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ABSTRACT 
 
 

We have developed a method for rapid, massively-parallel assembly and 

alignment of single walled carbon nanotubes (SWCNT) on a solid-state substrate. The 

results opened the possibility of production of SWCNT-based integrated circuits. In this 

strategy called “surface-templated assembly”, SWCNTs from a solvent suspension are 

directed toward molecular patterns on the substrate and self-assemble onto specific 

locations with precise orientations. Since the method does not rely on any external forces 

or slow serial patterning techniques, it can be done in a completely parallel manner and is 

suitable for high-throughput applications. We have demonstrated the assembly of 

millions of individual SWCNTs and SWCNT-based circuit structures over ~1cm2 size 

sample surface in a matter of minutes. 

The experiments were first carried out on patterned hybrid self-assembled 

monolayers (SAM) of polar molecules and nonpolar molecules. Polar molecules were 

patterned with SAM of nonpolar molecules, such as 1-octadecanethiol (ODT). The 

molecular templated substrates were used successfully to assemble SWCNT. Polar 

molecules with different tail groups, both positive and negative, were shown to be 

effective, in contrast to the prediction that only molecules with  positive tails can be used 

to align SWCNTs. Furthermore, we observed that the interaction between SWCNTs and 

metal surfaces also can be used to align SWCNTs using only nonpolar molecular patterns. 

A series of controlled experiments showed that the number density of aligned SWCNTs 

depends upon the nature of polar molecules and metal surfaces.  

We have also assembled SWCNTs on patterns of Au nanoparticles. Au 

nanoparticle patterns were created on composite SAM templates of nonpolar (ODT) and 

dithiol (octanedithiol) molecules through self-assembly of Au nanopaticles onto the 

dithiol region. On such templates, we found very strong adhesion of SWCNTs on Au 

nanoparticles and no adhesion on the nonpolar regions. We also examined systematically 
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the adhesion of SWCNT on nonpolar molecules with varying coverage of Au. We found 

no SWCNT attachment when Au coverage is significant but incomplete. Strong adhesion 

of SWCNT is observed only when the coverage of nonpolar regions by Au is almost 

complete. These results indicates that nonpolar molecules like ODT play an active role in 

the alignment of SWCNT on ODT/metal and polar SAMs/ODT hybrid structures. Metal 

nanoparticle patterns on SAM can also be created via simple metal deposition. With the 

deposition of a thin metal (Au, Ti, Cr, etc.) film, cluster formation was observed over 

microscale SAM of nonpolar molecules while for polar molecule patterns of comparable 

size no cluster formation was observed.  

Using this surface-templated assembly process we have successfully produced 

field effect transistors (FET) based on SWCNT. SWCNTs were directed to assemble 

across prepatterned source and drain electrodes (Au or Pd) on a doped-Si/SiO2 substrate. 

The electrical characteristics of these self-assembled SWCNT-FETs are comparable to 

those fabricated with traditional lithographic methods while the large hystereses observed 

in the FET action of those devices were significantly reduced. We attribute this to the 

molecular passivation of the SiO2 surface by octadecyltrichlorosilane (OTS). This 

observation could have significant implications in exploiting the potential of such devices 

for chemical and biological sensing.  
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CHAPTER 1 
 
 
 
 

INTRODUCTION  
 
 

In the past five decades, there has been a nearly constant exponential growth in 

the capabilities of silicon-based microelectronics, as summarized in the Moore’s law [1]. 

However it is unlikely that these advances will continue much into the next decade, 

because fundamental physical limitations, which prevent current designs from 

functioning reliably at nanometer scale, will be reached while at the same time 

exponentially- rising fabrication cost will make it impossible to raise the integration level. 

Molecular electronics [2, 3] can in principle overcome these limitations of silicon 

technology, because it is possible to have single-molecule device that are organized at 

much lower cost in parallel by self-assembly techniques. Much effort in this area has 

been focused on organic molecules as device elements, with recent demonstrations of 

irreversible switches [4] and large negative differential resistance [5] for ensemble of 

molecules sandwiched between metal electrodes and single-molecule transistors [6]. 

However, the connection of molecular switching elements to interconnecting wires that 

will be required for high-density integration and the function of such structure remains a 

substantial challenge. 

Nanometer diameter single-walled carbon nanotubes (SWCNTs) exhibit unique 

electronic, mechanical, and chemical properties, which makes them promising building 

blocks for molecular electronics [7, 8]. Depending on diameter and helicity, SWCNTs 

can behave as one-dimensional metal or semiconductor [9]. 

SWCNTs are quasi one-dimensional material made of sp2-hybridized carbon 

networks and they have been a subject of extensive study since the discovery. In-

particular, the electronic structure of single SWCNT has been studied theoretically [10], 
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which predicted that a SWCNT becomes either metallic or semiconducting depending on 

its chiral vector, i.e., boundary conditions in circumference direction. These predictions 

have been confirmed by Raman experiments [10] and direct measurements of local 

density of states by scanning tunneling microscope (STM) [11, 12]. Such novel properties 

of SWCNTs allow us to envision a generation of new SWCNT-based electrical devices. 

Electronic devices constructed from SWCNTs and multi-walled carbon nanotubes 

(MWCNTs) show remarkable behavior. Individual SWCNTs can function  as conducting 

wires [13, 14], field effect transistors [15] or single-electron tunneling transistors, and 

combination of nanotubes can be used to build a rectifier [16] or complex terminal 

devices [17]. Although difficulties remain in single-SWCNT devices, largely owing to 

the difficulties in achieving electrical contact to individual molecules at large scale, such 

devices made with conventional lithography have exhibited extraordinary performance 

superior to that of Si technology. Perhaps the most persistent bottleneck for commercial 

applications of SWCNT devices is the lack of a mass production method of SWCNT-

based circuits. Since high quality SWCNTs are usually synthesized in powder form, 

individual SWCNTs have to be "picked up" and "assembled" onto the substrate to build 

functional devices. Although using conventional microfabrication techniques small 

number of SWCNTs can be positioned very precisely, the technique is not suitable for 

precise alignment of large number of SWCNTs. There are many other reported efforts to 

make SWCNT junctions but most of them are slow serial patterning methods and in cases 

of possible large-scale strategy they depend upon external forces, like in a flow cell or 

electric field, which limit the extent of applicability of the processes [18-27]. Another 

strategy that has been explored extensively is growing SWCNTs from catalysis particle 

patterns [28-30]. However, it remains difficult to control the growth direction of 

individual SWCNTs.  

Inspired by the self-assembly of biological systems we take a different approach 

to align SWCNTs. We have demonstrated a bottom-up technique, i.e., a fast, parallel, and 

cost-effective method of large-scale assembly of nanostructures such as SWCNTs, to 

align SWCNTs on chemically functionalized solid-state substrate. In this process we 

assemble millions of individual SWCNTs and SWCNT-based circuit structures on 

molecularly templated solid substrates with a high yield [31]. Significantly, since this 
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method can be done in a completely parallel manner, it is suitable for high-throughput 

commercial and academic applications. 

In this process, specific regions on the substrate are first functionalized with 

certain chemical groups (polar molecules) that can attract SWCNTs from the suspension, 

and the remaining surface area is passivated with inert groups (non-polar molecules) to 

avoid unwanted SWCNTs adhesion. The surface functionalization and passivation is 

done by patterning self-assembled monolayers (SAM) on the substrate via direct 

patterning methods such as dip-pen nanolithography (DPN) and microcontact printing 

and backfilling the remaining area with second molecular species. Finally, the patterned 

substrate is placed in a SWCNT suspension for ~10 seconds so that SWCNTs are 

attracted by the functional groups on the molecular patterns and assembled onto the 

desired location with precise orientation. In this assembly process we are able to control 

the density of SWCNTs over molecular patterns using proper concentration of SWCNT 

and we also are able to deposit a single SWCNT in each micron size molecular pattern 

and across pre-patterned electrodes with very high yield. According to previous reports 

[32] there is some Coulombic interaction between CNT and the amine group, we 

therefore first experimented with polar molecules with the amine group. Later we tried a 

number of molecules with different functional groups, all of them yield good alignment 

of SWCNTs on patterned surface with some variation in the density of the aligned 

SWCNTs. Comparative experiments were carried out to study the relative binding ability 

of these different polar molecules. 

Further, we observed that SWCNT can be aligned on bare Au surfaces without the 

use of any polar molecules. In this case, we patterned the Au film only with CNT-inert 

non-polar molecules and after immersing the patterned substrate in a SWCNT 

suspension, SWCNTs was found to assemble only over the Au surface in between SAM 

patterns of the CNT-inert molecules. Inspired by this result, we also performed 

experiments aligning SWCNTs on nano- and micro-scale patterns of Au nanoparticles, 

with similar results as on Au films. Since electrical contact between the CNT and the 

metal electrodes is a very important issue in CNT-based electrical junctions [33], in this 

new assembly process the elimination of organic molecules between the metal electrode 

and the SWCNT may effect better electrical conduction in the CNT-based electronics.  
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To directly demonstrate the efficacy of the templated assembly method for the 

construction of SWCNT-based electronic devices we have fabricated and characterized 

individual SWCNT-FETs with this technique. We began with a Si/SiO2 substrate in 

which the heavily doped Si acted as the gate and the SiO2 as the dielectric layer. Using an 

ODT template on the Ti/Au or Ti/Pd source-drain electrodes and octadecyltrichlorosilane 

(OTS) passivation of SiO2, one or a few SWCNTs were assembled across the source and 

drain electrodes to form an FET. Electrical measurements revealed that the FET 

characteristics of these devices were comparable to those SWCNT-FETs made by 

conventional lithography. Most importantly, we observed a large suppression and in 

some cases complete absence of the well-reported hysteretic effects in the FET I-V data 

[34]. The presence of hysteresis in I-V has been a persistent obstacle for the applications 

of SWCNT-FET as chemical and biological sensors. Our results represent a major step 

forward in resolving this problem.  

The binding mechanism of SWCNTs in the assembly process is not yet 

understood. SWCNTs can be aligned over most of the polar molecules we have tried, 

over bare Au surface, and over patterns of Au nanoparticles. Therefore, the interaction 

between the polar molecules and SWCNTs is not the only factor responsible for the 

alignment of SWCNTs. In fact, the common factor present in all of the above assembly 

processes was the presence of non-polar molecules. To explore the ability of non-polar 

molecules to block the adhesion of SWCNT from solution, we examined the assembly of 

SWCNTs on non-polar SAMs with varying degree of Au coverage. The substrates were 

created by depositing Au, using thermal evaporation, over hybrid non-polar/polar SAM 

patterns. Over the non-polar SAM regions, Au forms clusters up to a certain thickness 

whose coverage increases with the Au thickness. We observed no SWCNT attachment on 

the non-polar SAM even when the Au coverage is significant but incomplete. Strong 

adhesion of SWCNTs is observed only when the coverage of the non-polar SAM by Au 

is almost complete. These results indicate that the non-polar molecules play an active role 

in the alignment of SWCNTs on polar/non-polar and Au/non-polar hybrid structures. 

The formation of Au clusters in the non-polar regions of a hybrid SAM pattern is 

an interesting observation in its own right. Metal deposition on organic molecule SAMs, 

polar or non-polar, has been studied extensively in the context of molecular electronics. 
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Previous results indicate that the deposition of metals on polar SAM always results in 

uniform growth but in case of non-polar SAM the reported results are not consistent [35]. 

We have carried out a systematic study of metal film growth on SAMs with thermal 

evaporation of metals such as Au, Cr, Al, Ti and sputtering of permalloy (Ni79Fe21). A 

series of experiments showed single SAM patterns, both polar and non-polar, and for 

relative large (>10mm) hybrid SAM patterns of polar and non-polar molecules, the metals 

were found to grow uniformly on both polar and non-polar SAM regions. In contrast, for 

hybrid polar/non-polar SAM structures with small dimensions the metals form clusters on 

the non-polar SAM regions and uniform growth in the polar regions. Although the 

mechanism behind the contrasting growth modes on polar and non-polar SAMs in small-

scale hybrid structures is not yet understood, this is yet another system which 

demonstrates the intriguing physical phenomena occurring at the interface of solid-state 

and organic materials at small scales. Moreover, the results may be utilized for 

nanostructure fabrication such as templated growth of metal nanowires.  

The organization of the dissertation is as follows: I will first set the stage by 

introducing the basic concepts of self-assembled monolayers and the patterning methods 

of SAM. A brief introduction of SWCNTs is also included. The remainder of the thesis is 

divided into two parts according to the research themes. The first part will describe the 

surface-templated assembly process. It will focus on the assembly/alignment of SWCNTs 

using hybrid structures of polar/non-polar SAMs, metal/non-polar SAM, and Au 

nanoparticle arrays. In the next section, I will present the electronic properties of 

SWCNT devices constructed from surface templated assembly. 
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CHAPTER 2 
 
 
 
 

SELF-ASSEMBLED M ONOLAYERS AND CARBON NANOTUBES 
 
 

2.1 Self-Assembled Monolayers 
 
 

The inherent chemical, physical, and thermodynamic properties of molecules can 

be exploited as a facile means to fabricate and control surface at the molecular level using 

self-assembly techniques. Self-assembly is a natural phenomenon that can be observed in 

many biological, chemical, and physical processes [36, 37]. This method has recently 

been explored as a way to produce supramolecular assemblies in a straightforward 

manner and has been strategically manipulated to form nanometer-scale structures [38-

42]. Specifically, when certain molecules are in contact with a solid surface, the 

molecules will form a densely packed, naturally uniform monolayer on the solid surface 

via chemical reactions between the functional groups of the molecules and the active 

atoms of the solid surface. Such self-assembled monolayers (SAMs) are now widely used 

in a variety of fields such as corrosion inhibition, surface modification, and more recently, 

nanofabrication [43]. 

The most commonly studied and thoroughly characterized systems are the 

alkanethiolate SAMs on Au since they form highly ordered stable two dimensional films 

with ease on atomically flat Au (111) surfaces, (Fig. 2.1) [42, 44, 45]. These SAMs have 

been extensively characterized at the macroscopic and microscopic levels and much is 

known about their physical and chemical characteristics as well as kinetic and 

thermodynamic information about their adsorption [46-48]. Alkanethiolate SAMs form 

spontaneously on Au surfaces through chemisorptions of the S (sulfur) head group to the  
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Figure 2.1 Schematic representation of n-alkanethiol SAM on Au. 
Black- Carbon, Gray-Hydrogen, Light Blue- Sulfur, Yellow-Gold  
 
 
 
 
Au surface. This process is assumed to occur with the loss of dihydrogen by the cleavage 

of the S-H bond. The sulfur atoms bonded to the Au surface bring the alkyl chains into 

close contact: these contacts freeze out configurational entropy and lead to an ordered 

structure. The formation of SAMs is characterized by an initial fast adsorption process 

that occurs in first several seconds to minutes after exposure of the Au surface to the 

solution of the alkanethiol molecules. This is followed by a slower adsorption/desorption 

process of the molecules in solution which controls the structures of the SAMs and is 

particularly useful in the study of 2D lattice formation of SAMs on Au (111) surface. The 

structure and properties of the SAM of alkanethiolate binding on Au surface have been 

extensively investigated using a number of techniques such as contact angle measurement 

[49], ellipsometery [50], infrared [51], Raman [52], X-Ray photoelectron spectroscopy 

[53], electrochemistry [54], scanning tunneling microscopy (STM) [55] and atomic force 

microscopy (AFM) [56]. As a result, it is generally accepted that sulfur atoms form an 
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over layer in SAM. Recent STM studies show that these systems are heterogeneous and 

structurally complex: the alkyl chains may form a “superlattice” at the surface of the 

monolayer, that is, a lattice with a symmetry and dimension different from that of the 

underlying hexagonal lattice formed by sulfur atoms [57]. 

The monolayers interact on the surface through van der Waals forces that occur 

amongst adjacent chains. The origin of the stability of SAMs is thus two fold: the 

covalent S-Au bond (~ 44 kcal/mol) and attractive van der Waals forces between the 

chains. These interactions stabilize the SAM on the surface and lead to the formation of 

the densely–packed, well ordered monolayers. For alkyl chains up to approximately 20 

carbon atoms, the degree of interactions in SAM increases with the density of molecules 

on the surface and length of the alkyl backbone. 

Although the Au-thiol systems are the most extensively studied SAMs, thiol can 

form SAMs on other metals and semiconducting surfaces, such as Cu, Ag, InP, and GaAs 

[36-38]. Further, thiol is not the only head group which form SAM on solid surfaces, a 

host of molecules that form SAMs on various substrates are listed in Table 1. Specific 

binding groups can be chosen depending on the substrate. By depositing these molecules, 

one can completely change the chemical properties of the surface to that of end groups. 

Various end groups can be used for specific applications, for example, one can even use 

specific sequence of DNA or protein as end groups to achieve particular functionalities. 

Since their discovery, SAMs have become ubiquitous in the scientific research 

community because of many applications for which they are suited. SAMs have been 

extensively used as model organic films from which information about wetting and 

adhesion process and interfacial physical and chemical properties can be acquired [58, 

59]. In addition, SAMs have been used as a facile means to fabricate two- or three-

dimensional network with controlled geometries that have the potential for diverse 

chemical applications [60-62], such as stable support for cell and bio-molecule adhesion 

[63-66], as organic etch resists [67, 68], as unconventional electronic device components 

[69-74], and in the directed assembly of nano-structures using molecular recognition [31, 

75]. 
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Table 1. Self–assembled monolayer molecules on different substrates. 

Molecular species Substrate Example molecules References 

Au C12H25SH, C6H5SH, 4-PySH 21-23 

Ag C18H37SH, C6H5SH 24,25 

Cu C6F5SH, C10H21SH, C8H17SH 26-28 

GaAs C18H37SH 29 

RSH, ArSH 

InP C18H37SH, C6H13SH 30,31 

RSSR/ 

          (disulfides) 

Au (C22H45)2S2, (C19H39)2S2 

[CH3(CH2)15S]2 

32,33 

RSR/ 

           (Sulfides) 

Au [CH3(CH2)9]2S 

CH3(CH2)11S(CH2)10CO2H 

34,35 

RSO2H Au C6H5-SO2H 36 

R3P Au (C6H11)3P 37 

RNC Pt (C5H6)Fe(C5H5)-(CH2)12-NC 38 

RSiCl3,  

RSi(OR/)3 

 

SiO2 

glass 

C10SiCl3, C12SiCl3, C16SiCl3 

CH2 = CHCH2SiCl3 

C12H25SiCl3 

39-41 

(RCOO)2 Si/Si-H [CH3(CH2)10COO]2 

[CH3(CH2)16COO]2 

42 

RCH=CH2 Si/Si-H [CH3(CH2)15CH = CH2 

[CH3(CH2)8CH = CH2 

43 

RLi, RMgX Si/Si-Cl C4H9Li, C18H37Li 

C4H9MgX, C12H25MgX      X = Br, Cl 

44 

RCOOH Metal 

oxides 

C15H31COOH, 

H2C=CH(CH2)19COOH 

CH3(CH2)mOC10H6COOH       m = 19                         

45, 46 

RCONHOH Metal 

oxides 

CH3(CH2)16CONHOH 

HO(CH2)15CONHOH 

47 

RPO3H2 ZrO2 Zr(O3PCH2CH2COOH)2 48 

In2O3/SnO2 RPO3H2 (C5H6)Fe(C5H5)(CH2)6-PO3H2 49 

Note: See reference 80 for references in the table. 
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2.2 Surface Patterning with Self-Assembled Monolayers 
 
 

SAMs can be patterned down to nanometer scale over different metal and 

semiconductor surfaces. The most common are two direct deposition methods: (1) dip-

pen nanolithography (DPN) and (2) micro-contact printing (µCP). DPN utilizes an AFM 

tip as a nano-scale pen to deposit organic molecular substances onto the solid substrate, 

with nanometer resolution, and its basic idea is similar to that of its macro-scale 

counterpart–the quill pen. The microcontact printing method utilizes micron and 

submicron meter scale stamp to print general organic molecules on solid surfaces. These 

two different processes, µCP and DPN, are extensively in use to pattern the surface with 

organic molecules and other nano-structures like protein and DNA. Because of the 

surface oxidation occurring on most metals and polymerization of most of the molecules 

(used for Si/SiO2 surface) it is easiest to handle SAMs on Au surfaces, which is why 

thiol-Au SAM patterning is most commonly practiced. 

