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ABSTRACT 

 

 The integration of soft (organic, biological) and hard (semiconducting, metallic) 

materials is of central importance in a host of emerging areas in materials research and 

nanoscience. Micro- and nano-scale hybrid soft/hard condensed matter structures are necessary 

components for such diverse applications as molecular electronics, biological and chemical 

sensing, directed assembly of functional nanostructures, and controlled solution-chemistry 

synthesis of nanomaterials. Organic molecules have been employed not only as pathways for 

molecular recognition (e.g., in biosensing and directed assembly), but also as means to produce 

novel electronic functionality and even as active electronic components (e.g., in molecular 

junctions and single molecule transistors). In recent years, the scientific and engineering 

community has expended unprecedented effort on fundamental research in this area of 

nanotechnology, in hope of finding new paradigms of nanoelectronics and biomedical sensors. 

Inspired by this concept, this dissertation research explores the fabrication and characterization 

of several diverse types of solid-state/molecular hybrid nanostructures. The objectives of the 

research are two-fold: 1) to investigate directed self-assembly of semiconductor nano devices 

using molecular templates and examine molecular modification of the electronic characteristics 

of such devices, and 2) to study molecular functionalization of semiconductor micro/nano 

devices and the utilization of the functionalized devices for biomolecular sensing. 

 

Carbon nanotubes are a class of quasi-one-dimensional nanomaterials which have 

received extensive interest. Single-walled carbon nanotubes (SWNTs) exhibit excellent electrical 

properties suitable for high performance nanoelectronics. Individual SWNT field-effect 

transistors (FETs) have been shown to outperform state-of-the-art silicon counterparts. However, 

the integration of the SWNT devices into high-density architectures remains a challenge. 

Through the bottom-up approach, utilizing directed assembly of solvent suspended SWNTs onto 

a molecular template, we demonstrated the fabrication of high performance SWNT-FETs. 

Furthermore, selective functionalization of the metal electrodes with various polar molecules 

patterned by dip-pen nanolithography (DPN) gave rise to molecularly modified SWNT-FETs 
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comprising of s-SWNT/molecule/Au heterojunction and resulted in pronounced modification to 

the key electrical characteristics of the SWNT-FETs, including subthreshold swing, ON/OFF 

ratio, and threshold voltage. By replacing the semiconducting SWNT to a metallic one, the same 

strategy produced m-SWNT/molecule/Au heterojunction, where the m-SWNT serves a metallic 

nanoprobe to study the tunneling properties of electrical current through the molecular SAM.  

 

The extraordinary precision and high spatial registry of DPN were also used to 

selectively functionalize active regions of micro-Hall magnetometers fabricated from an InAs 

quantum well heterostructures, as a necessary step towards using the -Hall devices for 

biomolecular sensing. To demonstrate detection of protein binding, the submicron molecular 

SAM functionalized region was subsequently attached with biotin molecules. The streptavidin 

coated superparamagnetic nanobeads were specifically assembled onto the biotinylated region of 

μ-Hall device through the biotin-streptavidin linkage and detected by the ac-phase sensitive Hall 

magnetometry at room temperature. The same sensing scheme was employed for label-free 

discrimination of a 35 base pair (bp) single strand (ss) DNA target, as a demonstration for point 

of care (POC) pathogenic DNA detection. An independent study of fluorescence microscopy 

based on arrays of mimic μ-Hall crosses showed that the platform is feasible for discriminating 

target DNA at a concentration of 36 pM and < 10 ppm in the presence of extraneous DNA.  

           

Binary oxide nanobelts, synthesized through a catalyst-free physical vapor deposition 

growth method, have emerged as a class of useful quasi-one-dimensional nanomaterials with 

unique “belt” like morphology. We have fabricated high-performance channel-limited SnO2 

nanobelt FETs and utilized them as high sensitivity electrochemical transducers to detect various 

biomolecules by molecularly modifying the surface of the nanobelt with specific molecular 

receptors. We first demonstrated the efficacy of the sensing scheme and platform via detection of 

streptavidin protein using biotinylated SnO2 nanobelt FETs. The same platform was then 

modified to detect cardiac troponin I (cTnI) antigen, a biomedically significant marker that has 

been widely considered to be an effective indicator of cardiac damage upon trauma to the heart. 

