Au was deposited onto nanotube film to fully 

cover the surface for protection. The substrate was then etched in oxygen plasma at 

600 sccm/600 w for 30mins to remove any impurities that were not covered by the Au 

layer. Following plasma treatment the Au was subsequently removed by submerging in 

gold etchant bath for 1min. With planarized CNTs, fewer impurities are expected to be 

present on the CNT source electrode and therefore thinner channel layers become 

possible before S-D leakage current takes over. Reducing the channel thickness is 

expected to lead to higher on-current.  
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To decrease operating gate voltage, efforts have been focused on reducing the 

dielectric thickness d and using a dielectric material with larger dielectric constant    to 

increase gate dielectriccapacitance according to  

       
 

 
                                                   (5-5) 

Three devices were prepared for the optimization experiments. To test the effect 

of planarization of the CNT source electrode two devices were made. The first was 

control device VFET1 and was comprised of Si/200 nm SiOx as gate/gate dielectric 

layer, with transferred CNTs as source electrode. The channel material was NPD and 

was deposited to a thickness of 450 nm. The second device VFET2 was made with a 

reduced channel thickness of 360 nm and had planarized CNTs (processed as 

described above), with all other layers the same as VFET1. 

Figure 5-10 shows the transfer curves (A), output curves (B) and ON/OFF ratio 

(C) for VFETs 1 and 2. As clearly shown in Figure 5-10B, with slight improvement in the 

ON-current, VFET2 (red line) shows a dramatic decrease in the OFF-current, from 10-3 

mA/cm2 to 10-4 mA/cm2, boosting the ON/OFF ratio nearly 2 magnitude, from 104 to 106 

comparing to VFET1 (black line). Planarization of CNTs allowed a thinner channel layer 

and lead to greatly improved device performance.  

The third device VFET3 was prepared with ITO/50 nm AlOx as gate/gate 

dielectric layer with other conditions the same with VFET2. Aluminum oxide (AlOx) with 

dielectric constant      [116]was used to replace SiOx with              as the 

dielectric layer to further decrease operating gate voltage. Glass substrates covered 

with ITO were used as purchased, respectively. 50 nm AlOx was deposited on ITO 

through Atomic Layer Deposition technique. Figure 5-10A shows that the required gate 
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voltage sweep range to switch VFET3 (blue line) between fully ON and fully OFF states 

decreased dramatically from -60 V ~ 20 V to -5 V ~ 3 V with substantially reduced 

hysteresis. Comparing to VFET2, both ON-and OFF-current for VFET3 were increased 

leading to compromised ON/OFF ratio ~105. 

In general, comparing VFET1 and VFET3, planarizing the CNT source and 

increasing the gate capacitance drastically reduce hysterisis, increased the ON/OFF 

ratio and ON-currrent and greatly reduced the operating gate voltage.  
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Figure 5-10.  Performance comparison of three VFETs. A) transfer curves, B) output 

curves, C) ON/OFF ratio curves of three VFETs. VFET 1(black lines) is with 
Si/200 nm SiOx as gate/gate dielectric, 460 nm NPD channel layer and as-
transferred CNTs. VFET2 (red lines) is with Si/200 nm SiOx gate/gate 
dielectric, 360 nm NPD channel layer and planarized CNTs. VFET3 (blue 
lines) is with ITO/50 nm AlOx gate/gate dielectric, 360 nm NPD channel layer 
and planarized CNTs. 
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Figure 5-10. Continued. 
 
5.3.2 Sprayed Films with No Harsh Treatment-PTSA/SWNTs Films 

Another optimization is alleviating the need to use harsh acid treatment during 

sprayed film cleanness by replacing sprayed Py-HPC/SWNT films with PTSA/SWNTs 

C 

B 
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films for CN-VFET source electrodes deposition. Sprayed PTSA/SWNTs films that were 

simply purified through overnight ethanol bath as discussed in Section 4.4 showed good 

film cleanness with comparable conductivity as transferred CNT films. Experiments 

investigating the electrical properties of films deposited in this way will be described in 

this section. The electrical properties were explored by using the deposited films as 

source electrodes in subsequently built VFETs. Device uniformity experiments will also 

be discussed.  

Two VFETs were prepared for parallel comparison: one with transferred CNTs 

and another with sprayed PTSA/SWNTs films as source electrodes. VFETs were 

processed based on the optimized parameters obtained in Section 5.3.1. ITO/50 nm 

AlOx was used as gate/gate dielectric layer. Ultrasonic sprayed/filter-transferred CNTs 

were planarized before growing 360 nm NPD channel materials on top. The device 

structure was shown in Figure 5-5 with the same processing procedure mentioned in 

section 5.1.3. 40 pixels distributed randomly in four sections with 10 pixels in each were 

measured. At its first opportunity, after eliminating pixels that did work due to S-D 

shortage, 39/40 pixels for transferred-CNT VFETs and 37/40 pixels for sprayed-CNT 

VFETs were plotted. Overall, transferred-CNT VFETs gives more variety and is less 

uniform compared with sprayed-CNT VFETs. To clearly perform comparison between 

devices, only the best performing section from both transferred-CNT VFETs and 

sprayed-CNT VFETs were chosen and plotted. Figure 5-11 shows the comparison of 9 

out of 10 pixels for transferred-CNT VFETs (black lines) and 10 out of 10 pixels for 

sprayed-CNT VFETs (red lines) in the best performed section. With optimized device 

parameters, both VFETs operate at low gate voltage sweep range with small hysteresis. 
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Ethanol treated sprayed PTSA/SWNTs film shows good electrical properties with 

effectively turning device ON and OFF at ON/OFF ratio >104. VFETs with transferred-

CNTs have slightly higher on-current with half a magnitude lower off-current, inducing a 

higher ON/OFF ratio. However, the result that transferred-CNTs show higher ON/OFF 

ratio was not repeated consistently. More investigation needs to be carried out. 