 
 
2.2.1 Dip-Pen Nanolithography 
 
 

The DPN process is a relatively new direct deposition technique that was 

developed in Mirkin’s lab at Northwestern University in 1998 [76]. It utilizes an AFM tip 

as a nano-scale pen, molecular substances as ink, and solid substrate as paper. Figure 2.2 

shows the basic mechanism of DPN as well as the approximate dimensions of commonly 

used pen and ink molecules. When the molecule-coated tip is in contact with the substrate, 

molecules diffuse out onto the substrate, chemically anchor to the surface, and form well-

ordered SAM patterns. Under ambient conditions, water condenses at the AFM 

tip/substrate junction and effects the molecular diffusion. Like macro-scale quill pens, the 

molecular ink coating on the tip surface works as an ink reservoir. A number of variables 

including relative humidity, temperature, and tip speed can be adjusted to control the ink 

transport rate, feature size and line width. 
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a) b)

 

 
Figure 2.2 (a) Schematic diagram of dip-pen nanolithography. (b) Nano-scale 
“greetings” written via dip-pen nanolithography. The letters are written with 16- 
mercaptohexadecanoic acid on amorphous Au surface. 
 
 
 
 

Figure 2.2b shows an example of patterns generated via DPN: the patterns were 

written in 16-mercaptohexadecanoic acid (MHA) on amorphous Au substrate. With the 

help of automated lithography software, one can directly print out organic molecule 

patterns from the PC onto solid substrate like ink-jet printers printing out graphics on 

paper. 

 

2.2.1.1 Molecular Ink . Various types of organic molecules have been used for DPN 

experiments. Most commonly used organic molecules forming SAMs on substrate are 

shown in Figure 2.3. These molecules comprise of three different parts: (1) a 

chemisorbing group, (2) an end group, and (3) a spacer (inert part). When these 

molecules are deposited on a proper substrate, they chemically anchor to the substrate 

and form well ordered stable crystalline monolayer film with thickness range from 1nm 

to 10 nm. Table 1 shows the molecules that form SAM on various substrates; a specific 

binding group can be chosen depending on the substrate. Usually, it is possible to deposit 

molecules via DPN if the molecules have large diffusion constant and affinity to the 
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substrate. Various molecular species that have been utilized in the DPN process are listed 

in Table 2. 

 
 
 
 
Table 2. Organic molecular ink tested via DPN. 

Substrat

e 

Molecules Binding  Examples Ref. 

Au alkanethiols RS-Au CH3(CH2)17SH, 

HS(CH2)15COOH 

[6-10] 

Au  thiol modified DNA RS-Au 5 -̀HS-(CH2)6-CAC GAC  

GTT GTA AAA CGA  

AGG CCA G-3  ̀

[55b] 

Au  Thiol modified 

proteins 

RS-Au thiol modified collagen [20] 

SiO2 DNA Covalent bond 5 -̀HS-(CH2)18-CAC AAA 

ACG GGG GGG G-3  ̀

[59] 

Si, SiO2 Inorganic precursor Si-O-metal 

bonding 

SnCl4 and P-23, AlCl3 and p-

123   

[19] 

Glass Dye molecules Ven dar Waals rhodamine 6G (R6G) [18] 

Glass protein Chemical bond Cysaxonin-1 on silane 

modified surfaces 

[18] 

Glass polymers Hydrogen bond 

or electrostatic 

interaction 

PAA and PAM  

   PAA, PAH, and SPS 

[18] 

Si metal Electric field 

induced 

chemical 

reaction 

H2PtCl6 [13] 

Mica water capillary force H2O [60] 

SiO2 Conducting polymer Electrostatic 

interaction 

DETA [61] 

Note: See reference 80 for the references in the table. 
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a)

b)

 
 
 
Figure 2.3 (a) Self-assembled monolayer molecules. (b) Alkanethiols on Au (111). 
 
 
 
 
2.2.1.2 Molecular Coating. Since DPN relies on molecular ink coating on the tip surface 

as an ink supply, ink loading on the AFM tip surface is critical for reliable DPN writing. 

For reliable ink loading, one should consider the surface chemistry of AFM tips. When 

the AFM tip is coated from solution of molecular ink, the amount of loaded ink is 

determined by the adhesion properties of solvent molecules. Even though clean Si3N4 and 

Si surface are hydrophilic, the AFM tip surface becomes hydrophobic after a couple of 

days of air exposure because of carbon contamination. In case of non-polar solvent, one 

can use commercial AFM tips without special treatment. However, many bio-molecules 

can be dissolved only in polar solvent like water. For stable ink loading of those 

molecules, tip surface treatment is required. 

Molecular coating can be achieved via solution or vapor coating methods. 

Solution coating is similar to dipping macro-scale pens in ink solution. In this method, 
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the solution of a desired molecular species is first prepared utilizing a proper solvent. 

Then, the AFM tip is dipped into the solution for a short period of time (e.g., ~30 sec) 

and excess molecular ink is blown dry by clean nitrogen gas. In case of 16-

merceptohexadecanoic acid, the AFM tip is usually dipped in 1mM solution in 

acetonitrile for ~30 sec. Molecules with a higher vapor pressure (e.g. Octadecanethiol 

etc.) can be coated via the vapor coating method. In this method, AFM tip and molecules 

are placed together in a small closed vessel and the vessel is heated to vaporize the 

molecular species. When the vessel is cooled down, the vaporized molecules are 

adsorbed on the AFM tip surface and a thin molecular layer is formed. Reliable coating 

of organic molecules on the AFM tip is one of the keys for successful DPN writing. 

 

2.2.1.3 DPN Writing. Once the tip coating is completed, one can create complicated soft 

nanostructure patterns on a solid surface by putting the AFM tip in direct contact with the 

substrate. Since the DPN writing is driven by natural thermal diffusion of molecules, the 

contact force does not affect the deposition rate of molecular inks much. In this case, a 

smaller contact force is preferred to avoid any accidental damage on the substrate due to 

access force. In actual DPN writing, the AFM tip is operated in a contact mode with a 

contact force of ~1nN and the tip is moved along the substrate to direct the deposition of 

molecular species onto the desired region. Finally the patterned surface can be imaged 

and tested with molecule coated AFM tip. Since the molecular coating on the AFM tip is 

very thin, one can still image the surface patterns with the molecule coated AFM tip. The 

most common method for imaging thin molecular patterns is lateral force microscopy 

(LFM) in contact mode or phase imaging in non-contact mode. LFM measures the tip 

bending due to the frictional force, while phase imaging measures phase shift of the tip 

oscillation caused by the attractive forces between the AFM tip and molecular patterns. 

Since frictional forces also originate from the attractive forces, both techniques are, in 

fact, utilizing the attractive force map to characterize the molecular patterns. The 

capillary force is larger than any other attractive force at least by an order of magnitude. 

Since the magnitude of the capillary force depends on the hydrophobicity of the tip and 

surface, LFM or phase images under ambient conditions simply measure the 

hydrophobicity of the molecular patterns. 
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To apply the DPN process for practical lithography applications, one needs to be 

able to predict the final shapes of the molecular patterns. It is especially crucial to predict 

the size of the two basic patterns, “dots” and “lines”, as all the complicated patterns can 

be generated by the combination of these two basic patterns. If deposited molecules form 

SAMs with uniform density, the total number of deposited molecules is proportional to 

the area of the molecular patterns. Utilizing the assumption of “constant deposition rate” 

which has been experimentally proved in many cases, a simple empirical equation can be 

utilized to characterize the DPN generated patterns, 

tCArea ´= ···············································································································(2.1) 

where C is a constant called deposition rate.  

From a practical point of view, this equation implies that if the deposition 

constant C is measured once, one can precisely predict the pattern size with known 

contact time. For example, for dot patterns, area = p R2 =C x t, which predicts the radius 

of the dot, 

p
tC

R
´

= ················································································································(2.2) 

For line patterns, A = WL = C x t where W and L are the width and length of the line, 

respectively, resulting in 

Speed
C

t
L
C

W == ······································································································(2.3) 

C can be easily measured by a simple test experiment before the actual DPN patterning. 

Once C is measured, one can generate “dot” and “line“ patterns of desired size by 

controlling the contact time and tip sweeping speed. Combining them, one can create 

more complicated patterns with high precision.  

 
 
2.2.2 Micro -Contact Printing  
 
 

The micro-contact printing method was first developed by Kumar and Whitesides 

at Harvard University in 1993 [77]. In this method, soft micrometer-scale stamps made of 

poly (dimethylsiloxane) (PDMS) are utilized to deposit organic molecules onto solid 

substrate via direct contact much like macro-scale printing techniques (Fig. 2.4a). Since 
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micro-contact printing is a parallel printing method, it can pattern a large surface area 

very quickly (Fig. 2.4b). Stamping methods have demonstrated ~35 nm resolution with 

thiol molecules on Au surface [78]. However, since the stamps are made of soft polymers 

materials, the bending of stamps due to swelling of solvent molecules or external pressure 

is one of the major factors limiting its resolution. In typical applications, the microcontact 

printing method has been utilized to pattern large area patterns efficiently with a micro- 

or sub-micrometer scale resolution. 

 

2.2.2.1 Procedure to Make Stamp. Figure 2.5 shows the basic procedure for stamp 

fabrication. The first step is the preparation of a template. The template can be virtually 

anything with structures, such as TEM grid and photoresist patterns on SiO2 surface. 

Then, PDMS elastomer mixed with a curing agent is poured onto the template and is 

heated up to 60oC until the PDMS solidifies. Once the PDMS is cured, it is separated 

from the template and can be utilized repeatedly to deposit organic molecules onto a 

substrate. 

One key condition to obtain a good stamp is that the template should not have any 

undercut structures. If there are significant undercut structures as depicted in Figure 2.5b, 

it is difficult to separate the stamps from the template after the curing process. For 

example, developed photoresist layer patterns can be good templates because they do not 

have undercut structures, while etched SiO2 substrate are typically not good templates 

because wet etching often results in significant undercut. 

A fabricated stamp surface can be coated with molecules from a solution. For 

reliable stamping, good adhesion of ink molecules on the surface is very important. In the 

air, the stamp surface usually remains hydrophobic making it suitable for molecular inks 

based on non-polar solvent. Additional treatment is required for stamping of water-based  
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Molecular Ink

a)

b)

 
 
 
Figure 2.4 (a) Schematic diagram of the stamping procedure. (b) 1-Octadecanethiol 
patterns on Au surface generated via microcontact printing.  
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Figure 2.5 Stamp fabrication process with (a) a good template and (b) a bad template. 
 
 
 
 
molecular solution. A common method for stamp surface modification is plasma cleaning. 

Plasma cleaning created hydroxyl (-OH) group on the surface, and desired functionality 

can be achieved by attaching molecules with silyl chloride group. Once a good molecular 

coating is achieved, one can generate sub-micrometer scale patterns simply by applying 

the coated stamp to the solid surface. 

 

2.2.2.2  Deposition Mechanisms. The detailed deposition mechanism of mCP is well 

described in Ref. [79]. The major deposition mechanism for microcontact printing is 

direct contact (Fig 2.6a). However, other deposition routes are also observed: as depicted 

in Figure 2.6, (b) for diffusion and (c) for vaporization. 

Direct contact is the major deposition mechanism in the stamping process. A key 

for successful direct contact is uniform coating of molecules on the stamp surface. In 

most cases, molecular ink is coated from solution. It is desirable to make the stamp 

surface favorable to the “solvent”. Another key parameter of stamping is the reaction 

speed of the organic molecules with the surface. The reaction speed varies depending on 

a) 

b) 
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the type of molecules and the environment. For air sensitive molecules, it is required to 

do the stamping under controlled environment such as a nitrogen-filled glove box. 

 
 
 
 

 
 
 
Figure 2.6 Deposition routes in micro-contact printing; (a) direct contact, (b) diffusion, 
and (c) vaporization. 
 
 
 
 

An alternative deposition path is the diffusion of molecules on the substrate. 

Unlike DPN in which diffusion is the major deposition mechanism, the surface diffusion 

is not a favorable phenomenon in the stamping method because it increases the pattern 

size and often results in unpredictable pattern shapes. The equation describing the 

diffusion results in the stamping method is also quite different from the DPN experiment. 

For a line pattern with a fixed length L, the width W of the stamped patterns is 

proportional to log t, where t is the contact time. This implies that the deposition rate of 

molecules in the stamping is proportional to 1/t, while in DPN process the line width is 

proportional to the total contact time since the deposition rate of molecules is almost 

constant. This difference comes from different boundary conditions, especially the 

different shapes of the deposition region in each process. 

Another path of deposition is vapor deposition. Some volatile molecules can be 

vaporized and directly deposited onto the substrate. This is another undesirable 

phenomenon in both stamping and DPN writing. 

DPN and micro-contact printing are two complementary methods which allow 

one to pattern soft nanostructures on solid substrates. DPN is suitable for nano-scale high 

resolution patterning with precise alignment. Since DPN can directly print out nano-scale 
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soft material patterns without intermediate processing step, the time required from pattern 

design to realization can be extremely short. It is an ideal tool for rapid prototyping of 

nano-scale devices. On the other hand, the preparation of microcontact stamps takes a 

long time. However, once stamps are made, they can be utilized to pattern very large 

surface in a parallel fashion very quickly. Microcontact printing is an ideal choice to 

pattern large surface area with a sub-micro-scale resolution. 

 
 

2.3 Surface-Templated Assembly  
 
 

Surface-templated assembly is an assembly method based on the interaction 

forces existing between the molecules on the solid surface and the target molecules. In 

this method, the desired regions on a solid substrate is first coated with organic molecules 

with specific chemical functional groups, and then the substrate is placed in the solution 

of target molecules (or nanostructured components such as nanoparticles, nanowires, or 

CNTs). Due to the specific attractive forces between the chemical functional group on the 

surface and molecules in the solution, the assembly of molecules (or nanostructures) from 

the solution is directed only onto the functionalized region of the surface. This bottom-up 

scheme is especially useful in rapid, cost-effective mass production of devices from 

prefabricated nano-components. 

Figure 2.7 shows a schematic diagram, depicting the basic concepts of "surface-

templated" (also often called "directed") strategy of SWCNT assembly. The general 

principles described here are applicable for the assembly of other nanostructured 

components as well. First, metal electrodes or other substrate structures are prepared via 

conventional micro- fabrication processes (Fig. 2.7a). Then, specific regions on the 

substrate are functionalized with certain chemical functional groups that can attract 

SWCNTs from its suspension, and the remaining surface area is passivated with chemical 

groups that do not attract SWCNTs to avoid unwanted SWCNT adhesion (Fig. 2.7b). The 

surface functionalization and passivation can be done by directly depositing the first 

molecular species onto specific regions of the substrate via DPN or micro contact 

printing (discussed previously), and backfilling the remaining  



 21 

a)

b)

c)

 
 
 
Figure 2.7 Schematic diagram of directed assembly of CNT via surface-templated 
process. (a) Micro- fabrication of electrodes, (b) surface functionalization with SAMs, and 
(c) assembly of CNTs due to molecular recognition. 



 22 

area with second molecular species, as both of the molecular compounds can form a 

SAM on the substrate surface. Finally SWCNTs will be assembled onto desired locations 

when the substrate was immersed in a SWCNT solution (Fig.2.7c). 

In our experiments, we utilized DPN to create nano- or micro-meter sized 

molecular patterns of arbitrary shape for initial process development and the micro 

contact printing method to pattern large surface area with micrometer scale molecular 

patterns. The SAM molecular patterns used to align SWCNTs are also widely used 

ingredients for molecular electronics. So this assembly process will be compatible with 

all the developments in molecular electronics using organic molecules. In this assembly 

scheme, the SWCNTs could be used directly as the central device component, as in 

SWCNT-FET, or as interconnects with organic molecules and other potential molecular 

electronics components such as DNA in integrated circuits.  

 
 

2.4 Single-Walled Carbon Nanotubes 
 
 

Carbon nanotube tubes (CNTs) were discovered and introduced to the world by 

Iijima [81-83] fourteen years ago. The first experimental identification in 1991 of CNTs 

was on multi-walled CNTs [84]. Since then much has been said, written, discussed and 

fantasized about the science and applications of this unique class of nanostructures. In the 

family of CNTs, SWCNTs are perhaps the most important in the field of electronics and 

material sciences because of their unique electrical and mechanical properties. 

Carbon nanotubes represent one of the best examples of novel nanostructures 

derived by the bottom-up chemical synthesis approach. Nanotubes have the simplest 

chemical composition and atomic bonding configuration but exhibit perhaps the most 

extreme diversity and richness among nanomaterials in structures and structure property 

relations. In terms of mechanical properties, SWCNTs are among the strongest and most 

resilient materials known to exist in nature. A nanotube has a Young’s modulus of 1.2 

TPa and tensile strength (maximum ~100GPa) about a hundred times higher than steel 

and can tolerate high strains before mechanical failure [85]. 
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2.4.1 Structure and Electrical Properties of SWCNTs 
 
 

Carbon-based materials, clusters, and molecules are unique in many ways. One 

distinction relates to the many possible configurations of the electronic states of a carbon 

atom, which is known as the hybridization of atomic orbitals and relates to the bonding of 

a carbon atom to its nearest neighbors. Since the energy difference between the upper 2p 

energy levels and the lower 2s level in carbon is small compared with the binding energy 

of the chemical bonds, the electronic wave functions for these four electrons can readily 

mix with each other, thereby changing the occupation of the 2s and three 2p atomic 

orbital so as to enhance the binding energy of the carbon atom with its neighboring atoms. 

Various bonding states are connected with certain structural arrangements, so that sp 

bonding gives rise to chain structures, sp2 bonding to planar structures and sp3 bonding to 

tetrahedral structures. One can picture the structure of a SWCNT from the rolled  

 
 
 
 

a) b)

 
C = 5a + 4b 

 
 
Figure 2.8 Schematic diagram of the honeycomb lattice structure of graphene and the 
making of a SWCNT. a) C represents a chiral vector of a (5, 4) SWCNT, a and b are real 
space unit vectors. b) SWCNT formation by rolling a graphene sheet and putting 
fullerene at both ends. 
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sheet of graphene with fullerenes at both ends as shown in the Figure 2.8. Therefore we 

can expect the planer sp2 bonding that is characteristic of graphite to play a significant 

role in carbon nanotubes. 

Most of the electrical properties of SWCNTs are characterized by a parameter 

known as chiral vector, C
r

(Fig. 2.8), which corresponds to a section of the nanotube 

perpendicular to the nanotube axes (some time called equator of nanotube and whose 

magnitude is the circumference of the carbon nanotube). The chiral vector C
r

 can be 

expressed by the real space unit vectors a and b of the hexagonal lattice of graphite (Fig 

2.8) 
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·····················································································(2.4) 

where m and n are integers. 

In Figure 2.8 the chiral vector C
r

is (5, 4). Nanotube diameter, td , and chiral 

angle, cQ , can be represented in terms of m and n as follows 
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Change in all these parameters can be explained by the rolling of the graphene 

sheet. Theoretical calculations [10] have shown early on that the electrical properties of 

the carbon nanotubes are very sensitive to their geometric structure. Although graphene is 

known as zero-gap semiconductor, theoretical studies predicted that a SWCNT becomes 

either metallic or semiconducting depending on its chiral vector, i.e., boundary conditions 

in circumference direction. These predictions have been confirmed by Raman 

experiments [10] and direct measurements of local density of state by scanning tunneling 

microscope (STM) [12] (Fig. 2.9). 

The physics behind this sensitivity of the electronic properties of carbon 

nanotubes to their structures can be understood within a band folding picture. It is due to 

the unique band structure of a graphene sheet, which has states crossing the Fermi level at 

only 2 in-equivalent points in k-space, and to the quantization of the electron wave vector 

along the circumferential direction. An isolated sheet of graphene is a zero-gap 
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semiconductor (Fig. 2.10). When forming a tube, owing to the periodic boundary 

conditions imposed in the circumferential direction, only certain set of k states of the 

planar graphite sheet is allowed. If the tube axis is chosen to point in the y direction, the 

energy as a function of k (i.e. the band structure) is a slice through the cone (Fig. 2.10c). 