A systematic effort was placed on optimizing and extending the capabilities of the platform. The 

procedures for functionalizing the oxide surface of nanobelts were modified to improve the 

contact transparency between the molecularly functionalized nanobelt channel and the metal 
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electrodes to increase the yield in obtaining channel-limited SnO2 FETs for sensing applications. 

The versatility of the sensing scheme was finally extended by the successful attachment of DNA 

aptamer to the surface of the oxide nanobelts, which provides a potential general pathway to the 

binding of a broad variety of biomolecules, such as small molecules, proteins, nucleic acids, and 

even cells, tissues, and organisms. With the DNA aptamer functionalized SnO2 nanobelt FET 

devices, we successfully demonstrated the detection of thrombin molecules. 
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CHAPTER ONE 

INTRODUCTION 

 

The first formal introduction of the concept of “Nanotechnology” was in an inspirational 

talk, entitled “There‟s plenty of room at the bottom”, given by renowned physicist Richard 

Feynman at the 1959 annual American Physical Society meeting at California Institute of 

Technology. Feynman addressed the prospective of direct observation and manipulation of 

individual atoms and molecules “the way we want them”, to study the fundamental biological 

questions by “just look[ing] at the thing”, to build electronic circuit based on a few atoms, and to 

synthesize any chemical substances atom by atom. The aim of the lecture was not merely to 

fascinate people at the time by how marvelous physical phenomena at nanoscale can be or the 

enormous number of technical applications could be achieved when things are manipulated at the 

atomic level, but also to prompt substantive scientific research focused on exploring the 

tremendous possibilities down at the deep bottom. He offered prizes of $1000 for each of two 

symbolic challenges: building a 1/64 inch electric motor and writing information on a page of a 

book on an area 1/25,000 smaller in linear scale. The motor challenge was quickly met and the 

tiny page of A Tale of Two Cities was successfully written in 1985. More importantly, 

Feynman‟s concept of nanotechnology in microscopy with atomic resolution was later realized 

by the use of scanning probe microscopy (SPM) such as scanning tunneling microscopy (STM), 

atomic force microscopy (AFM), transmission electron microscopy (TEM). Parallelly, 

miniaturization of the computer chips has been rigorously pursued in the microelectronics 

industry and in industrial research laboratories, where the smallest single-crystal silicon 

transistor fabricated to date could be as small as 3 nm consisting of only seven STM-patterned 

phosphorous dopant atoms [1], and synthesis of chemical compounds through the manipulation 

of each individual atom has inspired the so-called “bottom-up” approaches that arrange single 

molecules to self-organize and self-assemble into complex and well-defined large-scale 

structures.  
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          Fifteen years after Feynman‟s lecture, the term of “Nano-technology” was defined by 

Norio Taniguchi in his paper, and later popularized by Eric Drexler in 1986 in his book, Engines 

of Creation: The Coming Era of Nanotechnology, in which Drexler proposed the concepts of 

molecular nanotechnology and inexpensive assembly of macro objects constructed from the 

nanoscale controlled by massively parallel information processes. He predicted the amazing 

possibilities with engineering at the molecular scale. In the twenty years since the book was 

published, Drexler‟s analyses and promises have been largely realized and the rapid advance in 

“bottom-up approach” has led to many early applications along the lines of the ideas in motor 

protein [2] and drug delivery [3] to solar cells [4] and nanoelectronics [5]. Nonetheless, over the 

past few decades, the most prominent example of miniaturization that has had the most profound 

impact on civilization is, arguably, semiconductor microelectronics. In Feynman‟s era, there 

were no personal computers, and “computing machines [were] very large; they fill[ed] rooms”. 