Uniformity analysis of the best performing section for both substrates is shown in Table 

5-2. Both threshold voltage and subthreshold slope of sprayed-CNT VFETs are slightly 

lower but comparable with those of transferred-CNT VFETs. SD% for both devices is 

within reasonable range which shows that both spray-coating and filter-transferring 

technique enable highly uniform VFETs devices. 

CN-VFETs utilizing sprayed PTSA/SWNTs as source electrodes were optimized 

and improved performance was observed. Through eliminating harsh treatment 

(concentrated nitric acid baths) in the CNT post spray treatment steps, mechanical 

damage to the CNTs was avoided. Application of sprayed Py-HPC films as source 

electrodes required underneath substrate materials resistant to strong acid treatment, 

evidently narrowing down qualified material range. For example organic top-gate 

transistors, where nanotube is deposited on to channel materials [111, 117, 118], most 

highly mobile organic channel materials are not tolerant in strong acid baths. Removing 

harsh acid treatment enhances practicability of spray-coating and dramatically 

increases the range of compatible materials used for the dielectric surface layer of the 

CN-VFET.  
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Figure 5-11. 10 random pixels in the best performed device-area from both transferred-
CNT VFETs and sprayed-CNT VFETs were measured. 9/10 pixels for 
transferred-CNT VFETs (black lines) and 10/10 pixels for sprayed-CNT 
VFETs (red lines) were plotted. One pixel was randomly chosen from each 
best performed device-area to show output curve and ON/OFF ratio 
characteristics. A) Transfer curves in linear-scale, B) transfer curves in log-
scale, C) output curves, D) ON/OFF ratio curves. 

 
Table 5-2.  Uniformity Statistics for 9 out of 10 pixels in transferred-CNT VFETs and 10 

out of 10 pixels in sprayed-CNT VFETs. All pixels were chosen randomly in 
the substrates’ best performed section. 

 Jmax (mA/cm2) Vth (v) Vss (v/dec) 

T S T S T S 

av 56.50 49.97 2.28 2.19 0.80 0.58 
sd 1.64 2.3 0.12 0.11 0.03 0.03 
sd% 2.9% 4.6% 5.3% 5% 3.75% 5.2% 

*T means transferred-CNT VFETs, S means sprayed-CNT VFETs. 
  

A B 

C 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

In this dissertation, a fully scalable process - ultrasonic spray coating of SWNTs 

was studied to prepare SWNT films and these films compared with those made by the 

filtration-transfer method (ref 2004 Science paper). Pyrene derivatives were chosen as 

part of the dispersants for SWNT ink preparation based on the strong π-π conjugated 

bonding between pyrene and nanotubes. SWNT inks with two different pyrene 

derivatives - a long-chain polymer Py-HPC and a small molecule PTSA were studied. 

PTSA is likely to be preferred because its smaller size made for a less labor intensive 

dialysis to remove the excess PTSA from the ink before spraying while residual PTSA in 

the resulting films can be easily and thoroughly washed away by a mild ethanol solvent 

bath. The dispersant concentration in PTSA/SWNT ink was successfully minimized 

using the PTSA fluorescence quenching to monitor the PTSA/SWNT association. The 

PTSA : SWNT weight ratio could be as low as 1 : 450 with PTSA quenching rate 

reaches as high as 90%. The PTSA/SWNT association time was greatly shortened from 

4-5 days to a few hours based on kinetics measurement. Considering ink stability and 

dialysis time, the optimized PTSA/SWNT ink had a weight ratio of PTSA : SWNT = 1: 

105, dialysis time of 72 h, exhibiting stability for at least 1.5 months.  

Sprayed films were characterized by sheet resistance, AFM images and UV-Vis 

absorbance spectra measurement. Sprayed CNT films showed comparable conductivity 

and optical properties compared with filter-transferred films. Electrical properties of the 

sprayed CNT films were further investigated by their incorporation into CN-VFETs. 

These devices proved to be comparable in their performance compared to such devices 

made using filter-transferred CNT films. The spray coating technique showed 
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comparable uniformity compared to filtration-transfer method. This result was concluded 

from both homogeneity resistance measurement and device uniformity measurement of 

CN-VFETs with sprayed and filter-transferred films used as the source electrodes.  

Future work should include further fluorescence measurements to more fully 

investigate the PTSA/SWNT fluorescence quenching. During the fluorescence 

measurements, rather than increasing the Cswnt while CTX and CPTSA were held constant, 

the concentration of PTSA could be decreased to reduce the PTSA : SWNT weight ratio 

while the nanotube concentration Cswnt and the TX concentration CTX remain constant. 

In this manner, the influence on the PTSA fluorescence quenching rate caused by 

nanotube scattering and absorption would be eliminated. Future work could also include 

larger area CNT film deposition (4” wafer size) using the spray coating technique. 

Finally, the spray parameters (SWNT concentration, ink flow rate, ultrasonic nozzle 

power, redirection gas flow rate, substrate temperature and the number of repetitions) 

were optimized based upon AFM imaging combined with sheet resistance 

measurements. These parameters could be adjusted to look for their effect on the larger 

scale uniformity using the homogeneity test wafer and measurement apparatus. 
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