The tube then acts as a 1-D metal with a Fermi velocity that is similar to most metals. 

However, if the tube axis points in different directions, such as along x-axis, then the 

band structure has a different conic section. This typically results in a semiconductor 1-D 

band structure (Fig. 2.10d). The bottom line is that a nanotube can be metallic or 

semiconducting, depending on how the tube is rolled up.  

 
 
 
 

 
 
 

Figure 2.9 Real-space atomic structures of SWCNTs and correlating structures with 
electronic properties as measured by  STM. (a) Atomically resolved (dots) STM image of 
a 12-2 semiconducting tube in bundle. (b) Local density of states for a metallic (bottom 
curve) and semiconducting (top curve) SWCNT, respectively [12]. 
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The general rules for the metallicity of the SWCNTs are as follows:  
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mn

=
-

3
 Metallic ······································································(2.7) 
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According to this condition, (n, n) tubes are metals; (n, m) tubes with n-m=3j, 

where j is non-zero integer, are very tiny-gap semiconductors; and all others are large gap 

semiconductors. Strictly within the band-folding scheme, the n –m=3j tubes would be all 

metals, but because of tube curvature effects, a tiny gap opens for the case where j is 

nonzero. Hence SWCNTs come in three varieties: large-gap, tiny-gap and zero-gap.  

 
 
 
 

 
 
 
Figure 2.10 a) Lattice structure of graphene. b) The energy of the conducting states in 
graphene as a function of wave vector k, of the electron. c) Metallic SWCNT and its band 
structure. d) Semiconducting SWCNT and its band structure. 

d
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2.4.2 Band Structure  and Density of State of SWCNTs 
 
 

Figure 2.11 Shows the band structure and density of states of metallic (10,10) and 

semiconducting (10, 0) SWCNT. Metallic SWCNTs have zero band gap and 

semiconducting SWCNT has a finite band gap. 
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Figure 2.11 Band structure and density of states of metallic and semiconducting SWCNT. 
 
 
 
 

2.5 Synthesis of SWCNTs 
 
 

The first experimental identification in 1991 of carbon nanotubes was on multi-

walled nanotubes [84]. This report stimulated a large number of theoretical works on the 

structure and properties of the simpler and more fundamental single-walled carbon 

nanotubes, one atomic layer in thickness in the radial direction. The experimental 

discovery of SWCNTs in 1993 [86] further stimulated great interest in this field, though, 
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at first, small quantities of SWCNTs available for research was a major obstacle for 

systematic studies. These SWCNTs were generally found along with much larger 

concentration of amorphous carbon, carbon nanoparticles and other carbon based 

materials. For these reasons most of the experimental studies performed for the first 

several years were on multi-walled CNTs. 

The first relatively large-scale production of high quality SWCNTs was achieved 

by Smalley and coworkers using the laser ablation method [87]. Currently there are 

several different techniques to grow high quality pure SWCNTs: 1) arc discharge, 2) 

laser- furnace, 3) chemical vapor deposition [88]. Nowadays, high quality pure SWCNTs 

are readily available commercially. 

 
 

2.6 Potential Applications 
 
 

Carbon nanotubes have attracted the fancy of many scientists worldwide. The 

small dimensions, extraordinary strength and remarkable physical properties of these 

structures make them a very unique material with a whole range of promising 

applications. 

A decade after their discovery, the new knowledge available in this field indicates 

that CNTs may be used in a number of practical applications. There have been great 

improvements in synthesis techniques, which can now produce reasonably pure 

nanotubes in quite large quantity. 

Nanotubes can be opened and filled with materials such as biological molecules, 

raising the possibility of applications in biotechnology such as targeted delivery of 

biomaterials. Because of the excellent electrical and thermal conductivity they can be 

used as interconnect while dissipating heat from tiny computer chip. The strength and 

flexibility of carbon nanotubes make them of potential use in controlling other nanoscale 

structures, which suggested that they may have an important role in nanotechnology 

engineering. Though it is debatable if large-scale nanotube materials can ever be made 

with tensile strength approaching that of individual tubes, composites may yield 

incredible strength potentially sufficient to allow the building of such thing as space 
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elevators, artificial muscles, and ultrahigh-speed flywheels. Field emission displays 

(FEDs), giant magnetoresisitance and superconductivity have also been reported [10]. 

Because of the extraordinary electrical properties of SWCNTs, individual 

SWCNTs can work as conducting wires [12, 13], field effect transistors [14] or single-

electron tunneling transistors, gas and bio sensors [89], field emission displays [90], and 

combination of nanotubes can be used to build a rectifier [15] or complex terminal 

devices [16]. 

SWCNT devices have become a long way, but how far they will go is anyone’s 

guess. Clearly, they will be part of the scientific landscape for years to come as a model 

system for studying physics at the nanometer scale.  

Many commercial applications have also been proposed and tested from 

molecular electronics to sensing. For these real world applications we need to find ways 

of successfully integrating them into existing microelectronic products and technology. 

But if we mange to develop the technology to fabricate SWCNT of particular type, length 

and diameter in a controlled fashion -and to incorporate the tubes into lithographically 

defined circuits at particular places with efficiencies approaching 100% -then the sky is, 

indeed, the limit. 

While this is a challenging goal, there appear to be no fundamental barriers to 

achieving it. A proper marriage of physics, chemistry and electrical engineering may be 

up to the task. Electronics may begin to go the way of biology and use the carbon atom as 

its backbone. 
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CHAPTER 3 
 
 
 
 

SURFACE-TEMPLATED ASSEMBLY OF SINGLE -WALLED 
CARBON NANOTUBES  

 
 

The novel and unique properties of SWCNTs allow us to envision a generation of 

new SWCNT-based electrical devices such as sensors and transistors with unprecedented 

performance and sensitivity [13, 14, 17, 91-96,]. As elaborated in the Introduction, 

individual SWCNT devices have exhibited extraordinary properties suitable as element in 

the next generation high performance integrated electronics. However, one major 

bottleneck for industrial applications is the lack of a mass production method. Since high 

quality SWCNTs are usually synthesized in a powder form, individual SWCNTs have to 

be "picked up" from the powder and "assembled" onto the substrate to build functional 

devices. However, conventional microfabrication technique, which has been a workhorse 

for modern semiconductor industries, is not suitable for such a large-scale “assembly” 

step. In previous reports, a small number of SWCNT-based junctions have been 

successfully fabricated via various techniques [18-27]. However, since those methods 

often utilized external forces such as electric field or flow cell to align SWCNTs and 

relied on slow serial patterning methods such as electron-beam lithography to fabricate 

the device structures, they are tedious and high cost methods, and thus are not suitable for 

mass production. Another strategy that has shown some success is growing SWCNTs 

from pre-defined catalysis particle patterns [28-30]. The major deficiency in this method 

is that it is very difficult to precisely control the growth direction of individual SWCNTs 

at large scale. Small number of devices has been made in this fashion; however, it is 

difficult to imagine construction of complex large-scale circuits in this manner. 
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The self-assembly technique is based on the molecular recognition process, which 

provides a promising approach for constructing complex architectures from molecular 

building blocks, such as SWCNTs, bypassing the need for precise nanofabrication and 

mechanical manipulations [97] Biomolecules, with their inherent self-assembly 

capabilities [98] are particularly attractive for this task. Biological recognition has been 

imparted to SWCNTs [99] but their self-assembly into functional devices and circuits at 

large scale has not yet been demonstrated. Only recently has one group [100] 

demonstrated DNA-templated assembly of single SWCNT field effect transistors. 

Despite all the efforts, until now, the assembly of large-scale SWCNT-based circuits had 

not been demonstrated to the best of our knowledge. We reported here first successful 

assembly of millions of individual SWCNTs into regular arrays and SWCNT–based 

junctions on the substrate with a high yield [31]. In this strategy termed “parallel surface-

templated assembly”, SWCNTs from a suspension are attracted toward molecular 

patterns on the substrate and assemble onto specific locations with precise orientations. 

Significantly, since the method does not rely on any external forces or slow serial 

patterning technique, it can be done in a completely parallel manner and is suitable for 

high-throughput productions.  

 
 

3.1 Challenges in Developing SWCNT-Based Electronics 
 
 
The following are two essential requirements for any large-scale commercially 

viable carbon nanotube-based electronics technology: 

1. The deposition of SWCNTs onto specific locations with specific orientations on 

large scale with precise control.  

2. Manipulation of SWCNTs according to their electronic properties. All known 

preparative methods lead to poly-dispersed material of semiconducting, 

semimetallic and metallic electronic types of SWCNTs. 

Many have attempted or proposed solutions to the first problem with methods 

such as functionalization of the SWCNT surface, as discussed in the Introduction. 

However, up until this work, there had not been any successful report of precise large-

scale assembly of SWCNTs. Researchers sometimes resorted to manipulating nanotubes 
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one-by-one with the tip of an AFM in a painstaking, time-consuming fashion. Perhaps the 

most promising method up until this work was that carbon nanotubes can be grown 

through a chemical vapor deposition process from patterned catalyst material on a wafer. 

Though such a CVD process has been shown to allow a circuit designer to locate one end 

of a nanotube, there is no obvious way to control where the other end goes as the 

nanotube grows out of the catalyst. Based on controlled growth process using catalyst, 

one group proposed an architecture of SWCNT electronic circuits, in which CNT can be 

used as interconnects and transistors. This proposed assembly process is shown in the 

Figure 4.1. However, there remain several obvious insurmountable obstacles in this 

scheme. 

 
 
 
 

(c)

 

 
 
Figure 3.1 Proposed CNT-based electronics, which should withstand a 1000 times higher 
current density than Si microelectronics. (a) A single, and (b) a parallel array of proposed 
vertical coaxially gated CNT-transistors, (c) a CNT-interconnect. 

 
 
 
 
We have developed, experimentally, a promising solution to the first problem [31] 

by a surface-templated assembly process, in which we can precisely control the 

orientation and location of SWCNTs onto a prepared substrate. In this process single 

SWCNT level precision has been achieved at large scale assembly of SWCNTs using 

quite large molecular patterns (as compared to the diameter of SWCNTs).  
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As for the solution to the second problem, four recent reports, using 

dielectrophoresis, selective precipitation, ion-exchange chromatography, and 

complexation/centrifugation [101] respectively, have provided exciting clues towards the 

separation of metallic SWCNTs (M-SWCNT) and semiconducting SWCNT (S-SWCNT). 

More recently, research groups at University of Illinois and Rice University [102], 

reported a selective reaction pathway for SWCNTs, in which chemical functionalization 

is controlled by differences in the nanotube electronic structure; specifically, M-

SWCNTs are more chemically reactive as compared to S-SWCNTs. They reported that 

the selective chemistry can be used as a reversible route to separate, deposit, or 

chemically link nanotubes of particular electronic structure [103]. Alternatively, there has 

been considerable progress in controlled preferential growth of S-SWCNT, i.e. 

controlling the phase purity of the CNTs (metallic versus semiconducting SWCNTs) at 

the time of growth [104]. 

These developments raise the hope the two major problems could be resolved in 

the field of SWCNT-based electronic devices and large scale application of SWCNT-

based electronics may become viable in the near future. Below we describe in detail our 

work in templated assembly of SWCNTs. 

 
 

3.2 Surface-Templated Assembly of SWCNTs 
 
 
It is generally accepted that SWCNT is a chemically inert structure and to place 

the SWCNTs at specific locations from a SWCNT suspension they first need to be 

chemically functionalized. Moreover, due to the chemical inertness, functionalization of 

SWCNTs without damaging their surface is not possible. On the other hand, according to 

some reported results [26] there exists a Coulombic interaction between SWCNTs and 

the amine group. On the basis of this relatively weak long range attractive interaction we 

thought that surface-templated process to align and assemble SWCNTs could be achieved, 

taking advantage of our abilities in patterning organic molecules on a solid substrate. 

Surface-templated assembly is a method based on the interactions existing 

between the molecules on the solid surface and the target molecules. In this method, 

desired region on the solid substrate is first coated with organic molecules with specific 
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chemical functional groups, such as the amine group for SWCNT assembly, and then the 

substrate is placed in the solution of target molecules (or nanostructures like SWCNT). 

Due to the specific attractive force between the chemical functional groups on the surface 

and molecules in the solution, the assembly of molecules (or nanostructures) from the 

solution is directed only onto the functionalized region of the surface. 

Figure 3.2 shows a schematic diagram depicting the basic concept of "surface-

templated" SWCNT assembly strategy. First, metal electrodes or other structures are 

prepared on the solid substrate via conventional microfabrication techniques 

(photolithography and thin film deposition) (Fig. 3.2a). Then, specific regions on the 

substrate are functionalized with molecule with certain chemical groups that can attract 

SWCNTs from the suspension. These steps can be done in a matter of minutes using 

parallel DPN [76] or micro-contact printing [77]. To avoid unwanted adhesion of 

SWCNTs the remaining surface area is passivated with chemical groups (CNT-inert) that 

do not attract SWCNTs (Fig. 3.2b). Finally, the patterned substrate is placed in the 

SWCNT suspension for about 10 seconds so that SWCNTs are assemble onto the desired 

locations with precise orientations (Fig. 3.2c). This whole proposed surface-templated 

assembly process can be completed as fast as conventional microfabrication process, i.e. 

the most time consuming step is the patterning of the electrodes. 

 
 
 
 

a) b) c)

 
 
 
Figure 3.2 Schematic diagram depicting the basic concept of “surface-templated” 
SWCNT assembly strategy. a) Microfabrication of electrodes. b) Surface 
funcfionalization with  SAM. c) Assembly of SWCNT via molecular recognition.  
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3.3 Substrate Preparation 
 
 
The substrates we used in all of our experiments are amorphous thin film of Au/Ti 

deposited on Si/SiO2 wafers. We used unpatterned Au films for process development and 

electrode patterns with micron-sized gaps for the fabrication of SWCNT electrical 

junctions. 

 
 
3.3.1 Au Film Preparation 

 
 
The Au films were prepared in a commercial thermal evaporator (Edwards AUTO 

306, base pressure 2x10-7 Torr). Before the deposition of the Au film (typically 18-20 

nm), a Ti or Cr adhesion layer was deposited on a Si/SiO2 substrate (0.5mm thick, Wafer 

Services Inc.). The Ti or Cr adhesion layer allows one to grow stable Au films on 

virtually any solid surface. No further treatment of the Au film surface was performed 

before putting down the SAM. We always used fresh Au film (less than one week old) 

for better binding of SAM. 

 
 
3.3.2 Patterned Electrode Preparation 

 
 
We have used electrode patterns of different shapes and sizes with minimum gap 

size of 1µm between electrodes. They were defined using an optical lithography setup 

housed in a class 1000 clean room. We first cleaned the Si/SiO2 substrate by sonicating it 

in acetone and isopropanol for 3 minutes respectively. Then we spin-coated the 

photoresist (AZ 5206, Clarion). After spin-coating we baked the sample at 96oC for 30 

minutes. We exposed the resist-coated sample through a photo mask with desired patterns 

using a UV light source and develop (developer AZ351) the exposed sample. For metal 

electrodes we deposited Cr (Ti)/Au (3/7nm) using thermal evaporation as described 

above and finally, obtain the metal electrodes via liftoff in acetone. For electrode patterns 

we always used thinner layers of Au and Cr (Ti) as in this way we were able to get 

smoother and cleaner edges for the electrodes after the lift-off process.  
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3.4 Atomic Force Microscope Imaging 
 
 
The atomic force microscopy (AFM) probes the surface of the sample with an 

atomically sharp tip that is several microns long. The tip is located at the free end of a 

cantilever that is 100 to 200 µm long. Forces between the tip and the sample surface 

cause the cantilever to bend, or deflect. A detector measures the cantilever deflection as 

the tip is scanned over the sample or the sample is scanned under the tip. The measured 

cantilever deflections allow a computer to generate a map of surface topography. In 

contrast to scanning tunneling microscopy (STM), AFM can be used to study insulators 

and semiconductors as well as electrical conductors. 

Several forces typically contribute to the deflection of an AFM cantilever. The 

force most commonly associated with atomic force microscopy is an interatomic force 

called the van der Waals force. The dependence of the van der Waals force upon the 

distance between the tip and the sample is shown in Figure 3.3a. 

Two distance regimes are labeled on Figure 3.3a, 1) the contact regime; and 2) the 

non-contact regime. In the contact regime, the cantilever is held less than a few 

angstroms from the sample surface, and the interatomic force between the cantilever and 

the sample is repulsive. In the non-contact regime, the cantilever is held on the order of 

tens to hundreds of angstroms from the sample surface, and the interatomic force between 

the cantilever and sample is attractive (largely a result of the long-range van der Waals 

interactions). We used contact mode for most of our surface scans. 

 
 
3.4.1 Lateral Force Microscopy (LFM) 
 
 

Lateral force microscopy (LFM) measures the lateral deflections (twisting) of the 

cantilever that arise from forces on the cantilever parallel to the plane of the sample 

surface. LFM scans are useful for imaging variations in surface friction that can arise 

from heterogeneities in surface material, and also for obtaining edge-enhanced images of 

any surface. In our case, most of the time the lengths of patterned molecules are the same 

(or the difference is very small) thus it is very difficult or almost impossible to get any 

height difference with conventional AFM imaging (topography signal). Since the 
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patterned molecules always have different functional groups, in such a situation LFM is 

the best way to check the patterning, taking advantage of different friction from different 

functional groups. Topography and LFM are often combined to obtain optimal SAM 

imaging. 

 
 
 
 

a) b)

 
 
 
Figure 3.3 (a) Inter atomic force versus distance. (b) Lateral deflection of the cantilever 
from changes in surface friction (top) and from changes in slope (bottom). 
 
 
 
 

As depicted in Figure 3.3b, lateral deflections of the cantilever usually arise from 

two sources: changes in surface friction and changes in slope. In the first case, the tip 

may experience greater friction as it traverses some areas, causing the cantilever to twist 

more strongly. In the second case, the cantilever may twist when it encounters a steep 

slope. To separate one effect from the other, LFM and AFM images should be collected 

simultaneously. 

LFM uses a position-sensitive photodetector to detect the deflection of the 

cantilever, just as for AFM. The difference is that for LFM, the detector also senses the 

cantilever's twist, or lateral deflection. A properly engineered system can generate both 

AFM and LFM data simultaneously. 
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3.5 Self-Assembled Monolayer Patterning 
 
 
To understand the interaction between SWCNTs and surface functional groups of 

the SAM, we performed several control experiments by patterning different molecular 

species on amorphous Au surface. Since high quality SAMs with various functional 

groups can be easily prepared on Au surfaces, so Au is the most convenient substrate for 

these control experiments. In our experiments, we utilized DPN and µCP to pattern SAM 

on amorphous Au as described earlier. 

DPN process was performed using a CP Research AFM system (Digital 

Instruments) that is equipped with a lithography software (NanoInk, Inc), a closed loop 

scanner, temperature controller, and humidity controller. For DPN, AFM tip (Si3N4) was 

coated with different molecules, following the procedures described earlier and in 

literature [80]. 

For micro-contact printing, stamps of many different patterns, like lines, 

rectangles, and dots with different pattern frequency and sizes, were fabricated via 

microfabrication process following the procedure described earlier. µCP stamps were 

made with Sylgard 184 (Dow Corning) utilizing photoresist patterns on Si/SiO2 substrate 

as template. Once the stamps are ready, 2mM solution in ethanol, acetonitrile, or any 

other suitable solvent are prepared and utilized for microcontact printing as described in 

literature [105]. 

 
 

3.6 SWCNT Suspension 
 
 
Purified SWCNTs were purchased from Carbon Nanotechnology, Inc. The 

SWCNT powder was mixed with 1,2-dichlorobenzene (Fisher) and sonicated for 5 

minutes to prepare the SWCNT suspension. We utilized two typical concentrations of 

SWCNT suspensions in 1,2 dichlorobenzene: 1) high concentration of 0.2mg/ml; and 2) 

low concentration of 0.02mg/ml or less. To further remove any impurities, which often 

comes from magnetic catalyst nanoparticles, a strong magnet is placed near the 

suspension and the clean part of the suspension is extracted using a pipet. For SWCNT 
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assembly, the patterned surface was placed in the suspension usually for 10 seconds and 

rinsed with clean 1,2-dichlorobenzene at least three times immediately afterwards.  