In contrast, the semiconductor industry nowadays has allowed a college student to hold in his/her 

hand a device that has more computing power than a computer at his time with “the size of the 

Pentagon”. Such technologies have brought about unprecedented freedom and accessibility to 

information. These tremendous advances in computer industry have resulted primarily from the 

continual miniaturization of electronic circuits as predicted by Feynman, who stated “when our 

computers get faster and faster and more and more elaborate, we will have to make them smaller 

and smaller.” The fabrication techniques that have been used to sustain this constant and 

relentless drive towards miniaturization of semiconductor electronic circuits are based on the so-

called “Top-down” approach, a conventional manufacturing method that uses externally 

controlled tools to cut, mill, etch, and manipulate materials into final desired shape and structure. 

The method utilizes photolithography with thin film etching/deposition, based on which the 

downscaling has been pushed to deep sub-100-nanometer regime. Due to various fundamental 

limits at such scale, such as quantum mechanical effects and the wavelength of the UV light used 

for the photolithography, the conventional scaling, however, has begun to encounter formidable 

physical and technical challenges that will eventually become insurmountable. Therefore, the 

industrial and academic communities have been in search of novel fabrication paradigms which 

can circumvent these limits and thus maintain the trend of miniaturization well into the future. 

One promising approach which has received considerable attention in recent years is the bottom-

up scheme; large complex functional structures are built from the arrangement of various 
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nanoscale building blocks through molecular self-assembly and/or molecular recognition. The 

functionalities of the final devices and circuits depend to a large extent on the characteristics of 

the individual building blocks, which can be molecules or pre-synthesized nanocomponets, such 

as fullerenes [6-8], quantum dots [9-12], carbon nanotubes (CNT) [13-17], nanowires (NWs) 

[18-21], and nanobelts (NBs) [22-24]. For these nanostructures, at least one critical dimension is 

defined in the growth or chemical synthesis process and can be controlled with near atomic-scale 

precision. This control is far beyond the state-of-the-art in the top-down lithography, and 

represents one of several key features that have been motivating ever greater efforts on studying 

these nanostructures and on building functional devices based on them.  

 

Semiconductor CNTs, NWs, and NBs, owing to their unique quasi-one-dimensional 

geometries and outstanding electrical properties, have drawn particular research interest in using 

them to construct various functional devices, such as electronic [25-28], optoelectronic 

[20,29,30], piezoelectric [31-33] devices, through the bottom-up assembly strategy. This 

“bottom-up” paradigm, in analogy to the way nature so successfully constructs life, may prove to 

be a solution to the technological challenges confronting the semiconductor industry and open up 

new strategies for the downscaling. In the foreseeable future, however, effectively combining the 

bottom-up approach with today‟s top-down techniques could provide immediate, technically 

sound, and most economical solutions. When organic molecules and semiconductors are 

integrated into hybrid nanostructures, they serve as nanoscale active elements and can lead to 

exciting new opportunities in studying and understanding nanoscale electronic phenomena which 

otherwise would have been very difficult, if not impossible, to realize. For instance, single 

molecule transistors based on individual organic molecules [34-37] or single-walled carbon 

nanotubes (SWNTs) [38,39] can now be produced relatively straightforwardly by self-assembly 

of the molecular components onto electrodes pre-patterned via top-down lithography. The 

traditional top-down approach of patterning electrodes with respect to a molecular component on 

a substrate lacks the required precision to align the electrodes at the molecular level. Another key 

feature of hybrid molecular/semiconducting nanostructures is their ability to interface 

semiconductor devices with chemical/biological systems, thus providing the platforms for such 

novel applications as biomolecular sensing using solid-state devices. The envisioned applications 

require integration of hard materials (semiconductors, metals, etc.) with soft materials (organic 
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molecules, proteins, DNA, etc.), and thus the relevant research is intrinsically multidisciplinary 

in nature and involves broad range of knowledge and skills from physics, materials science, 

chemistry, and biology.  

 

The overarching theme of this thesis is the fabrication and characterization of molecularly 

functionalized semiconductor nano-devices. The dissertation research comprises of two major 

directions: One is molecular-template directed assembly and molecular modification of solid-

state devices, which is aimed at exploring means of bottom-up assembly via molecular 

recognition and creating new device functionalities through molecular interface. The second is 

controlled selective molecular functionalization of solid-state devices, in order to afford 

semiconductor devices biological characteristics so that they can be employed for biomolecular 

sensing. In the first direction, we utilize molecular templates based on patterned self-assembled 

monolayers (SAMs) of organic molecules and lithographically defined electrodes to direct the 

assembly of SWNTs to construct a field-effect transistor (FET). The resulting devices are 

measured to elucidate the effects of the molecular layers on the electronic characteristics of the 

SWNT/Au contacts and the SWNT-FETs. In the second research thrust, we study selective 

biomolecular functionalization of two types of semiconductor devices: InAs quantum well 

micro-Hall magnetometers and SnO2 nanobelt FETs. We then employ the functionalized devices 

to demonstrate detection of specific biomolecular binding, including antibody-antigen binding 

and DNA hybridization.    

 

The format of the thesis is as follow: In chapter 2, the concept of self-assembly of organic 

molecules onto solid-state surface is introduced and different methods of patterning SAMs, 

including direct transferring of molecules from liquid/gas phase, micro-contact printing, and dip-

pen nanolithography (DPN) are described. Details in experimental procedures and underlying 

mechanisms are presented. In chapter 3, the fabrication of SWNT-FETs through directed 

assembly of SWNTs onto a molecular template and the electrical characterization of the devices 

are described. The molecular modification of the electrical characteristics of SWNT-FETs with 

molecular interface is systematically studied. The same fabrication method is then utilized to 

form metallic SWNT/SAM/Au heterojunction, in which the metallic SWNT serves a nanoscale 

metallic probe to organic molecules. The transport properties of the heterojunction are measured, 
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analyzed, and compared to those of other types of molecular tunnel junctions realized by 

different contact schemes. In chapter 4, we demonstrate the magnetic detection of specific 

biological bindings using InAs quantum well micro-Hall magnetometers. The high registry of 

DPN is exploited to selectively functionalize the microscale active areas of the Hall devices. The 

subsequent assembly of superparamagnetic beads through streptavidin-biotin linkage and 

magnetic detection of the assembled beads is performed. The detection scheme is then further 

extended to demonstrate the detection of a triplex single-strand (ss) DNA hybridization. In 

Chapter 5, we describe the electrical characterization of SnO2 nanobelt FETs. The biotinylation 

of the SnO2 surface is used to adapt a high performance n-channel limited FET into a real-time, 

label-free, in-solution biosensor that can detect streptavidin molecules in an electrolyte. The 

SnO2 nanobelt FET platform and the selective molecular functionalization techniques are 

optimized and used for detecting biomedically significant proteins. Finally, in chapter 6 the 

thesis is concluded with a summary and brief prospect for future directions of the research. 
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CHAPTER TWO 

FORMATION AND PATTERNING OF MOLECULAR                 

SELF-ASSEMBLED MONOLAYERS 

 

2.1 Introduction 

 

          Self-assembled monolayers (SAMs) are highly organized single layers of molecules 

formed by the adsorption of the molecular constituents from a solution or gas phase onto a solid 

surface [40]. The formation occurs spontaneously when the molecules are brought in contact 

with a surface for which their head groups have high and specific affinity. Because the driving 

force of the assembly is from the arrangement of the molecules to minimize the free energy of 

the whole system [41], the monolayer tends to form overtime into crystalline or semicrystalline 

structures until equilibrium is reached. Owing to their wide range of flexibilities in tailoring both 

head and tail groups of the constituent molecules, SAMs are readily considered to be excellent 

systems for studying physical and chemical phenomena within intermolecular, molecular-

substrate, and molecular-solvent interactions. These studies have given rise to diverse two-

dimensional assemblies for varied applications, such as changing interfacial properties of metal, 

metal oxides, and semiconductors [42,43], modeling surface conditions for studying biological 

systems [44], building molecular FETs [45], etc. Furthermore, three-dimensional assemblies 

realized through their capabilities of couplings to other nanoscale counterparts, e.g. CNT [45], 