 
 

3.7 Results and Discussion 
 
 
In previous reports, the "bottom-up" strategies have been applied to building 

functional devices from various nanowires [23, 24, 26]. However, these methods usually 

have to rely on external forces such as flow cells or electric field to control the 

orientations of the nanowires. Here we demonstrate that, 1) the surface–templated 

assembly alone can be utilized to position and align SWCNTs without any external 

forces, and 2) the entire surface-templated assembly process can be done in parallel 

manner with a single SWCNT level precision.  

 
 

3.7.1 Alignment of Multiple SWCNTs  
 
 
Since the direct patterning methods, DPN and µCP, allow us to deposit organic 

molecules without compromising their chemical purity, we are able to reliably produce 

high quality SAM patterns with a controllable affinity to SWCNTs. Here, we first 

patterned the surface with the non-polar molecule ODT (2mM in ethanol) using PDMS 

stamp and back-fill the remaining area with the polar molecule, cysteamine (2mM in 

ethanol) (Fig 3.4 a). We observed that the process with reverse order (stamping with 

cysteamine and back filling with ODT) was not possible, as ODT, because of its high 

binding ability, replaces cysteamine during backfilling. Next, the SAM patterned 

substrate was immersed in the SWCNT suspension (0.2mg/ml in 1,2 dichlorobenzene, as 

described earlier) for ~10 seconds and rinsed thoroughly with clean 1,2-dichlorobenzene 

(Fig. 3.4b). The result with methyl-terminated ODT is especially striking (Fig. 3.4b, c). 

The SWCNT patterns on the cysteamine SAM show extremely clean edge definition. The 

high-resolution image shows some SWCNTs are even bent to stay inside the cysteamine 

region (Fig. 3.4c, 3.7). We first experimented with cysteamine, a polar molecule with  
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Figure 3.4 SWCNTs assembled on molecular patterns of ODT/cysteamine. a) LFM 
image of patterns of ODT (dark strips) and cysteamine (bright strips) SAM on Au surface 
b) AFM contact force image of SWCNTs assembled on cysteamine and ODT SAM 
patterns on Au surface. c) High resolution AFM contact force image showing the sharp 
boundary between cysteamine (with SWCNTs, left) and ODT SAM (right) regions. 

 
 
 
 

amine functional group because previously amine group (-NH2) were reported to attract 

SWCNTs via electrostatic interaction [26]. We later found an extensive list of polar 

molecular species that can attract SWCNTs from suspension. The names (functional 

groups) of such molecular species are cysteamine (amine), 16-mercaptohexadecanoic 

acid (carboxylic acid) (MHA), 2-mercaptoimidazole (nitrogen atom in aromatic ring) 

(2MI), 4-mercaptopyridine (nitrogen atom in aromatic ring) (4MP), 2-

mercaptopyrimidine (nitrogen atom in aromatic ring) (2MPI), 6-mercapto-1-hexanol 

(hydroxyl) etc. Although we observed that these molecules have different binding 

abilities, all these molecules give clean alignment of SWCNTs when patterned with a 

non-polar molecule (Fig. 3.5). In general, polar functional groups attract SWCNTs from 

suspension very well, while non-polar groups (e.g. methyl groups in ODT) can 

effectively block the adhesion of SWCNTs. It should be noted that the functional groups 
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that can attract SWCNTs include those that are potentially negatively (e.g. carboxylic 

acid) or positively (e.g. amine) charged molecules. Even though the exact form of this 

attractive potential is yet to be explored, this result implies that interaction between the 

SWCNTs and the surface functional groups originates from the polarization of surface 

functional groups rather than their net static charges. In addition, our results show that it 

is the polarity of the working functional groups that dominates the attractive ability rather 

than other factors. 
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Figure 3.5 SWCNTs assembled on molecular patterns of ODT/2MI. a) LFM image of 
2MI patterns (dark strips) with assembled SWCNTs and ODT SAM patterns (bright 
strips) on Au surface. b) High resolution LFM image of SWCNTs assembled on 2MI 
SAM without any SWCNTs showing the boundary between 2MI (center) and ODT SAM 
(on both sides) regions. 

 
 
 
 
Figure 3.6 shows SWCNTs assembled onto a surface with two different polar 

molecular patterns. The density difference of SWCNT on two different polar molecular 

patterns reflects the relative strength of the attractive forces between SWCNTs and 

different presumably functional groups. Another observation in this case is that the 

SWCNTs are clearly crossing the boundary of the molecular patterns. 
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Figure 3.6 SWCNTs assembled on patterns of two different polar molecules. a) LFM 
image of SWCNTs assembled on MHA (narrow bright strips) and 4MP (dark, wider 
strips) b) AFM contact force image of SWCNTs assembled on 2MPI (strips with more 
SWCNTs) and on 4MP patterns (strips with fewer SWCNTs). 

 
 
 
 
Assembly of SWCNTs on patterns of two different polar molecules and on polar 

and non-polar molecular patterns is clearly different, as shown in Fig. 3.4, 3.5 and 3.6. 

The cause for this behavior is the difference of the attractive forces from two different 

surface functional groups on the boundary. If both chemical groups attract SWCNTs with 

similar strength, SWCNTs can easily cross the boundary (Fig. 3.6). We found that the 

boundaries between polar and non-polar SAM patterns provide excellent edge definition 

of assembled SWCNTs. These results implies that, with proper combination of patterning 

molecules, one can precisely align SWCNTs utilizing only surface molecular patterns 

without relying on external forces such as electric field or flow cell. 

Figure 3.7 provides a clue to the understanding of the binding mechanism of 

SWCNTs on molecular patterns. Presumably, the SWCNT first landed randomly along 

the tangential line (solid line in Fig. 3.7c), and its portion in the ODT region was attracted 

toward the cysteamine molecules (Fig. 3.7d) and finally it stayed in the polar region (Fig. 

3.7d). The distance from the end of the tangential line to the edge of the cysteamine 

region implies that the attractive force extends over a- few-micrometer distances. The 

second possible explanation for this precise alignment could be the dielectrophoresis 

process, i.e. non-uniform electric field generated by the polar molecules at the edges  
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Figure 3.7 Binding mechanism of SWCNT assembly on molecular patterns. a) Bending 
of SWCNT to stay within polar molecular patterns (on left). b) Random landing between 
polar (left) and non-polar (right) molecular regions. c) Attractive forces between SWCNT 
and polar molecules (on left) pull the SWCNT towards left. d) Finally SWCNT stayed in 
polar molecular regions (on left).  

 
 
 
 

exerts a force on the SWCNT before landing. Even with a very small field gradient this 

force can be very large (calculations shows that force of the order nN is required for the 

observed bending) because of the large dielectric constant of SWCNT. We tried different 

shapes of the polar molecular patterns, such as rectangles and circles, and we found that 

the edge definition did not depend on the shape of the molecular patterns. One more 

possible explanation of binding mechanism could be the hydrophobicity and 

hydrophilicity of the solvent on the polar and non-polar regions of the patterned surface. 

In this scenario, because of the hydrophilic nature of the polar molecules the solvent will 

evaporate later from the polar regions (observed experimentally as well) and due to 

surface tension the SWCNTs can be pulled by the solvent towards polar molecular 

patterns. This possibility can be verified by doing AFM in SWCNTs suspension solvent 

i.e. in DCB. 

 



 44 

3.7.2 Alignment of Single SWCNTs over SAM Patterned Au Surface 
 
 
The surprising discovery that SWCNTs do not cross the boundaries between polar 

and non-polar regions and stay within molecular patterns with very sharp boundaries 

provides the possibility to confine a single SWCNT in a polar molecular pattern as shown 

in Figure 3.8b if it is small enough. Another issue in applying this process for mass 

production is its throughput. It is usually believed that nanometer scale patterns are 

required to control the assembly of a single SWCNT. With this generally accepted 

principle we began experimenting with reducing the linewidth of the polar molecular 

patterns and we indeed observed a reduction in the number of SWCNTs in each pattern 

(Fig. 3.8c). By reducing the pattern linewidth, we can achieve high precision alignment 

of a few SWCNTs (Fig. 3.8d). It is reasonable to expect that single SWCNT assembly 

can be achieved by further reducing the polar molecular pattern size. In this case, the 

process would require nanoscale serial surface patterning methods such as electron-beam 

lithography and DPN. Even though there has been significant progress in the 

development of parallel DPN or e-beam systems, those systems are not yet available for 

industrial applications [106].  

The breakthrough for this problem comes from additional control experiments in 

which we observed a significant effect of the SWCNT suspension concentration on the 

assembly. Figure 3.9 shows the assembly results from two different concentration 

SWCNT suspensions. When a relatively high concentration (0.2mg/ml) suspension of 

SWCNTs is utilized, SWCNTs assemble over the entire 2MI pattern area (Fig 3.9a). 

Surprisingly, at a much lower concentration (0.02mg/ml), only a single SWCNT 

assemble at the center of the individual micrometer scale molecular patterns even though 

the patterns still has large empty area (bright area in Fig. 3.9b) for extra SWCNTs. Even 

though similar molecular patterns are utilized (6x2 µm2), the SWCNT assembly from 

"high" and "low" concentration suspensions shows a striking difference. With this very 

important development, for single SWCNT alignment we no longer have to pattern the 

surface with nanometer scale SAM. Rather, it can be accomplished just by controlling the 

concentration, which is much more convenient as compared to reducing the linewidth 

below micrometer. One possible explanation for this observation is the screening effect.  
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Figure 3.8 Aligning single SWCNT over molecular patterns. a) Schematic diagram of 
two possibilities of SWCNT landing: 1) complete alignment within polar molecular 
regions (Fig. on left), 2) partial alignment within polar molecular regions (Fig. on right). 
b) AFM contact force image of SWCNTs assembled on polar molecular region. c) LFM 
image of reduced number of SWCNTs over nanoscale line width polar molecular (dark 
strip). d) AFM contact force image of single SWCNT in very narrow polar molecular 
patterns (bright narrow lines) and the rest of the area is ODT SAM. e) AFM contact force 
image of Single SWCNT assembled (bright lines) in polar larger molecular patterns (see 
inset). 
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In a very low concentration suspension where the average distances between individual 

SWCNTs are larger than a few micrometers, we can assume that only a single SWCNT 

approaches a micrometer sized surface pattern at any given time. The attractive force 

from the molecular pattern should attract ”grasp” the SWCNT toward the center of the 

molecular pattern. Once the first SWCNT assembles on the pattern, it can screen out the 

electric field from the molecular pattern and effectively reduces the attractive force to the 

other SWCNTs in the suspension. In high concentration suspension where many SWCNT 

are in a close proximity, multiple SWCNTs should approach the molecular pattern and 

assemble simultaneously. Significantly, due to this screening effect, one can now 

precisely position and align individual SWCNTs utilizing micro- or submicron-scale 

molecular patterns without relying on nanoscale resolution serial surface patterning 

methods.  
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Figure 3.9 SWCNTs assembled on similar shape 2MI patterns from two different 
concentration SWCNT suspensions. ODT is used for passivation. a) LFM image of 
SWCNTs assembled everywhere over 2MI from high concentration SWCNT suspension. 
b) LFM image of single SWCNT assembled over 2MI from low concentration SWCNT 
suspension (line in dark elliptical regions), 2MI SAM (dark elliptical regions). 
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The results in Fig. 3.4, 3.8 and 3.9 provide a new parallel strategy. First, 

SWCNTs can be positioned and aligned along the molecular patterns with a combination 

of polar and non-polar molecules species without any external forces. Second, due to the 

screening effect, one can assemble only a single SWCNT on a micrometer scale 

molecular pattern from a low concentration SWCNT suspension. Indeed, we successfully 

applied the strategy to assemble millions of SWCNTs on a flat Au film substrate (Fig. 

3.10). First the entire Au sample surface area (approximately 1cm x 1cm) is covered by 

 
 
 
 

 
 
 
Figure 3.10 Massive parallel assembly of SWCNTs utilizing micro-contact printed 
surface patterns from a low concentration SWCNT suspension. AFM contact force image 
of an array of single SWCNTs on 2MI patterns on Au surface, the inset is the lateral force 
microscope image showing a single SWCNT in a 2MI patterns (bright area). 
Approximately 1cm x 1cm area is covered by this array. 

 
 
 
 

an array of elliptic-shaped 2-mercaptoimidazole SAM patterns (bright area in the inset). 

Here, the entire molecular patterning was done in few minutes utilizing microcontact 

printing. When the substrate is placed in a low concentration SWCNT solution for just 10 

seconds, only single SWCNTs assembles onto individual micron sized 2-MI patterns. 

The result was the coverage of the entire sample area with an array of individual 

SWCNTs (Fig 3.10). It should be noted that no external force was utilized here to help 
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align the SWCNTs. Since the last step took only a few minutes and was done in a parallel 

manner, the speed of this assembly process is comparable to that of conventional 

microfabrication, and the method is potentially suitable for mass production of SWCNT-

based structures. On a large-area Au film surface, we can achieve 90% or better yield 

with a single SWCNT level precision. 

 
 
3.7.3 Alignment of Single SWCNTs across Electrode Patterns 

 
 
Alignment of individual SWCNTs across the pre- fabricated electrode pattern was 

a key step in the assembly of SWCNT circuits. Up to now, we have discussed the 

alignment of SWCNTs over a Au film surface. Of course aligning conducting/ 

semiconducting nanostructure on a flat conducting surface has no use, particularly if we 

want to use/study their unique electrical properties. As a step in realizing assembly of 

SWCNT circuits at large scale, we demonstrated the alignment of SWCNTs across 

multiple Au electrodes to form millions of electrical junctions. In this process, we first 

made the electrode patterns using optical lithography, thin film deposition and liftoff 

following the procedure briefly discussed earlier. We selected a pattern of an array of 

parallel lines of electrodes, with electrode width of approximately ~2µm and separation 

of ~1µm (Fig. 3.11) between the electrodes. Obviously, in such a choice of electrode 

patterns it is very difficult to do any reliable electrical measurements across each 

SWCNT after putting them across the electrodes. But here our main objective was to 

demonstrate that in this procedure millions of individual SWCNTs can be aligned across 

the electrodes in a parallel manner. As the electrical properties of such SWCNT device 

structures, especially in the FET configuration, are well studied, the electronic 

characteristics of the devices constructed with this assembly process can be studied and 

compared with known results. The results will be presented in Chapter 5. 

After having the electrode patterns ready, we patterned the substrate with ODT 

SAM (dark area on Au, Fig. 3.11b), using PDMS stamping. The ODT patterns are 

parallel lines perpendicular to the Au electrodes. The remaining area on Au was back-

filled with 2MI SAM (bright area on Au, Fig. 3.11b). Here, 2MI and ODT were utilized 

only for Au surface functionalization and passivation, respectively. The SiO2 surface area  
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Figure 3.11 Assembly of SWCNTs across prepatterned electrodes. a) AFM contact force 
image of a large number of SWCNTs assembled across electrodes. Green circles showing 
single, orange rectangle showing two, and blue triangle have no SWCNT across the 
electrodes respectively. b) close-up view of one of single SWCNT junctions in a). c, d) 
LFM image of ODT (dark area) and 2MI SAM (remaining bright area) over Au electrode 
strips. 

 
 
 
 

between the Au electrodes was then passivated with octadecyltrichlorosilane (OTS). In 

the ODT patterning we tried two procedures: 1) SAM patterning before liftoff of Au, 2) 

SAM patterning after liftoff of Au. Both worked very well, although the success rate was 

lower for SAM patterning after liftoff. So after verifying that both processes can be used, 

we performed the ODT SAM patterning before liftoff whenever possible. In stamping 

ODT SAM before liftoff there was a problem of diffusion of ODT in blank regions of the 

stamp at the edges of the electrodes (Fig. 3.11c). This was detrimental to the assembly of 

SWCNTs, because if the edges of the electrodes were covered with ODT, the SWCNTs 
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would be less likely to assemble across the electrodes. To overcome this problem we 

tried two remedies: 1) reduce the stamping time to 2 sec from 8 sec, and 2) dry the stamp 

for longer time so there is less or no solvent left on the stamp which reduces the diffusion 

of the ODT molecules. Both processes worked well and resulted in good passivation of 

the surface (Fig. 3.11d). The SiO2 surface, which is also a polar surface and can attract 

SWCNTs, must be passivated to prevent massive adhesion of SWCNTs between the Au 

electrodes. We passivated the Si/SiO2 surface with OTS. OTS has the same end group (-

methyl terminated) as ODT. In this step, we did not need to do any further treatment to 

the surface. Good OTS passivation was obtained just by immersing the ODT/2MI 

patterned electrode substrate in OTS solution (2mM in hexane) for three minutes, 

followed by thorough rinsing in hexane. One important point to be noted here is that OTS 

did not affect the SAM patterns of ODT/2MI over the Au electrodes, which is very 

important for the next step of SWCNT assembly. After the OTS passivation, when the 

substrate was placed in a relatively low concentration (0.08mg/ml) SWCNT suspension, 

we were able to assemble single SWCNTs between the electrodes over polar molecular 

patterns, presumably, due to the screening effect as seen in Figure 3.10. Also, it should be 

noted that this process utilized molecular patterns on Au electrodes (2MI, e.g.) to capture 

the SWCNTs, and the portion of the SWCNT between the electrodes, which presumably, 

determines the SWCNT junction characteristics, is not in contact with chemical 

functional groups, as OTS is a methyl terminated molecule like ODT. This scheme may 

minimize the possibility of unwanted chemical doping [24, 26, 93], which is also ideal 

for sensor applications or controlled chemical doping of the SWCNT in the future. 

Another important observation during the process development was the 

occasional presence of a few SWCNTs between the electrodes across the ODT regions. 

These SWCNTs were there due to the fresh Au surface at the vertical edge of electrodes 

after lift off. To eliminate this problem we simply put the sample again in the ODT 

solution for 5 sec to passivate the fresh Au which appeared after liftoff. We tried this 

ODT passivation step before and after the OTS passivation of SiO2, with equally good 

results. 

We have applied this scheme to assemble millions of SWCNT-based junctions 

over approximately 1cm x 1cm size sample surface area (Fig. 3.11a). When the surface-
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templatd SWCNT assembly process is utilized on a substrate with more complex 

microfabricated structures, three-dimensional structures on the substrate may affect the 

assembly process. For example, deep trenches or sharp edges of the electrodes can 

possibly enhance or reduce the assembly probability. To objectively estimate the 

effectiveness of this assembly method on electrode structures, we utilized long Au stripes, 

as described earlier, with about 1µm gap as test structures (Fig 3.11a). 2MI patterns are 

created on Au stripes every ~6µm, and the remaining Au and SiO2 are passivated with 

ODT and OTS SAM, respectively. When this large patterned substrate is placed in a 

SWCNT suspension, SWCNTs assemble between molecular patterns across the SiO2 gap. 

The yield of this process can be estimated by counting the number of SWCNT junctions 

with only a single SWCNT. In this case, the locations and orientation of the SWCNT 

junctions are determined mainly by those of molecular patterns rather than the shape of 

electrodes, which allows us to objectively estimate the efficiency and yield for our 

assembly process. In Fig. 3.11a, junctions with 0, 1, and 2 SWCNTs are marked by 

triangles, circles, and rectangles, respectively, showing approximately 70% junctions are 

connected by only a single SWCNT. As a matter of fact, the yield of this process strongly 

depends on the size of the electrode gaps and the length distribution of the SWCNTs in 

the suspension. When Au electrodes with 2 µm gaps were utilized, the yield dropped to 

less than 30%, indicating that our SWCNT suspension did not contain long enough 

SWCNTs to bridge the gaps. Smaller gap size should give a better yield because it 

approaches the limit of flat substrate (better than 90% yield), which is also preferred for 

high density integration.  

The assembly process of SWCNTs across prefabricated electrode patterns is 

summarized in Fig. 3.12. Briefly, optical lithography was used to generate required 

electrode patterns (Fig. 3.12b). Ti (Cr)/Au film (3/7nm) was deposited (Fig.3.12c). 