DNA [46], nanoparticles [47,48], have achieved unprecedented complexity and flexibility in the 

architecture of functional nanodevices. Despite their outstanding functionalities, the preparation 

of SAMs is rather convenient and straightforward. Excellent coverage of SAMs on solid surfaces 

is viable through immersion of a substrate in molecule solvents, direct deposition from the gas 

phase of molecules, or more selective means to create patterns of different sizes, shapes, and 

scales (e.g., microcontact printing [49], dip-pen nanolithography [50], nanoimprint [51], and 

microtransfer molding [52]).  
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          The primary means of molecular modifications utilized in this dissertation work are 

through formation and patterning of different species of SAMs, in order to realize functional 

hybrid devices including bio/chemical sensors and CNTFET with molecular interfaces. This 

chapter will describe the fundamentals of SAMs with detailed insights in the formation 

mechanism and selective patterning techniques used for the research, particularly microcontact 

printing (μCPΨ and dip-pen nanolithography (DPN). 

 

2.2 Formation and preparation 

 

          The formation of SAMs is known to be consisted of two major steps: (a) fast attachment of 

molecules onto a solid surface through specific chemisorption, and (b) relatively slow two-

dimensional rearrangement of molecules until the monolayer is fully packed with minimized 

defects. The chemisorption in the first step is a reaction between the solid surface and the head 

group (Fig.2.1) of the SAM molecules from either gas or liquid phase. This initial process 

happens immediately when the adsorbate molecules are brought in contact with the solid surface 

and results in the formation of a low density molecular layer, which is normally 

conformationally disordered. Following the first step, a prolonged self-organization occurs via 

intermolecular attractions between the spacer groups. The lateral attraction due to the spacer 

groups originates from van der Waals interactions between alkyl chains. The weak force, mainly  

 

 

 Figure 2.1 Schematic diagram of a closely packed alkanethiol SAM adsorbed on Au(111) surface. The 
figure highlights each component of the SAM and its functionalities. The figure is adapted from Ref. [40].  
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from dipole interactions, becomes larger than other surrounding forces originated from 

substrate/molecule and solvent/molecule interactions once the molecules are sufficiently close to 

each other. Therefore, putting the molecules in a straight, closely packed configuration 

minimizes the free energy of the system.  

 

          Due to the wide variety of available adsorbate molecules and substrates, SAMs have been 

studied extensively for the identification of optimal molecule/substrate combinations, such as 

noble metal with thiols [53-57], SiO2 with silanes [58], and metal oxides with carboxyls [59] (a 

detailed list is shown in Table 2.1). The choices of the molecule/substrate combination depend 

on specific applications for which the SAM is intended.  

  

          In this dissertation work, various types of molecules have been employed for their specific 

functionalities, such as tailoring surface wettabilitiy, electronic properties, and for linkages of 

biological/chemical species on selected areas of nano/micro devices. For the purpose of 

describing the mechanism of SAM formation, the example of SAM assembled through the Au-

thiol bond will be presented with details of structures and preparation processes, since this has 

been the most studied and utilized SAM structure for fundamental study and applications.  

           

          The most straightforward way of preparing SAMs on a gold thin film is by immersion of a 

whole substrate into an ethanolic solution of thiols (1-10 M) for several hours. Other types of 

solvent might also be used (tetrahydrofuran, dimethylformamide, acetonitrile, cyclooctane, 

toluene, etc) for fine control of the quality of the SAMs, but the variations often are not 

significant comparing to those prepared from an ethanol solution, which is inexpensive and 

readily available at ultra-high purity. Large coverage of SAMs on Au can be obtained within 

milliseconds to seconds as a Au substrate is immersed in a molecule solution, and a much slower 

subsequent process of reorganization takes place for days to weeks to maximize the density of 

molecules in the SAM as mentioned previously. Although significant time and effort may be 

required to obtain defect-free SAMs, there are many factors that can affect the final structure of a 

SAM and the rate of its formation: concentration, temperature, solvent, immersion time, 

cleanliness of the substrate, and impurities in the solution. In most cases, reasonably good quality 

SAMs can be prepared and reproduced without excessive control of those factors, so that 
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systematic studies of macroscopic interfacial properties of SAMs and the supporting substrates 

are possible.  