Surface patterning was done using PDMS stamp for large areas, and DPN for small area 

prototype patterning (Fig. 3.12d). Liftoff by sonicating the sample in acetone for 3 

minutes followed by thorough rinsing in acetone and then 3 minutes sonication in 

isopropanol followed by thorough rinsing in isopropanol (Fig.3.12e). Next step is the 

OTS passivation of Si/SiO2 surface by dipping it in an OTS solution for 3 minutes 

followed by thorough rinsing in hexane (Fig. 3.12f). And finally after immersing the 
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substrate in a SWCNT suspension, SWCNT are assembled across the electrode over 

polar molecular regions. 
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Figure 3.12 Detailed schematic diagram for SWCNT assembly process on electrode 
structures. a) Si/SiO2 substrate. b) Electrode patterns via photolithography. c) Au/Ti 
deposition via thermal evaporation to make electrodes. d) Surface patterning with SAMs. 
e) Liftoff to get the electrode patterns. f) Passivation of Si/SiO2 surface using OTS SAM. 
g) SWCNT assembly across the electrode after dipping in SWCNT suspension. 

 
 
 
 
We have not performed any kind of energy calculations for this assembly process 

neither have we done any spectroscopy measurements to check what type of binding is 

there between the SWCNTs and polar molecules. However, one thing we did observe 

was that the binding between the SWCNTs and polar molecules is very weak, as we can 

remove SWCNTs form molecular patterns just by sonicating the sample in DCB for ~20 

sec. In some cases, when we failed to obtain enough number of SWCNTs on the pattern, 

especially across the electrodes, we simply sonicated the sample in DCB solution for 15 -
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20 seconds to remove the SWCNTs and clean the sample, and the substrate could be 

reused to improve the number of SWCNTs across the electrodes. So if something wrong 

occurs in the last step of the SWCNT assembly, we do not have to prepare new 

substrates; simply by sonicating we can use the same sample again to achieve better 

results. 

Finally, judging from the experimental results, we can conclude that the surface-

templated assembly process we have developed can be utilized to assemble SWCNTs at 

macroscopic scale and this process is as efficient as conventional microfabrication 

processes. An important point to note is that the assembly of clean and active SWCNTs 

occurs in the last step of this assembly process, which means that the SWCNTs over the 

electrodes is as clean as it was at the time of growth. This is particularly important in 

sensor applications of SWCNTs. 

 
 
3.7.4 Conducting AFM Scan of Assembled SWCNTs 
 
 

After successful assembly of the SWCNTs across patterned electrodes, the next 

important step is the verification of the conduction state of the SWCNTs in the assembled 

device. In this assembly scheme SWCNT is not directly in contact with the Au electrode, 

but through the organic molecules in between. To verify that the SWCNTs are in good 

electrical contact with electrodes, we took conducting AFM scan of our sample. Figure 

3.13a shows the schematic diagram of the electrical circuit for conducting AFM (CAFM). 

The AFM tip we used for CAFM was diamond coated Si3N4 tip (CP research TM 

Thermo Microscope) and the data recorded is the value of current at each location. In 

contrast to STM where the tip is maintained at a small distance away from the sample, in 

CAFM the tip is in direct contact with the sample. The brightness in the scan signifies the 

current density, therefore, brighter area in scan means the region is more conducting. 

Figure 3.13b shows the conducting map of a sample, which clearly demonstrates that the 

SWCNTs across the electrodes conduct very well. This is an encouraging important sign 

for the feasibility of SWCNT-based electrical circuit applications of this newly developed  
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Figure 3.13 Conducting AFM scan of SWCNT across the electrodes. a) Schematic 
diagram representing the circuit for conducting AFM. b) Current map of a SWCNT 
across the electrodes.  

 
 
 
 

assembly process. Before any real applications, however, many factors which can affect 

the electrical properties of SWCNT-based circuits have to be considered. For example, a 

quantitative evaluation of the effect on the contact resistance due to the organic 

molecules is needed. The effect of OTS on SiO2, particularly in gating the FET, needs to 

be considered. A preliminary effort in the study of these factors will be presented in 

Chapter 5. 
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3.8 Conclusions 
 
 
In summary, we have demonstrated for the first time high-throughput assembly of 

macroscopic arrays of SWCNT-based electrical junctions. This assembly process 

combines conventional microfabrication with soft material patterning. It is well suited for 

rapid, efficient, and cost-effective bottom-up assembly of nanocomponents such as 

SWCNTs into functioning device structures and even complex circuits. Of the process 

depicted in Fig. 3.14, microfabrication of electrode is a mature process (Fig 3.14a), 

surface patterning can be done in a matter of minutes using microcontact stamping, 

parallel DPN or photolithography (Fig. 3.14b), finally SWCNTs can be assembled in a 

few seconds (Fig. 3.14c). The end result is the attachment of clean SWCNTs across the 

electrodes at the last step of the process without any modification to the surface of the 

SWCNTs. The end product with clean unmodified SWCNTs, which retain all of the 

original electrical properties, can be of great value in realizing the outstanding potential 

in sensor applications for the CNTs. 
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Figure 3.14 Schematic depiction of the fast surface-templated assembly of clean active 
SWCNTs for mass production of SWCNT integrated devices. a) Fabrication of electrodes 
using conventional microfabrication processes. b) Surface functionalization using SAM. 
c) SWCNT using molecular recognition. 
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The method is also highly compatible with other successful methods for SWCNT 

assembly, such as flow cell and electric field techniques. They can complement each 

other to achieve the best results and optimal efficiency. The next question is: Can we 

build very-large-scale integrated (VLSI) circuits utilizing SWCNTs with this technique? 

The question remains unanswered because of several challenging problems, among them 

the most serious being synthesis of SWCNTs with identical chiralities. However, one 

thing we can conclude from this work is that the results reported here should remove one 

of the major stumbling blocks in realizing the final goal. The capability to produce large 

number of SWCNT junctions from dispersed SWCNTs should provide researcher 

tremendous flexibility in exploring new device structures and open up new academic 

research and industrial application opportunities. In addition, it should be noted that we 

have demonstrated successful directed assembly of SWCNTs which are believed to have 

minimal interactions with the chemical functional groups. The method should be more 

easily applied for similar assembly of other nanowires with more chemical functionalities 

[107]. And indeed, inspired by this successful assembly of SWCNTs, many other groups 

have successfully demonstrated the assembly of other nanostructures using similar 

strategy in several recent reports [108].  

We are hopeful that this development may play a significant role in converting 

current extensive academic research about CNTs into useful applications. 
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CHAPTER 4 
 
 
 
 

ALIGNMENT OF SINGLE -WALLED CARBON NANOTUBES 
USING ONLY NON-POLAR MOLECULES  

 
 
In Ch. 3 we presented the assembly of SWCNTs over hybrid molecular templates 

of polar and non-polar SAMs. Our conclusion at that stage was that the precise alignment 

of SWCNT was due to the weak Coulombic interaction between the SWCNTs and the 

end groups in the polar molecules [26]. In this Chapter we report on similar assembly of 

SWCNTs without the use of any polar molecules: patterns of non-polar molecules alone 

are enough for precise alignment of SWCNT, i.e. by patterning the surface only with 

non-polar molecules and leaving rest of the area as is (bare Au surface). By immersing 

such a substrate in SWCNT suspension we observed very precise assembly/alignment of 

SWCNTs on bare Au surface and no SWCNT was found on the non-polar SAM. We also 

succeeded in assembling SWCNTs on Au nanoparticles on a substrate of hybrid surface 

structure of Au nanoparticles and non-polar SAM. The successful assembly of SWCNTs 

on metal electrodes without any polar molecules is an important development with regard 

to the critical issue of contact resistance [33]. With this development, all the electrical 

characterization results already reported for SWCNT devices made with conventional 

techniques can be compared directly with devices made by this assembly process. 

Templated-assembly of SWCNTs with polar molecule, reported in the last Chapter, is 

valuable in its own right: 1) Molecules with different functional groups may help to 

develop an alternative solution and understanding of problem of contact resistance [33], 

2) M-SWCNTs can act as interconnects in single molecule devices such as molecular 

transistors and diodes [4, 6, 122, 126]. Electrical properties of organic molecules can be 

studied with nanoscale SWCNT contacts instead of metal contacts which are much more 
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difficult to fabricate. The templated assembly processes of SWCNT with and without 

polar molecules can both be very useful in the field of molecular electronics. 

It is well known that thiol modified structures can control the position of Au 

nanoparticles because of strong and well known binding between Au and thiol. 

According to our results Au nanoparticles can be used to control the placement of 

SWCNTs precisely. Thiol modified DNA and proteins are very common [109], thus 

indirectly DNA and proteins can be used to control the placement of SWCNTs. So well 

known molecular electronics components, like DNA and proteins [110] can be used to 

design more complex structures with SWCNTs using Au nanoparticles. These complex 

structures could be very important from fundamental and application point of view.  

 
 

4.1 Surface Patterning 
 
 
4.1.1 Non-Polar Molecule Patterning and SWCNT Assembly 

 
 

First, specific regions on the Si/SiO2 substrate covered with Ti/Au films were 

patterned with SAMs of ODT (2mM in ethanol) using PDMS stamping, followed by 

thorough rinsing in ethanol. The remaining area of the Au film was left as it is. Figure 4.1 

shows a flow diagram of the procedure. Figure 4.1d shows the patterns of ODT SAM and 

bare Au surface (Fig. 4.1d). In the non-polar molecular patterning we tried various 

molecules, such as ODT, dodecanethiol, hexanethiol and butanethiol, all methyl 

terminated, and all of them give similar results. After verifying that all these molecules 

work well, we used ODT most of the time. In the final step, after dipping in high 

concentration SWCNT solution for ~ 10 seconds we obtained SWCNTs well aligned over 

bare the Au surface and no SWCNTs over the ODT regions. We used several different 

molecular patterns from different PDMS stamps and created a variety of arbitrary shape 

molecular patterns using DPN. 
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4.1.2 Patterning of Au Nanoparticles and SWCNT Assembly 
 
 

For Au nanoparticle assembly, first specific regions of the Ti/Au film on a Si/SiO2 

substrate were patterned with SAMs of ODT (2mM in ethanol) and the remaining area 

backfilled with octanedithiol (OD) (10mM in ethanol) SAMs, followed by thorough 

rinsing in ethanol (Fig. 4.1a). OD has thiol at both ends, one thiol end binds to the Au 

substrate and other thiol end remains free, which enables the capture of Au nanoparticles 

on the OD SAMs. [111]. The OD/ODT SAMs patterned surface was kept in 2nm Au 

nanoparticles suspension (SPI Supplies) for a long time (24 hrs) to obtain uniform 

coverage of OD regions with Au nanoparticles (Fig. 4.1b). This was followed by 

thorough rinsing in DI water and sonication in DI water for 30 seconds. At this stage 

topography image clearly shows that ODT is lower as compare to Au nanoparticles 

regions. Finally, the Au nanoparticle patterned surface was kept in SWCNT solution for 

~10 seconds and we obtained SWCNT assembly only over Au nanoparticle regions (Fig. 

4.1c). Here also different molecular patterns of various shapes and sizes were used from 

PDMS stamping as well as DPN. 

 
 

4.1.3 Metal Deposition on SAM Patterns and SWCNT Assembly 
 
 

Before the metal deposition on SAMs we patterned the Ti/Au covered Si/SiO2 

substrate in two different ways: 1) ODT stamping and leaving the remaining area as is 

(Fig. 4.1d); 2) ODT stamping and backfilling the remaining area with some polar 

molecules. Over both the polar molecular regions and the bare Au surfaces between the 

ODT, metal deposition always resulted in uniform growth. In contrast, the deposited 

metal formed clusters on the ODT whose coverage increased with the thickness. After 

dipping the substrate in a SWCNT suspension, adhesion of SWCNTs on the ODT regions 

was observed to depend upon the Au coverage: SWCNT assembly on ODT was seen 

only when the Au coverage was almost complete, with partial coverage ODT Au no 

SWCNT adhesion was observed (Fig. 4.1f). 
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Figure 4.1 Schematic representation of SWCNTs assembly on Au surface and over array 
of Au nanoparticles. a) ODT stamping and backfilling with OD. b) Au nanoparticle 
assembly. c) SWCNTs assembly over Au nanoparticles. d) ODT patterning on Au surface. 
e) Au deposition via thermal evaporation. f) SWCNT assembly over Au deposited SAMs. 
Different thicknesses of deposited Au give different distribution of SWCNT over ODT 
SAM patterns. 
 
 
 
 
4.1.4 Polar Molecular Patterning and SWCNT Assembly 

 
 
To compare the binding ability of two different polar groups or between polar 

group and Au surface i.e. binding ability difference of CNT-surfaces. We patterned the 

surface with one polar molecule SAMs and before back filling we have to be very careful. 

It could be possible that the back filling molecule bind to the top of first molecules SAMs 

in parallel to the remaining Au surface as top of the first molecules has active functional 

group. So before making any conclusion we checked in literature about the binding 

abilities of different molecules, if there is any problem we can switch the molecules i.e. 

stamping molecules can be used for back filling and vise versa. Non-polar to polar do not 

create such kind of problem as non-polar molecule do not have any active functional 

group. Rest of the patterning process is same as in previous sections 
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4.2 Results and Discussion 
 
 
Here we demonstrate: 1) SWCNT can be aligned without any polar molecules (i.e. 

over bare Au surfaces, over Au nanoparticles, and even over palladium surface) with the 

same precision as with polar molecule SAMs, 2) the non-polar molecules like ODT plays 

a crucial role in the assembly process.  

 
 
4.2.1 Assembly of SWCNTs on Bare Au Surface 
 
 

After patterning the surface with a non-polar molecule, ODT, SAM, we immersed 

the substrate in a SWCNT suspension (0.2mg/ml) for ~10 seconds. The SWCNTs align 

precisely within the Au surface (Fig 4.2). Regardless of the shape and size of the patterns  

(line vs elliptic shown here) the quality of the SWCNT assembly was as good as over 

polar molecule SAM. Another important observation here was the binding strength of the 

SWCNTs to the bare Au surface. As mentioned earlier the assembled SWCNTs on polar 

SAMs can be removed completely from the molecular patterns by sonicating the sample 

in DCB for ~ 20 sec. But the SWCNTs could not be removed completely from the bare 

Au surface even after more than 2 minutes of sonication in DCB (Fig. 4.3). By sonicating 

the sample in DCB the number density of SWCNTs on Au was reduced but complete 

removal was not observed (Fig.4.3). We believe that the initial decrease in the number 

density of SWCNTs on Au is likely due to the removal of the weakly bonded SWCNTs 

over one another, while the SWCNTs directly in contact with Au remain. There have 

been some reports on computational and experimental investigation [112] of the binding 

energy between SWCNTs and metals on the basis of electron transfer between the 

SWCNT and metal. According to these results the binding of SWCNTs with Au is the 

weakest compared to other metals (Ti. Ni, Pd, Al etc.). Besides some qualitative 

description of Coulombic interaction between SWCNTs and the amine group [26], there 

have been no quantitative reports about the binding energy between SWCNTs and polar 

molecules. According to our observations of the effect of sonication on the assembled 

SWCNTs, they bind more strongly to Au as compared to polar molecules. We did not 

attempt to align single SWCNTs over small rectangular patterns of bare Au surface 
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because such kind of assembly has no practical use. The most important implication of 

the above results is the assembly of SWCNTs across prepatterned electrodes without the 

use of any polar molecules and in the final assembled devices the SWCNTs are in direct 

contact with the electrodes (See Ch.5 for details). 
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Figure 4.2 SWCNTs assembled on bare Au surface using only ODT SAM patterns. a) 
AFM contact force image of SWCNTs assembled on bare Au surface and the empty 
region is ODT SAM. b) LFM image of SWCNTs assembled on elliptical-shaped bare Au 
surface and the remaining area is ODT SAM c) AFM contact force image of SWCNTs 
assembled on bare Au and ODT SAM. Highest density of SWCNTs observed, on bare 
Au surface.  
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Figure 4.3 SWCNTs that remain attached to Au surface after 2 minutes of sonication in 
DCB. AFM contact force image of SWCNTs that remain assembled on Au surface. High 
resolution AFM contact force image (inset) of SWCNTs remain attached on the Au 
surface after sonication in DCB. 
 
 
 
 
4.2.2 Assembly of SWCNTs on Patterns of Au Nanoparticles  
 
 

Au nanoparticles are among one of the most common solid-state nanostructures. 

They have found widespread applications because of the relatively inactive surface (no 

oxidization), narrow size distribution, the ease in synthesis, and easy availability with and 

without any molecular functionalization. Au nanoparticles are particularly well known in 

thiol chemistry and in biology also due to ready thiol modification of DNAs and proteins. 

Thiol modification of DNAs and proteins is a well known area of research; their 

modification positions can be controlled precisely. For similar reasons we tried to bind 

SWCNTs over patterns of Au nanoparticles. The hope was that thiol modified DNAs and 

proteins would be directly used in combination with SWCNTs in future molecular 

electronic devices and bio-medical applications. 

ODT/OD SAMs patterned substrate (as described earlier) was kept in Au 

nanoparticle solution for 24 hrs followed by rinsing and sonication in DI water. This 

process resulted in uniform dense coverage of the OD regions by the Au nanoparticles 

and no Au nanoparticles were observed on the ODT (Fig. 4.4a) as revealed by the AFM 
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topography scans. Before the molecular template was exposed to the Au nanoparticle 

solution, the ODT region was higher due to the longer length of the ODT molecules; after 

the Au nanoparticle binding, the OD region became higher. The change in the relative 

heights of the two regions is clear for the Au nanoparticle binding. Because of small 

height difference between regions of ODT and Au nanoparticles, we performed the 

experiment on several different molecular patterns to ensure that the higher region is of 

Au nanoparticles not of ODT. For example, Figure 4.4b shows a substrate with ODT dot 

patterns which had been backfilled with OD and immersed in Au nanoparticle suspension  
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Figure 4.4 SWCNTs assembled on array of Au nanoparticles. a) AFM contact force 
image of Au nanoparticles attached to OD SAM (bright strips), and the darker strips are 
ODT SAM. b) AFM contact force image of Au nanoparticles attached to OD molecules 
(region around dots) and the ODT SAM (dot regions). High resolution AFM contact 
force image (inset) showing the ODT regions (circles) are lower than the rest of the area. 
c) AFM contact force image of SWCNTs assembled on Au nanoparticles. 
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for 24 hours. The high resolution image (inset) clearly shows that the ODT (dots) region 

is lower as compared to the surrounding. The sonication cleaning in DI water was 

necessary to remove contaminants on the Au nanoparticles from the solution. Without the  
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Figure 4.4 Contd. d) AFM contact force image of SWCNTs remain attached to Au 
nanoparticles after 2 minutes sonication in DCB. e) AFM contact image of Au 
nanoparticles attached on OD molecules and ODT SAM before sonication in water but 
after thorough rinsing in water. f) AFM contact force image of SWCNT assembled on Au 
nanoparticles (very few) before sonication in DI water and ODT SAM regions. Before 
sonication in water Au nanoparticles surface not very active due to physical deposition of 
other particles present in Au nanoparticles suspension. 
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sonication step, even with thorough rinsing in DI water, there were contaminants left on 

the Au nanoparticles (Fig. 4.4e) and subsequent adhesion of SWCNT was poor and 

sparse (Fig. 4.4f). The sonication cleaning had no visible effect on the attachment of Au 

nanoparticles on OD as revealed by AFM. Finally, the Au nanoparticles pattern was 

immersed in a SWCNT (Carbon Nanotechnologies Inc.) suspension (0.2mg/ml) for 10 

seconds. Figure 4.4c shows a typical AFM topography image of the resulting assembly of 

SWCNT on Au nanoparticles: the SWCNT were confined exclusively in the Au 

nanoparticles region with sharp well-defined boundaries which coincided with the 

ODT/OD boundaries. At the boundaries it was often observed that the SWCNT were bent 

in order to avoid crossing into the ODT region and stay within the Au nanoparticles 

pattern. These observations were similar to the SWCNT assembly results on non-polar 

molecule/polar molecule and non-polar molecule/Au film templates. 

To verify that the precise alignment of the SWCNTs resulted from Au 

nanoparticles, and was not due to the thiol end of dithiol molecules, we performed several 

control experiments in which the ODT/OD templates were directly put in the SWCNT 

solution with and without sonication in DI water. In both cases the density of SWCNTs 

assembled over the OD molecule was far smaller than that on Au nanoparticles, as shown 

in Figure 4.5. Moreover, the SWCNT on OD can be easily removed with 15 sec of 

sonication, while the same treatment only resulted in a slight decrease in the number of 

SWCNTs attached to Au nanoparticles. 

To further verify that the Au nanoparticles on OD are chemically active and 

SWCNTs are attracted by the Au nanoparticles and not by something else present in the 

suspension absorbed over Au nanoparticles, we covered the whole surface of a substrate 

with Au nanoparticles (over OD molecules) and then we stamped the surface with ODT 

molecules (Fig. 4.6). The results showed clear ODT patterns which verified that the Au 

nanoparticles surface was still chemically active. This molecular patterning on top of an 

array of Au nanoparticles itself is very important for multilayer molecular electronics 

structures. All the above experimental steps verified that SWCNTs have significant 

interaction with Au nanoparticles, most importantly, without any surface modification of 

SWCNTs. 
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Figure 4.5 SWCNTs assembled on OD/ODT molecular patterns with and without 
sonication in D I water. a) LFM image of SWCNTs assembled on OD molecules (dark 
strips) and ODT SAM (bright strips) without sonication in D I water. b) LFM image of 
SWCNTs assembled on OD molecules (dark strips) and ODT SAM (bright strips) after 
sonication in water.  
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Figure 4.6 ODT SAM patterned Au nanoparticles surface. LFM image of ODT SAM 
patterns (dark strips) and Au nanoparticles (bright strips) (Au nanoparticles are attached 
to OD molecules SAM on Au surface). 
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4.2.3 Attachment of Au Nanoparticles to SWCNTs Surface 
 
 

As demonstrated above, Au nanoparticles can be used to align SWCNT as 

precisely as bare Au surface and polar molecules. This result implies that there is 

significant interaction between SWCNTs and Au nanoparticles. Encouraged by this result, 

we have attempted to attach Au nanoparticles directly to SWCNT. If successful, the inert 

SWCNTs would be easily functionalized due to the versatility of the Au nanoparticles. 

We used high resolution transmission electron microscopy (HRTEM) and the associated 

energy dispersive spectroscopy (EDS) to analyze the samples. 
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Figure 4.7 Metal (catalyst to grow SWCNT or Au nanoparticles) particles attached to 
SWCNT. a, b) TEM image of metal particles (small black dots) attached to SWCNTs 
after keeping the SWCNTs sample in Au nanoparticle solution for 2 hours. 

 
 
 
 
The experiments were carried out as follows: First, we removed the “formvar” 

from the TEM grid (Support Film, Lacey Carbon type-A, Ted Pella, Inc) using 

chloroform, following the procedure given by the supplier. Then a drop of the SWCNT 

suspension was deposited on a TEM grid which was let dry in air. We then immersed the 

sample in a Au nanoparticle suspension (2nm diameter, 0.001% in water From SPI 
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Supplies) for 2 hrs in one case, and for 24 hrs in the other. For samples immersed for 2hrs 

in Au nanoparticles suspension, we could observe that some particles were attached to the 

surface of SWCNT (Fig. 4.7a, b). However, because of the small size (2nm) and low 

density we were not able to obtain definitive Au EDS peaks. We were not thus unable to 

determine whether these particles were Au nanoparticles or the catalyst particles used in 

the growth of the SWCNTs. We performed TEM on SWCNTs without any exposure to 

the Au nanoparticle suspension even then we observed particles attached to the surface of 

the SWCNTs. For the sample dipped for 24 hrs in Au nanoparticles suspension, TEM  
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Figure 4.7 Contd. c) TEM image of Au nanoparticle clusters (black dots) attached to 
SWCNT after keeping the sample in Au nanoparticles solution for 24 hours. d, e) high 
resolution TEM images of Figure 4.7c. 
 
 
 
 
images show big (~100nm) Au nanoparticle clusters everywhere (Fig. 4.7b, c) and EDS 

verified that these clusters were Au. Therefore, the outcome of this series of experiments 



 70 

remains inconclusive. More work is needed to unambiguously demonstrate attachment of 

individual Au nanoparticles to SWCNTs. Recently, there is a report clearly showing the 

attachment of thiol coated Au nanoparticles to CNT [113] via hydrophobic interactions. 

We are hopeful that the results can be verified. 

 
 

4.2.4 Assembly of SWCNTs over Hybrid  SAM Patterns of Polar and Non-Polar 
Molecules Covered with Au 
 
 
The binding mechanism of the SWCNTs to various substrates (polar molecules, 

Au films, and Au nanoparticles) in this surface-templated assembly process is still not 

well understood. In Ch.3 we conjectured that the alignment of the SWCNTs was due to 

the electrostatic interaction from the polar molecules. In this Chapter, we have shown that 

SWCNTs can be aligned without the use of any polar molecules, i.e., by selectively 

passivating the surface of Au film with SAMs of non-polar molecules such as ODT. It is 

not clear what role, if any, the non-polar molecules play in the assembly process. The 

demonstration of the attachment of SWCNT to Au nanoparticles suggests a possible way 

to elucidate the roles of various elements in the SWCNT assembly process: with partial 

coverage of Au nanoparticles on an ODT pattern, one could examine directly the 

competition between the affinity of SWCNT to Au nanoparticles and possible 

“repulsion” of SWCNTs by ODT. 

Since Au nanoparticles do not self-assemble onto ODT SAMs, in order to 

implement this experiment we used an alternative method to create nanometer scale Au 

clusters on ODT: Au of various thicknesses was thermally evaporated onto ODT SAMs 

and below a thickness of ~6nm we observed clear Au cluster formation on the ODT. 

Specifically, to explore the possible ability of ODT to block the adhesion of SWCNT, we 

began by depositing an ODT SAM stripe pattern using PDMS stamping on a Ti/Au film 

and for the rest of the area we followed two different processes: 1) we filled it with 

SAMs of polar molecules, such as 2MI (2-Mercaptoimidazol) and MHA (16-

Merceptohexadeconic acid) (Sigma Aldrich, 2mM solution in ethanol); 2) we left it as it 

was, i.e., as bare Au surfaces. Next, we evaporated various thicknesses (1, 3 5, 7, 9, 12, 

and 20nm, as measured by a quartz crystal thickness monitor) of Au on the SAM 



 71 

patterned substrate. During the Au deposition the substrate temperature was kept below 

40oC and the pressure at 2x10-7 Torr. For all thicknesses of deposited Au, we observed 

uniform growth over the polar molecules or bare Au surfaces, which is in accordance 

with previously reported results [114] (for detailed discussions see Ch. 6). In contrast, the 

deposited Au forms clusters on the ODT regions up to Au thicknesses of ~6nm; uniform  
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Figure 4.8 SWCNTs assembled on ODT with Au deposited on top: comparison between 
complete and partial coverage. A) AFM contact force image of Au deposited (3nm) on 
SAM patterns of 2MI (dark strips) and ODT SAM (bright strips). b) AFM contact force 
image of SWCNTs assembled on 2MI and ODT SAM after 3nm Au deposition. There 
are very few SWCNT on ODT with Au clusters. c) AFM contact force image of 
SWCNTs assembled on Au covered (7nm) SAM patterns of 2MI (relatively dark area) 
and ODT (relatively brighter area). 
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coverage of Au over ODT was achieved only for Au thickness greater than 6nm, as 

shown in a series of AFM topography images in Figure 4.8. Figure 4.8a shows the AFM 

image of an ODT/2MI pattern with 3nm Au deposited. High resolution image (inset 4.8a) 

clearly shows the cluster formation over DOT regions. This substrate was immersed in a 

SWCNT suspension (20 sec, 0.2mg/ml). Figure 4.8b shows the resulting SWCNT 

assembly: surprisingly, there was no SWCNT on the ODT region, even with the presence 

of large number of Au clusters. On the other hand, a high density of SWCNT was 

observed on the Au region between the ODT stripes (on top of the 2MI). The only 

observable change from the results on ODT/2MI templates without the Au deposition 

was that the edges of the assembled SWCNT patterns at the boundary of ODT and 2MI 

regions are not as sharp. It should be noted that there have been reports [115] that in case 

of Au deposition on ODT SAM, the first 2-3 monolayers go under the ODT. However, 

for larger thicknesses the Au begins to grow on top of the ODT. At 3nm, the Au clusters 

should most likely be on top of the ODT. When the deposited Au (more than 6nm) 

uniformly covers the whole ODT region (Fig. 4.8c) we observed uniform high-density 

assembly of SWCNTs everywhere, on the Au covered polar and non-polar molecular 

patterns (Fig. 4.8d). Although, there is some difference in the density of SWCNT 

coverage, this difference is consistent with both polar molecular patterns assembly of 

SWCNT. 

 
 

4.3 Comparison of Binding Abilities of Different Polar Groups and 
Au Surfaces 

 
 

In order to directly compare the abilities of different CNT-active surfaces for 

SWCNT binding, and perhaps to obtain some clues on the SWCNT binding 

mechanism(s), we have studied the adsorption behavior of SWCNTs on a series of hybrid 

patterns of polar molecule/Au and polar/polar molecules. We compared different 

molecules with amine, carboxylic, thiol or aromatic rings, and examined their binding 

strength with SWCNTs based on the densities of SWCNTs that adsorbed on the 

molecular surfaces.  
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In hybrid patterns of these surfaces with non-polar SAMs, different polar groups, 

Au nanoparticles, and bare Au surface clearly exhibited different affinity to SWCNTs in 

terms of number density and binding strength, however, in all cases we observed sharp 

alignment of SWCNTs along the boundaries of different regions. In case of hybrid 

patterns of two CNT-active surfaces, SWCNTs were observed to cross the boundaries.  

Different polar molecules, with the differences in the end group, structure, and 

length of molecules, have been compared with one another and with Au surface, in terms 

of their binding density and strength with SWCNTs in the templated assembly. 

According to our preliminary observations, both the end group and the molecular 

structure affect the binding ability. Therefore out of all polar molecules we selected five 

molecules (end group): MHA (COOH), 2MI (N2), 4MP (N2), cyteamine (NH3) and 2MPI 

(N2). In particular, we compared the binding ability of the polar molecules and bare Au 

surface. On the basis of the results of these experiments, one clear conclusion we could 

draw was that the bare Au surface is the most active in terms of the density of the 

assembled SWCNTs and the binding strength compared to any organic polar molecules. 

 
 

4.3.1 Comparison between Different  Polar Molecules 
 
 

In Figure 4.9a, we show a hybrid polar molecular pattern in which 2-

Mercaptopyriimidazole (2MPI) stripes were defined via micro-contact stamping, and the 

rest of the substrate backfilled with 4-Mercaptopyridine (4MP). The sample was then 

immersed in a SWCNT suspension (0.2mg/ml) for 10 seconds. SWCNTs assembled onto 

both molecular patterns from the suspension. In addition, since both the molecules are 

CNT-active, some SWCNTs were observed to cross the boundaries of the two molecular 

patterns.  

 
4.3.2 Comparison between Polar M olecules and Bare Au Surface 
 
 

We also carried out similar experiments with hybrid patterns of bare Au surface 

with different polar molecules. Fig. 6.1b shows the SWCNT assembly result for a 

substrate with MHA/Au patterns. Clearly, there is much higher density of SWCNTs over  
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Figure 4.9 SWCNTs assembled on patterns of different CNT-active surfaces. A) AFM 
contact force image of SWCNTs assembled on 2MPI (strips with more SWCNTs) and on 
4MP patterns (strips with fewer SWCNTs). B) AFM contact force image of SWCNT 
assembled on Au (strips with more SWCNT) and on MHA patterns (strips with fewer 
SWCNTs). C) AFM contact force image of SWCNTs assembled on Au (strips with more 
SWCNTs on the left and right edge) and on 2MI patterns (strips with relatively fewer 
SWCNTs, mainly the central part). d) AFM contact force image of SWCNT assembled 
on Au (strips with more SWCNTs) and on 4MP patterns (strips with relatively less 
SWCNT). 
 
 
 
 
the Au surface than on MHA and here SWCNTs were observed to cross the boundaries 

of the patterns as well. Similar results were found for Au with 2MI and 4MP (Fig. 4.9c, 
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d). Again, higher density SWCNT binding occurred on Au surfaces compared to any 

polar molecules, although 2MI showed relatively more active binding of SWCNTs than 

other molecules (Fig. 4.9c). Our limited experiments on hybrid polar molecule patterns 

also yield similar results, which was why in this thesis work we used most of the time 

2MI for polar molecular patterning. Finally, we observed that sonication in DCB removes 

all the assembled SWCNTs from polar molecule surfaces but not from bare Au surfaces, 

as reported previously.  

 
 

4.4 Conclusions 
 
 
In summary, we have presented results on the assembly of SWCNTs on bare Au 

surface and over Au nanoparticles patterns without the use of any polar molecules. The 

resulted alignment was as precise as it was over the polar molecules. Non-polar 

molecules (ODT, e.g.) do not allow any SWCNTs to adhere on its surface even in the 

presence of significant coverage of Au clusters. SWCNTs were found to adhere on 

Au/ODT only if ODT was uniformly covered by the deposited Au. Further, we attempted 

experiments to attach Au nanoparticles to SWCNTs and due to the presence of catalyst 

particles (used to grow the SWCNTs) our results remain inconclusive, although there 

were promising signs that this attachment could be accomplished. More experiments are 

needed to demonstrate the attachment beyond ambiguity. 

Clearly, more systematic experiments are needed to draw definitive conclusions 

on the relative binding activity and strength for different polar molecules. From the 

results we can conclude beyond ambiguity the following: 1) SWCNT binds quite strongly 

in comparison to polar molecules over the Au surface, 2) sharp edge definition in the 

alignment of SWCNTs is possible only in patterns combining CNT-active regions (polar 

molecules, Au, or Pd) and non-polar molecules like ODT. 

The inert chemical nature of CNTs has posed a persistent challenge in sensor 

applications. Although previous reports indicated that DNA and proteins could be 

attached to CNTs [116], it usually involved some disadvantages. Thiolization of DNA 

and proteins is a rather common process and the thiol end of these modified structures 

can bind strongly to Au nanoparticles. Therefore, our demonstration of the affinity 



 76 

between SWCNT and Au nanoparticles could potentially open a pathway for the 

attachment of important biomolecules to CNTs without any prior modification of the 

CNTs, which could help facilitate the realization of the enormous potential for CNTs in 

various sensor applications. 

SWCNTs are a chemically inert structure so it is generally believed that it is hard 

to align SWCNT without any chemical treatment. The fact that polar molecules, bare Au 

surface and Au nanoparticles can align SWCNTs imply that it would be possible to align 

other nanostructure using a similar technique, as most of the other nanostructures are not 

as chemically inert as SWCNTs. Although the microscopic mechanisms for the assembly 

processes are not yet well understood, these experimental results are of great practical 

importance and could be very useful in developing a general principle for nanostructure 

assembly using the bottom-up strategy. 
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CHAPTER 5 
 
 
 
 

ELECTRICAL CH ARACTERIZATION OF SWCNT DEVICES 
FABRICATED BY SURFACE -TEMPLATED ASSEMBLY  

 
 

The intriguing properties of carbon nanotubes have led to an explosion of research 

efforts worldwide. Understanding these properties and exploring their potential 

applications have been a main driving force in this area. Theoretical and experimental 

work has been focusing on the relationship between SWCNTs atomic structures and 

electronic structures, transport properties, electron-electron and electron-phonon 

interaction effects. For all such characterization so far, SWCNTs have been utilized 

individually or as an ensemble to build functional device prototypes. Real world 

applications require large scale integration of SWCNT combined with micro-fabrication 

techniques. In this Ch. we will discuss SWCNT-based FET using large scale surface-

templated assembly of SWCNT described in previous chapters. 

 
 

5.1 Carbon Nannotubes in Electrical Circuits  
 
 

Carbon nanotubes have many properties—from their unique dimensions to an 

unusual current conduction mechanism—that make them ideal components of electrical 

circuits. It is exciting to envision, or even to implement, novel transistors, Micro Electro-

Mechanical Systems (MEMS) devices, interconnects, and other circuit elements. 

Devices made from metalic SWCNTs were first measured in 1997 [13], and have 

been extensively studied since that time. Two terminal resisitance of metallic SWCNTs 

can vary significantly from as small as ~6kO to several M O. Most of this variation is due 
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to variation in conatct resistance between electrodes and the tube. As techniques for 

making improved contacts have been developed, the conductance have steadly improved. 

The best contacts have been obtained by evaporating palladium (Pd) over the tube [33]. A 

number of groups have seen conductance approching the value, G = 4e2/h, as predicted 

for a ballastic nanotube [33]. Semiconduting behavior in SWCNT was first reported by 

Tans et al. in 1998 [15]. Semiconduting nanotubes are typically p-type because of the 

contact and also because of chemical species. 

Because of extraordinary properties of SWCNTs, as discussed in SWCNT 

introduction (Ch. 2), individual SWCNT particularly in the field of electronics can work 

as conducting wires, field effect transistors, single-electron tunneling transistors, sensors, 

and combination of SWCNTs can be used to build a rectifier or complex terminal devices. 

 
 
5.1.1 How They Conduct 
 
 

Before we can measure the conducting properties of a SWCNT, we have to wire 

up the tube by attaching metallic electrodes to it. The tube can be attached to the 

electrodes in a number of ways. One way is to make the electrode and then drop the tubes 

onto them. Another is to deposit the tube on the substrate, locate them with a SEM or 

AFM, and then attach leads to the tube using lithography. More novel techniques include 

growing the tube between pre-defined electrodes or by attaching the tube to the surface in 

a controllable fashion using either electrostatic or chemical forces. All these processes are 

slow serial methods. In this dissertation work, we have developed a fast parallel surface-

templated process to assemble SWCNTs across millions of junctions. 

 
 
5.1.2 SWCNT-Based FET 
 
 

Semiconducting SWCNT can work as transistors. The tube can be turned “on” by 

applying a negative bias to the gate, and turned “off” with a positive bias. A negative bias 

induces holes on the tube and makes it conduct. Positive bias, on the other hand deplete 

the holes and decrease the conductance. Indeed, the resistance of the off state can be 
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more than million times greater than the on state. This behavior is analogous to that of a 

p-type metal-oxide-silicon FET, except SWCNT replaces silicon as material that hosts 

the charge. 

But why is the SWCNT p-type? After all one might expect an isolated 

semiconducting SWCNT to be an “intrinsic” semiconductor –in other words, the only 

excess electrons would be those created by thermal fluctuations alone. However, it is 

believed that the metal electrodes -as well as chemical species adsorbed on the surface of 

SWCNT –“dope” the tube to be p-type. In other words, they remove electrons from the 

tube, leaving the remaining mobile holes responsible for the conduction. Indeed, 

experiments show that changing a tube’s chemical environment can change the level of 

doping, significantly, changing the voltage at which the device turns on. More 

dramatically, SWCNT can even be doped n-type by exposing the tube to electron 

donating element such as potassium and calcium or by using them as contact electrodes 

[117]. 

While series of experiments demonstrate that many of the basic properties of 

SWCNT are now understood, there are an almost limitless number of new geometries and 

topics waiting to be explored and all manner of new structures to be created. Indeed, 

researchers are developing a host of new techniques that creatively combine lithography, 

chemistry and nanoscale manipulation, for example by growing SWCNTs on 

prefabricated structures or by aligning them precisely at required locations. It is quite 

remarkable that how far the field has come since the first measurements were made in 

1997 –and this progress shows no sign of slowing. 

 
 

5.2 SWCNT Devices by Surface-Templated Assembly 
 
 

In previous chapters we have discussed in detail the surface-templated assembly 

of SWCNTs. We showed that individual SWCNTs can be directed to assemble across 

two electrodes to form macroscopic array of SWCNT junctions. In order to study the 

electrical properties of such junctions and explore the viability of self-assembled 

SWCNT circuits for practical electronic applications, we used the templated assembly 

method to assemble SWCNT across a single pair of prefabricated electrodes. Detailed 
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electrical measurements were performed on such devices in the field effect transistor 

(FET) geometry. In these experiments, we assemble the SWCNT using only non-polar 

molecules so the assembled SWCNT is in direct contact with the metal electrodes, so that 

the results can be directly compared with similar SWCNT devices made with 

conventional lithographic techniques. In the future, similar experiments can be carried 

out using templates of polar/non-polar molecules, in which the electron transport from 

the SWCNT through polar molecules can be studied.  

SWCNT is a new artificial laboratory which one-dimensional transport can be 

investigated [6], similar to semiconducting quantum wires [118]. However, the study of 

electron transport in SWCNTs has been complicated by the difficulty of making low 

resistance contacts to the measuring electrodes. This problem was resolved recently by 

Dai and co-workers [33] by using palladium (Pd) electrodes. They successfully obtained 

ballistic transport in SWCNT using such contacts. It is now generally believed that Pd 

gives highly reliable and almost ohmic contacts with SWCNTs. Due to the superior 

properties of Pd contacts, we used both Au and Pd electrodes in our experiments and we 

observed approximately two orders of magnitude lower contact resistance in case of Pd 

contacts, consistent with reported results [33].  

For the SWCNT assembly across a single pair of prefabricated Au or Pd 

electrodes (made with photolithography and liftoff as described earlier in Ch. 3), we 

follow two different strategies. The most straightforward way is to stamp lines of ODT 

on the electrodes perpendicular to the gap, as shown in Figure 5.1a. The rest of the 

electrode areas can then be backfilled with polar molecules or left as bare metal surface. 

This method always resulted in multiple SWCNTs across the electrodes because of the 

high yield of the surface-templated assembly technique. In order to achieve very few (one 

ideally) SWCNTs across the electrodes, we also attempted alternative methods. In one 

case we still used the simple technique of micro-contact printing, but with a PDMS stamp 

of an array of rectangles. The stamping of the polar molecules (MHA in this case) was 

done so that the rectangles were at an angle with the electrode gap and only a few 

rectangles bridge the two electrodes, as shown in Figure 5.1b. Alternatively, DPN was 

used to write a single MHA pattern bridging the two electrodes (Fig. 5.1c). In both cases 

the rest of the electrodes were passivated with ODT and the SiO2 surface in the gap 
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between the electrodes was passivated with OTS to prevent assembly of SWCNTs there. 

These patterned substrates were then immersed in SWCNT suspension as the final step of 

the device fabrication. Fig 5.1d shows a local region of one such device where one 

SWCNT bridges the two Au electrodes. 
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Figure 5.1 Substrate preparations for SWCNT assembly across electrode. a) LFM of 
ODT SAM molecular patterns (dark strips) and Au surface (bright strips). b) LFM image 
of MHA SAM patterns (dark rectangles) and ODT SAM (rest of the area). c) LFM image 
of DPN patterns of MHA SAM (two oval shape dots) and ODT SAM (rest of the area 
except gap between the electrodes (dark vertical strip) d) AFM contact force image of 
SWCNT assembled across the electrode on line patterns as shown in part (a). 
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For the electrical measurement experiments reported in this Chapter, we used the 

soft stamping of parallel stripes of ODT to pattern the electrodes and bare metal surface 

to assemble the SWCNTs. This method typically resulted in multiple (~ 5) SWCNTs 

across the electrodes. Since the SWCNTs are poly-dispersed with metallic and 

semiconducting tubes, we often ended up with both metallic and semiconducting tubes 

bridging the electrodes. For FET and sensor applications we want only semiconducting 

ones. By keeping the semiconducting SWCNTs in the “off” state, metallic ones can be 

burned out [119] by passing a large current through the electrodes, and the remaining 

semiconducting SWCNTs can then be characterized. 

 
 

5.3 Results and Discussion 
 
 

After almost a decade of intensive research on the electrical properties of 

SWCNTs, a consensus has emerged from the initially disparate results. Many of the 

intrinsic electrical properties and device characteristics of SWCNTs are now well known. 

We have fabricated and measured a series of three-terminal SWCNT-FET devices using 

the templated assembly method described above. A substrate of Si/SiO2 was used in 

which the Si was degenerately doped and served as the gate electrode. The electronic 

characteristics of these devices, including channel conductance, contact resistance, and 

transistor action, were found to be consistent with those made with conventional 

lithographic techniques. In some aspects, particularly the hysteretic effects in the 

SWCNT-FETs, our devices showed far superior performance. The strong hysteresis in 

the FET characteristics (ISD vs VGS) is a widely observed phenomenon in SWCNT-FET 

devices [120] and it has been a major obstacle for sensor applications of such devices.  

The hysteresis could be suppressed by covering the SWCNT channel with a layer of 

polymer [34], which unfortunately also eliminates possibility of using the device for 

chemical or biological sensing. Here, on the basis of a set of limited but carefully 

performed experiments we address this very important issue in SWCNT-FET. We 

demonstrated that the hysteresis in ISD vs VGS can be significantly suppressed, in some 

cases completely eliminated, in the devices made via templated assembly, most likely due 

to the OTS passivation of the Si/SiO2 surface. 
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5.3.1 Contact Resistance of SWCNTs with Au and Pd 
 
 

Figure 5.2 shows the source-drain current as a function of the gate voltage for two 

devices with Au contacts (Fig. 5.2a) and Pd contacts (Fig. 5.2b), respectively. In both 

cases the gate modulation of the source-drain current was small, most likely due to the 

presence of metallic tube(s) in both cases. At similar source-drain voltage bias, the 

current in the device with Pd electrodes is more than two orders of magnitude higher than 

that with Au electrodes. Correspondingly, the SWCNT/Pd contact resistance is at least 

two orders of magnitude lower than SWCNT/Au. In fact, in the Pd device the resistance 

should be dominated by the SWCNT channel resistance, while in the Au device the 

contacts should play a more important role. These values are close to the reported values. 

Therefore, the electrical contacts between the SWCNTs and the electrodes in these 

devices are as good as those made by other processes. 
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Figure 5.2 a) ISD vs VGS curves for SWCNT across gold electrodes. b) ISD vs VGS curve 
for SWCNT across palladium electrodes 
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5.3.2 Hysteresis in SWCNT-FET 
 
 

The interaction between SWCNTs and molecular species in the environment can 

significantly affect the electrical properties of SWCNT devices [88]. This effect, in a 

controlled manner, can be exploited for nanoscale chemical sensing [89], but any kind 

uncontrolled residual effects from the environment is detrimental to sensor applications 

as well as for SWCNT-FETs. For FET application surface passivation of the SWCNTs 

can be developed to impart stable electrical characteristics against environmental changes. 

Such kind of passivation, however, diminishes the possibility for sensor applications 

because there we need chemically active surface for SWCNTs. 

Recently, several groups reported that SWCNT-FETs fabricated with a Si/SiO2 

substrate exhibit pronounced hysteresis in the source-drain current versus gate voltage (Si 

as the back gate) and attributed the hysteresis to charge traps in bulk SiO2, oxygen-related 

defect trap sites near nanotubes or traps at the Si/SiO2 interface [121]. Hysteresis due to 

various charge traps must be controlled for sensor and specific memory device 

application of SWCNT. Covering the surface of SWCNT with different non-reacting 

chemical, like PMMA, to over come the charge trap effects is not a good solution 

particularly for SWCNT-based sensors [34]. 

Figure 5.3 shows a clear hysteresis in Ids-Vgs of a SWCNT-FET under ambient 

conditions at different sweep rates [34]. In the same work, the authors put the same 

sample in high vacuum. However, no significant change in hysteresis was observed [34]. 

According to their observation the main cause of the hysteresis is the water traps between 

the SWCNT and the SiO2 surface. By putting the sample in vacuum the trapped water 

between the SWCNT and the SiO2 surface cannot be removed, that is why hysteresis in 

Ids-Vgs curves remains. Later by suspending the SWCNT between the electrodes in 

vacuum they were able to remove the hysteresis in Ids-Vgs curves, but as soon as they 

shifted the sample to ambient atmosphere the hysteresis again appears in Ids-Vgs curves. 

When they covered the whole surface of the SWCNT with PMMA and the 

hysteresis in Ids-Vgs completely disappeared, as shown in Figure 5.3b. This technique to 

eliminate the hysteresis in Ids-Vgs curves of SWCNT-FET is potentially useful for 

electronic applications but also prevent any use of the devices as sensors.  
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a) b)

 
 
 

Figure 5.3 a) Previously reported results about hysteresis in Ids-Vgs data and b) after 
covering the surface of SWCNT by PMMA there is no hysteresis in Ids-Vgs data [34].  
 
 
 
 

Octadeclytrichlorosilane (OTS) passivation of Si/SiO2 is an essential part of our 

surface-templated assembly process of SWCNTs across prefabricated electrodes to form 

SWCNT-based circuits. OTS is a methyl terminated chain of carbon atoms with silane at 

the other end which binds to the Si/SiO2 surface. When OTS forms densely packed SAM 

over Si/SiO2 surface it prevents any SWCNT solely on its surface due to its highly 

hydrophobic nature (also called greasy nature). Also due to the hydrophobic nature, the 

methyl terminated surface does not allow anything like water molecules to adsorb on the 

surface. Currently this property of methyl-terminated SAMs is being exploited in 

developing “self cleaning” surfaces such wind shields, mirrors, and window glasses. 

 We believe that the high hydrophobicity of OTS is responsible for the much 

diminished hysteresis in our devices. The conclusion is supported by a systematic 

dependence of the hysteresis on the quality of the OTS coverage. Figure 5.4 shows a 

relatively large hysteresis observed for a device with poor coverage of OTS over Si/SiO2, 

as indicated by the large separation of the up and down sweep curves.  

In case of good passivation of the SiO2 surface with OTS we observed a 

considerable reduction in the hysteresis in the ISD vs VGS curves (Fig. 5.5a). In previous 

reports they explained the hysteresis in terms of trapped water between the SWCNT and 

the SiO2 surface. In our devices, due to the presence of OTS on the Si/SiO2 surface no 

water can adsorb on the methyl-terminated OTS and in case of good coverage OTS SAM 
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no water can penetrate to the Si/SiO2 surface. Figure 5.5a shows that hysteresis is almost 

eliminated.  
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Figure 5.4 ISD vs VGS data of SWCNTs across Pd electrodes. Data in forward and reverse 
bias sweep directions clearly show a hysteresis, resulting from relatively poor OTS 
coverage. 

 
 
 
 
This big suppression and in some case complete elimination of hysteresis in ISD vs 

VGS curves are a very important discovery in terms of sensor applications for SWCNTs. 

In these devices made by templated assembly, the SWCNTs are unmodified and most 

part of the SWCNT is exposed to the environment, and yet minimum hysteresis is 

observed. It is also worth noting that in the ISD vs VGS curves the current remains non-

zero at maximum gate bias. SWCNT is a p-type semiconductor and a large enough 

positive bias should turn the channel completely off. The reason for this, as stated earlier, 

is likely that there are metallic and semiconducting SWCNTs across the electrodes. In 

devices where all SWCNTs across the electrodes are semiconducting, indeed an “off” 
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state can be realized, as shown in Figure 5.6 It is interesting to note that even with 

parallel metallic tube(s) considerable gating effect was observed. Since all commercially 

available SWCNTs are a mixture of metallic and semiconducting tubes and their 

separation is still a formidable challenge, this observation implies that even in the 

presence of metallic tubes these devices could find viable applications as sensors.  
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Figure 5.5 a) Absence of hysteresis (Ids-Vgs data) in a device with good coverage of 
Si/SiO2 by OTS. b) At high source-drain voltages, hysteresis becomes observable. 
 
 
 
 

The magnitude of the hysteresis also depends on the source-drain bias. As shown 

in Figure 5.5b, the hysteresis is negligible at small biases but becomes more prominent at 

higher voltages. For most of the sensor applications of SWCNT based FETs, a bias of a 

few hundred mV is sufficient. More experiments are underway reduce the number of 

SWCNTs in a device, explore consistent means to eliminate the hysteretic effect, and 

evaluate actual sensing capabilities of such devices. 
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Figure 5.6 ISD vs VSD data of SWCNTs across Au electrodes. Data is for different (fixed) 
gate voltages (VGS), from -2V to 2V. The device shows a very steep turn on between -1V 
and -2V gate bias. 

 
 
 
 

5.4 Conclusions 
 
 

We have demonstrated that using the templated assembly method SWCNT-FETs with 

excellent electrical contacts can be fabricated. Considerable suppression in the hysteresis 

of source-drain current with gate bias was observed in these devices due to the 

passivation of the Si/SiO2 surface by OTS, a necessary step in our assembly scheme. 

With this method, SWCNT devices with excellent electrical characteristics and minimum 

hysteresis can be assembled over large scale, which makes it amenable to the mass 

production of SWCNT-based sensor arrays.  
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CHAPTER 6 
 
 
 
 

PHYSICAL DEPOSITION OF METALS ON SELF -ASSEMBLED 
MONOLAYERS  

 
 

Growth of metal thin films on organic SAMs via various physical deposition 

techniques has attracted extensive interest in recent years, particularly in the context of 

the development of molecular electronics. Despite some skepticism, organic SAMs 

remain a key widely investigated component in molecular electronics. SAMs composed 

of organothiols on Au surface play an important role in many recent investigations of 

electrical conduction through organic molecules. To study the electronic properties of 

SAMs, metal/organic interfaces are typically formed to connect them to macroscopic 

metallic contacts, where a Au substrate usually serves as a the bottom electrode and a 

conducting AFM or STM tip acts as the top electrode [122-125]. In other cases the top 

electrode is prepared by vapor deposition of a metal [4, 126-128]. Fabrication of 

metal/SAMs/metal hetrojunctions in nm scale can facilitate direct measurement of the 

conduction through a small number of SAM molecules sandwiched between two metallic 

contacts. This technique guarantees intrinsic contact stability, in contrast to SPM 

techniques, and can produce large number of devices with acceptable yield [129-130]. 

There are many reported results about metal deposition on SAMs of different molecules, 

such as alkane-thiols and counjugated-thiols with polar and non-polar end groups [131-

139]. The focus of most of these studies is to study the interaction between deposited 

metal and the end group of the SAMs using different spectroscopic techniques. The 

bonding between the deposited metal and the SAM has been studied using different 

techniques such as X-ray photoelectron spectroscopy, time of flight secondary ion mass 

spectroscopy, and infrared reflection spectroscopy [131-139]. According to the reported 
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results, the deposited metal generally forms a uniform layer on top of a SAM of polar 

molecules [140-144]; but in case of a SAM of non-polar molecules the deposited metal 

may penetrate the SAM and reach the SAM/Au interface. The penetration could last over 

a thickness of one atomic layer or more for the metal, depending on the metal and the 

SAM [140-145].  

Various metals including Au, Al, Ti, Ag, Cu, Ni, K, Na have been vapor-

deposited onto alkane-thiol non-polar (ODT) SAMs terminated with methyl (-CH3), 

alcohol (-OH), carboxylic acid (-COOH), methyl ester (-COOCH3), and nitrile (-CN) 

groups, and the film growths have been studied extensively [131-139]. Depending on the 

reactivity between the metal and the functional group, different degrees of penetration of 

the metal into the organic layers have been reported [115]. Generally, the degree of 

penetration increases as the metal reactivity decreases [131, 146, 147]. In case of organic 

functional groups, the reactivity is highest for oxygen–containing functional groups, 

intermediate for nitrile groups and lowest for methyl groups [135]. Conceivably, this 

penetration may result in formation of metal clusters over SAMs, yet to the best of our 

knowledge there has been no reported study of these clusters using direct imaging 

techniques such as AFM and SEM. Furthermore, all the above reports are about the 

deposition of metal on a uniform SAM of molecules either with polar end or with non-

polar end. We have not seen any report on the deposition of metal on a hybrid SAM 

pattern consisting of polar and non-polar molecules. 

 There are many reported results about the metal deposition on SAMs of one type 

of molecules, we first time tried to deposit metal on SAM patterns of different molecule, 

specifically, the patterns of polar and non-polar molecules. Further, deposition only with 

evaporator is reported but we deposited permalloy (alloy of Fe, Ni, Ni79Fe21) using 

sputtering system our results of deposition are similar to that of evaporator 

Here we report on a study of metal film growth on hybrid SAM patterns of two 

different molecules, one polar and the other non-polar. We have studied the behavior of 

Au, Ti, Al, and Cr via thermal evaporation, as well as that of permalloy (Ni79Fe21) using 

magnetron sputtering. Similar results were obtained. Our initial motivation for this 

investigation was to study SWCNT adhesion on ODT SAMs with various coverage of Au. 

Therefore, we have investigated hybrid patterns of polar SAM (MHA or 2MI) and non-
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polar SAM (ODT) of various sizes and shapes using both soft stamping and DPN. In 

these experiments, on polar regions we always observed formation of a uniform metal 

film down to the smallest thickness we studied (1nm). In contrast, on the ODT regions 

we observed nonuniform growth and formation of metal clusters if the feature sizes were 

sufficiently small (~5 µm).  

 
 

6.1 Thermal Evaporation 
 
 
Hybrid SAM patterns were prepared on a Ti/Au film with micro-contact printing 

or DPN of one molecule and backfilling of the other, as described before. Without any 

further treatment to the substrate, it was loaded into a high vacuum evaporator (Edwards 

AUTO 306) as soon as the preparation was finished. After achieving a base pressure of 2 

x 10-7 Torr we thermally evaporated metal onto the SAM patterned substrate. During the 

metal deposition the substrate temperature remained below 40oC and the pressure around 

2 x 10-7 Torr. The average thickness of the deposited metal was measured using a quartz 

crystal thickness monitor. Before opening the shutter, it was ensured that a stable 

deposition rate and substrate temperature was achieved. After the desired thickness was 

reached, the surface morphology of the metal on the SAM patterns was subsequently 

examined using AFM. We have studied several different metals including Au, Al, Ti, and 

Cr in this fashion.  

 
 

6.2 Deposition via Sputtering 
 
 
Similar experiments were carried out via magnetron sputtering of permalloy in a 

high vacuum sputtering system. After loading the prepared substrate and achieving a base 

pressure better than 5 x 10-7 Torr, we used a 15sccm flow of Ar gas to achieve a constant 

pressure of 3.5 mTorr for sputtering. We sputtered permalloy using a 2” magnetron gun 

for 30 sec with a power of ~33W Before deposition we pre-sputtered for 5 minutes to 

clean the target. The film thickness was determined from deposition time and careful 
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calibration of the sputtering rate at fixed sputtering power, gas pressure, and position of 

the sample relative to the gun. 

 
 

6.3 Results and Discussion 
 
 
The central results of the experiments can be summarized as follows: 1) metal 

deposition over hybrid patterns of SAMs of polar and non-polar molecules resulted in 

clusters on non-polar regions whereas over polar regions the metal film was always 

uniform, 2) this contrasting growth of the metal film over polar and non polar regions 

depends on the relative size of the two regions (ratio of polar/non-polar 2/4 vise versa, 

1/1, 2/2, 3/3 ), and 3) metal deposition over hybrid patterns of two different polar 

molecules resulted in uniform growth in both regions. 

We have investigated SAM patterns of different polar molecules (with different 

end groups) with the non-polar molecule ODT. The methyl-terminated non-polar ODT 

was known to have very weak interaction with deposited metal and while the COOH 

terminated MHA and nitrogen terminated 2MI polar molecules have shown strong 

interaction with deposited metals [145]. We also investigated different shapes and sizes 

of molecular patterns using DPN and micro-contact printing.  

 
 
6.3.1 Effect of Metal Thickness 
 
 

Figure 6.1 shows the results from depositing different thicknesses of Au (1 and 

3nm) on a 2MI/ODT hybrid SAM pattern. In both cases, there was clear Au cluster 

formation over the ODT SAM and uniform growth over the polar 2MI SAM. Similar 

results were obtained in case of MHA/ODT patterns. At the Au thickness of 1nm, the 

clusters on ODT appeared to aggregate near the center of the ODT stripe, while at a 

larger Au thickness of 3nm the clusters appeared to distribute uniformly (most of the 

time) over the entire ODT stripe all the way to the ODT/2MI boundary Figure 6.2 shows 

the evolution of the cluster formation on ODT with increasing Au thickness of 1, 3, 5, 
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7nm. For Au thickness up to ~ 6nm we observed clusters over ODT which became 

unobservable with further increase in Au thickness. 
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Figure 6.1 Metal (Au) deposited (1nm and 3 nm) SAM patterns of ODT/2MI. a) AFM 
contact force image of 1nm of Au deposited SAM patterns of 2MI (strips with uniform 
coverage) and ODT (strips with clusters). b) AFM contact force image of 3nm of Au 
deposited SAM patterns of 2MI (dark strips) and ODT (strips with clusters). High 
resolution image (inset) clearly shows clusters over ODT. 
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6.3.2 Effect of Molecular Pattern Shape  
 
 
We experimented with a variety of different micrometer-scale molecular patterns, 

all with similar results, as shown in Fig. 6.3. For the same Au thickness of 3nm, we 

always observed cluster formation on ODT and uniform film growth on MHA regardless 

of the shape (stripe versus circle, Fig. 6.3a versus Fig. 6.3b) and filling (Fig. 6.3b versus 

Fig. 6.3c). The latter two were the same pattern with opposite filling of ODT and MHA, 

however, the results were the same. This observation also ruled out the possibility that the 

cluster formation was due to defects in the ODT SAM from defects in the PDMS stamp,  
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Figure 6.2 Evolution of cluster formation over ODT as thickness of deposited Au 
increases. Thickness of deposited Au is 1, 3, 5, and 7nm for a), b), c), and d) respectively. 
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because here the pattern was made by stamping MHA and backfilling ODT while in most 

other cases the reverse was done. 
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Figure 6.3 Metal (Au) deposited (3 nm) on SAM patterns of MHA/ODT. a) AFM contact 
force image of 3nm of Au deposited SAM patterns of MHA (bright strips) and ODT 
(strips with clusters). High resolution image clearly shows clusters over ODT b) AFM 
contact force image of 3nm of Au deposited SAM patterns of MHA (dots) and ODT 
(regions around dots). c) AFM contact force image of 3nm of Au deposited SAM patterns 
of MHA (dots) and ODT (region around dots). 

 
 
 
 
We tested several other metals including Ti, Cr, and Al. Similar phenomenon was 

observed in all cases. Fig. 6.4 shows one example of the deposition of 3nm of Ti on a 

SAM pattern of ODT/2MI. For different thicknesses and different metals we observed 

some difference in the size of the clusters, but the qualitative behavior remains the same.  
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6.3.3 Effect of Molecular Pattern Size  
 
 

Out of coincidence we performed an experiment with some nanometer scale dot 

patterns of MHA defined with DPN and the remaining area backfilled with ODT. After 

2.5 nm Au deposition, surprisingly, we did not observe any clusters over ODT (Fig. 6.4).  
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Figure 6.4 Metal (Ti) deposited (3 nm) on SAM patterns of ODT/2MI. a) AFM contact 
force image of 3nm of Ti deposited SAM patterns of 2MI (dark regions) and ODT (strips 
with clusters). High resolution image clearly shows the Ti cluster on ODT. 
 
 
 
 
This prompted us to do a series of controlled experiments. When we covered the whole 

substrate with ODT, upon Au deposition we did not observe any cluster formation. We 

also noted that in all the hybrid patterns in which we observed cluster formation on ODT, 

the MHA/2MI and ODT patterns were of comparable size In the next series of 

experiments, we patterned the substrate with relatively large polar/non-polar hybrid 

SAMs, such as 5/20, 20/40, and 40/80 (all in mm), and we tried both types of 

combinations, e.g. stamping MHA and backfilling with ODT and vise versa. After the 
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metal deposition on these patterns we did not observe any cluster formation over the 

ODT (Fig. 6.5). 
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Figure 6.5 Metal (Au) deposited (2.5nm) on SAM DPN and large stamp patterns of 
MHA and ODT. a) AFM contact force image of 2.5nm of Au deposited SAM DPN 
patterns of MHA (small dots) and ODT (region around dots). b) AFM contact force 
image of 2.5nm of Au deposited SAM patterns of MHA (relatively narrow brighter 
strips) and ODT (wide strips). 
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6.3.4 Effect of Deposition Method 
 
 

Sputtering and thermal evaporation are two contrastingly different physical vapor 

deposition techniques. In terms of the energy of the vapor atoms, the two are at different 

extremes (~100 eV for sputtering and ~1eV for evaporation). We performed a similar 

experiment in which the metal (permalloy) was deposited by magnetron sputtering, in 

order to examine possible effect of the atomic energy on the metal film growth on SAMs. 

Fig. 6.6 shows the results for 3nm of permalloy sputtered onto a MHA/ODT pattern. 

Clear metal cluster formation was observed on ODT with uniform growth on MHA. We 

conclude that different physical deposition techniques have no observable effect on the 

growth. 
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Figure 6.6 Permalloy (3nm) deposited SAM patterns of MHA/ODT. AFM contact force 
image of permalloy deposited SAM of MHA (strips with uniform deposition) and ODT 
(strips with clusters). High resolution image clearly shows cluster over ODT. 
 
 
 
 
 
 
 
 



 99 

6.3.5 ODT/Au, MHA /Au and Polar/Polar Patterns 
 
 

We have also prepared patterns of ODT and bare Au surface. The Ti/Au substrate 

was stamped with ODT stripes only. After depositing Au we obtained similar result as 

seen on polar SAM/ODT, i.e. cluster formation on ODT region and uniform coating on 

bare Au regions (Fig. 3.7c). Similar experiments performed on hybrid patterns of two 

different polar molecule SAMs (MHA/2MI e.g.) yielded uniform metal film growth and 

complete absence of cluster formation for all thicknesses as small as 1 nm (Fig. 6.7b).  

 
 
 
 

0              mm              200                mm             40

0              mm              20 0               mm               6

a)

c)

b)

 
 
 

Figure 6.7 Metal deposited SAM patterns of MHA/Au, MHA/2MI, and ODT/Au. a) 
AFM contact force image of 1nm of Au deposited on MHA (bright strips) patterns on Au 
surface. b) AFM contact force image of 3nm Au deposited on patterns of MHA (bright 
strips) and 2MI (dark strips). c) AFM contact force image of 2.5nm Au deposited on 
ODT (strips with clusters) and Au surface (dark strips). High resolution image clearly 
shows clusters over ODT region. 
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Later patterning only one polar molecule, like MHA on bare Au surface we observed 

similar uniform metal film growth and no cluster formation for all thickness as small as 

1nm (Fig. 6.7a) 

 
 

6.3.6 Discussion 
 
 

We do not know exactly the reason for cluster formation mean why neighboring 

polar molecules affects the metal deposition on non-polar molecules. But on the basis of 

series of controlled experiment at least we can say relative size and frequency of 

molecular patterns does affect the metal deposition on non-polar molecules. Penetration 

of metal in case of non-polar molecules is well reported [141, 142, 143]. Although from 

these reports it is hard to predict the surface morphology but in-terms of atomic layers 

penetrations they clearly mentioned that after one or two atomic layers and in some 

reports even after three atomic layers metal starts depositing at the top of SAM and on 

ward deposition is at the top of deposited metal. But in our case we observed clear metal 

clusters formation up to 7nm. In case of Fig 6.1,2,3, metal deposition is 3nm which is at 

least ~10 atomic layers and we have clusters over there mean coverage of ODT is yet not 

complete. So on the basis of all these observation we can say relative size and frequency 

of polar and non-polar molecular patterns may effect the metal deposition on non-polar 

regions. 

We need to design more controlled experiments to find the reason of this cluster 

formation like some spectroscopic data so we can compare already reported data with this 

new observation. 

All these patterning of molecules which we did on Au surface could be done on 

the Si substrate using molecules having silane at the head of molecule instead of thiol. So 

similar structures of polar and non-polar SAMs patterns can be obtained on Si and other 

semiconducting and insulating surface and after depositing metal on these patterned 

surfaces we can have conductive and non conductive regions, as you can see in close scan 

metal clusters on non-polar regions are far one another even up to 3nm of metal coating. 

We have both line and dot pattern with cluster and uniform metal deposition, so their 

combination could be used design interconnect for molecular electronics. Further 
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arbitrary shape molecular patterns can be made using DPN, so this discovery with DPN 

of soft molecules, which is presently the best opportunity to fabricate nanostructures with 

resolution up to 10nm, could led to the designing of electrical circuits/interconnect using 

soft molecules. We deposited magnetic material first time on SAMs, our results shows 

that very thin uniform magnetic films can be deposited on polar SAM. With the 

possibility of very thin magnetic films on SAMs, magnetic properties of such thin films 

can be tuned using very rich chemistry of organic molecules with different end groups.  

 
 

6.4 Conclusions 
 
 
In conclusion, metal deposited on SAMs molecular patterns forms clusters on 

non-polar molecules and there is uniform deposition on polar molecules. It is not only the 

relative binding ability of different molecules which is responsible for the cluster 

formation on non-polar regions but it also depends upon the frequency and relative size 

of the molecular patterns . Presence of polar molecular region in the vicinity of non-polar 

region could effect the deposition on non-polar region. Deposition process, evaporation 

or sputtering gives the similar results, so deposition process is not responsible the cluster 

formation on non-polar region. Behavior of magnetic and non-magnetic metals is also 

same in this deposition process, both forms cluster on non-polar region. Cluster formation 

on SAMs patterning itself is new observation which could be used in many possible 

applications, like layered structures of soft and hard material in different shapes and 

optoelectronic channel could be developed using this technique in future.  

Further, our preliminary results about magnetic material deposition could give 

new direction of research, as we know in some magnetic materials binding electrons are 

responsible for magnetism and in some materials binding electrons are different from 

magnetic electrons in very thin magnetic films such a property of magnetic material can 

be exploited to control/change their magnetic behavior.  

The cluster size varies from 50 to 100nm where height of clusters 5-7nm, 

depending upon the type of metal and its average thickness. The clusters are not 

connected to each other up to a certain critical thickness for the metal. These regions are 

electrically isolated from uniformly coated regions over polar molecules. According to 
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very recent report using pulse CVD technique metal can be deposited selectively only 

over polar region in patterns of polar and non-polar molecules [148]. In this way metal 

deposited polar and non-polar patterns can make electrode patterns that can be used as 

interconnects with proper choice of polar molecules, molecules  sandwiches between 

metal can act as molecular capacitor, transistor etc. Other reported result about the array 

of metal deposition is via pulse laser deposition on SAM using nanosieve [149] and laser 

interference irradiation of the substrate during deposition [150]. Both of these patterning 

process have limitations on size and shape of patterns, in first case size and shape of 

patterns depends upon the nanosieve, and in second case pattern size is limited by the 

wave length of the ultraviolet laser and only array of parallel lines can be produced. But 

in our case, metal pattern size depends upon the size of the molecular patterns, which by 

using DPN can be reduced to 10’s of nm and almost there is no limit on the shape of the 

patterns. Parallel DPN or by using the combination of DPN and stamping large area can 

be covered with any arbitrary shape of molecular patterns and this arrangement could be 

used for nanoscale circuit architecture in future. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 103 

 
 
 
 
 
 

CHAPTER 7 
 
 
 
 

CONCLUSIONS AND FUTURE PERSPECTIVE  
 
 

In this dissertation work, we have developed a surface-templated assembly 

process for large-scale, parallel, directed self-assembly of SWCNTs onto a substrate with 

pre-patterned metal electrodes using molecular recognition. Using this technique, 

SWCNTs can be assembled precisely onto desired locations, over polar molecule SAM 

or even bare metal surface, on a substrate and they can be aligned with precise 

orientations via the manipulation of the geometry of the hybrid molecular patterns. This 

method can potentially be used for mass production of functional SWCNT device arrays 

and even complex circuits. Significantly, since the method does not rely on any external 

forces or slow serial patterning technique, it can be done in a completely parallel manner 

and is suitable for high- throughput applications. We demonstrated the assembly of 

millions of individual SWCNTs junctions over ~1cm2 size sample surface in a matter of 

minutes. We also fabricated SWCNT-FET structures across a single pair of source-drain 

electrodes using this technique. The electronic characteristics of such SWCNT-FETs 

made via templated assembly were found to be comparable to those made with 

conventional lithographic techniques. In some aspects, e.g. hysteresis in the transistor 

action, these devices actually exhibited far superior performance. This method is also 

compatible with other successful CNT alignment methods such as fluid flow and electric 

field techniques, and they can be combined to achieve the optimal results. 

Now, can we build very-large-scale integrated circuits utilizing SWCNTs? 

Obviously, we do not yet have a definitive answer to this question. The final realization 

of the goal also depends on solving several other challenging problems such as control 

synthesis of SWCNTs with identical chiralities. However, our development of the large-
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scale “surface-templalted assembly” process of SWCNT-based electrical junctions [31], 

coupled with recent development on separating the semiconducting and metallic 

SWCNTs via chemical processes [102], and on preferential growth of semiconducting 

SWCNTs [104] (with yield >90%) represent important progress towards the final goal. In 

the near term, the capability to produce large quantities of single SWCNT junctions 

should provide researchers valuable flexibility in pursuing different applications for 

CNTs and may open up many new academic and industrial opportunities.  

We have also systematically compared the binding ability and strength to 

SWCNTs of various polar molecules, Au film surface and Au nanoparticles. With the 

same non-polar SAM (ODT) patterning, it was observed that bare metal (Au and Pd) 

surfaces result in higher SWCNT assembly density and stronger binding than any polar 

molecule SAM. The is another observation that is favorable for the assembly of SWCNT 

circuits, as direct binding of SWCNTs to the electrode surface intuitively should result in 

better electrical contacts, a major issue in SWCNT electrical devices. This scheme also 

facilitated direct comparison of the electronic characteristics of the templated assembled 

SWCNT devices with established results from devices made by conventional lithographic 

techniques. Similarly strong affinity of SWCNTs to Au nanoparticles was observed. This 

raises hope that Au nanoparticles may be directly attached to individual SWCNTs, which 

would provide an effective means of attaching important biomolecules such as DNA and 

proteins to SWCNTs. The inert nature of CNTs has been a persistent obstacle for 

biofunctionalization of SWCNTs and their applications in biosensing.  

It is slightly ironical that, SWCNTs, which have one of the most inert surface and 

are believed to have minimal interactions with chemical functional groups, can be so 

effectively assembled using molecular recognition. This implies that this scheme may be 

used, perhaps more effectively, for the assembly of other nanowires with more versatile 

chemical functionalities [107].  

The project is far from complete. Because of the rich physics and chemistry, and 

enormous application potential involved, many aspects of the project can and should be 

further pursued. An incomplete list includes: 

1) Elucidation of the SWCNT assembly mechanism. Despite the wide range of 

experiments performed, the assembly mechanism(s) on polar molecules and on 



 105 

metal surfaces remain poorly understood. The non-polar molecule (ODT) SAM 

appears to play an active role, which needs to be clarified. A better understanding 

of the assembly mechanism(s) should lead to even better alignment and assembly 

precision. 

2) Systematic fabrication and characterization of SWCNT-FETs with a single 

SWCNT. The devices we have studied so far all have multiple SWCNTs in the 

channel. In some cases, metallic SWCNT(s) are present which greatly reduces the 

gating effect and complicates the interpretation of the data. 

3) Quantitative evaluation of the devices as gas and biological sensor. The 

significant suppression of the hysteretic effect in the FET action in the SWCNT-

FETs made with the templated assembly technique make them favorable for 

sensor applications. Such capabilities will need to be clearly demonstrated and 

quantitatively evaluated. 

4) Fabrication and characterization of arrays of SWCNT junctions and FETs. The 

demonstration of the assembly of large number of SWCNT junctions over 

macroscopic scales were done with parallel arrays of line electrodes, which 

precludes thorough electrical characterization of each individual SWCNT junction. 

Only rudimentary qualitative electrical measurements were performed on the 

arrays with conducting AFM. Similar experiments need to be performed on more 

sophisticated electrode patterns and electronic characteristics of individual 

junctions need to be measured, in other words, the device yield needs to be 

carefully evaluated. 

 

As an off-shoot of the main project of SWCNT assembly, we have investigated 

the pattern of metal film growth on polar and non-polar SAMs, combining organic 

material SAM patterning, physical vapor deposition and AFM imaging. Over large scale 

patterns of polar or non-polar SAMs, uniform growth of metal films was observed for 

deposition thickness as small as 1nm. In micrometer scale hybrid patterns of polar and 

non-polar SAMs, an interesting variation was observed. For a total thickness as large as 

7nm, the deposited metal forms clusters on the non-polar SAM whereas there is uniform 

growth on the polar molecules. This effect does not depend on the type of metal or the 
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deposition method used, but depends on the absolute and relative sizes of the polar and 

non-polar SAM patterns. We do not yet understand the observation. Clearly, the presence 

of polar molecules in close proximity effect the change in the metal film growth mode 

and formation of metal clusters on the non-polar SAM, The result may find useful 

applications in novel fabrication of nanostructures and means of molecular wiring in 

molecular electronics. But perhaps more interesting, from a fundamental science point of 

view, this provides another example of intriguing phenomena emerging from the 

interface of soft and solid-state materials. Another example (not covered in this thesis) 

was a set of experiments recently initiated by the author, in which significant 

modification of ferromagnetism in a permalloy film was observed upon an organic SAM 

binding, and perhaps more exciting, inducement of giant magnetic moment and in some 

cases ferromagnetism in Au upon binding of organic molecules. Hybrid nanostructures of 

solid state components and organic molecules are truly exciting artificial material 

systems which promise intriguing discoveries in fundamental science as well as novel 

functionalities. 
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Permalloy Thin Films Deposited on Self-assembled Monolayers of Different 
Functional groups”, (in preparation) 

 
 
 
Presentations 
1 Saleem Rao, Shahid Ahmad, Shahid Shaheen, “ Anomalous Magnetic Behavior of 

Thiol Self-Assembled Monolayer on Gold Thin films” 50th conference on Magnetism 
and Magnetic Material 2005, San Jose, CA (Submitted). 

2 Shahid Ahmad, Saleem Rao, Shahid Shaheen, “ Deposition of Magnetic Materials on 
Organic Self-Assembled Monolayer” 50th conference on Magnetism and Magnetic 
Material 2005, San Jose, CA (Submitted). 

3 Saleem G. Rao, Peng Xiong, and Seunghun Hong, “Direct Attachment of Au 
Nanoparticles to Single-Walled Carbon Nanotube” MRS Fall Meeting (2004) Boston, 
MA. 

4 Saleem G. Rao, Ling Huang, and Seunghun Hong, “Large-Scale Assembly of 
Carbon Nanotube-Based Circuit structures” American Chemical Society, National 
Meeting (2004) Anaheim, CA. 

5 Seunghun Hong, Saleem G. Rao, and Ling Huang, “ Large-Scale Assembly of 
Carbon Nanotube-Based Circuit via Self-assembly Strategy” MRS Spring Meeting 
(2004), San Francisco, CA.   

6 Rao, S. G.; Huang, L.; Hong, S. “Precise Positioning and Alignment of Multiple   
Carbon Nanotubes via Surface-Templated Assembly,” 2003 American Physical 
Society March Meeting, Austin, TX. 

7 Pradeep Manandhar, Saleem G. Rao, and Seunghun Hong, “Organic Molecular Ink 
Suitable for Controlled Nanoscale Direct Deposition: Towards Direct Assembly of 
Hybrid devices”, American Physical Society, 2002 March Meeting, Indianapolis, IN. 

 
SKILLS  
1. Directed assembly and characterization of carbon nanotube-based circuits. 
2. Nanoscale molecular patterning: Dip-Pen Nanolithography, micro-contact printing. 
3. Micro- fabrication: photolithography, metal thin film deposition (thermal evaporation 

and magnetron sputtering). 
4. Nanoscale surface characterization: AFM, ultrahigh vacuum STM and AFM, SEM. 
5. Material Characterization: X-ray diffraction. 
6. Thin Film Preparation: Evaporator, Sputtering. 
7. Magnetic Measurements: VSM, SQUID. 
8. Electrical Measurements: Conducting AFM, resistance measurements at low and 

room temperature using two and four probes, SWCNT field effect transistor 
characterization. 

9. Computer skills: Corel Draw, Origin, Excel, Photoshop, AutoCAD etc. 


	The Florida State University
	DigiNole Commons
	7-11-2005