 

Table 2.1 Lists of molecules that form SAMs onto varied substrates. Adapted from [40].  

 

 

          Figure 2.2 shows a schematic diagram of a complete coverage of alkanethiol SAM on 

Au(111). The thiol-Au configuration is believed to be an arrangement in a 

 )R3033( structure [60,61], where sulfur atoms, (light blue circles) releasing a hydrogen 

atom, bond on the 3-fold hollows of the underlying gold lattice (yellow circles). Fully packed 

molecules are tilted 30 degrees away from the normal direction to maximize the lateral van der 
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Waals attractions between nearest alkane chains that are ~5Ǻ apart. As stable Au-S bonds form, 

the released hydrogen atoms are suggested to be either self-reduced to H2 or oxidized into water 

if oxygen is present [62,63]. The light grey circles with dashed lines indicate the approximate 

projected area of each thiol molecule and the dark blue rods refer to the secondary orientation of 

methyl terminal group, which define a )24(c   superlattice structure [64] shown as red dashed 

lines.  

 

          Although extensive studies have revealed the robustness of alkanethiol SAMs on Au(111), 

Au thin films of single crystalline structure are often not feasible for many applications that 

require deposition of Au over various substrates and complex lithographic patterning. In recent 

years, SAMs formed on polycrystalline films have been shown to be sufficiently ordered and 

stable to exhibit similar properties as observed in their single crystalline counterparts [55,65,66]. 

This small margin of flexibility in forming high quality SAMs onto less ideal surfaces gives rise 

to tremendous potential for applications in nanoscience and nanotechnology, including all works 

presented in this dissertation.   

 

 

Figure 2.2 Schematic diagram depicting the arrangement of alkanethiolates on Au(111) lattice when 
maximum coverage of the SAM is attained.  
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2.3 Microcontact printing (μCP) 

 

          The capabilities and flexibility of organic SAMs for tailoring the physical/chemical 

properties of surfaces and their potential utilities in linking nanomaterials, chemical compounds, 

or biological species to the solid interfaces have made them one of the most versatile and useful 

components in nanoscience and nanotechnology. Since SAMs are themselves nanostructure, 

many fundamental phenomena relevant to molecular dynamics in nanoscale can be easily studied 

with such systems. From the more practical standpoint, SAMs often need to be selectively 

patterned onto solid state substrates in order to form functional devices. Due to their fragile 

nature, most of time SAMs cannot survive the harsh conditions of traditional 

micro/nanofabrication techniques, and patterning of SAMs through those techniques is 

essentially unfeasible. Developed by the G. Whiteside group in the 90s, microcontact printing 

(μCP) [49], a simple technique involving the transfer of molecules from an “ink-coated” 

elastomeric stamp onto a substrate, has been successfully used for selective assembly of different 

compounds, such as SAMs of organic molecules [67-69], oligonucleotides [70], and proteins 

[71]. Essentially, SAMs form in the regions of a substrate, with which the molecules of interest 

have high affinity, having direct contact with the topographical patterns of a pre-wetted stamp. 

The contact time reported in most works is a few seconds (5-10 s) [49]. μCP is a parallel method 

through which submicrometer features with overall pattern size of many cm2 can be rapidly 

produced [72]; theoretically, the size of stamped patterns is manly determined by that of the 

master mold, normally fabricated via photo/electron-beam lithography. Since patterns of μCP are 

replicas of lithographic patterns, they can be as flexible as how specific designs need them to be 

for particular applications. The structural quality of SAMs created by μCP has proved to be 

comparable to those formed in gas/liquid phases, exhibiting the  30R)33( structure on 

Au(111) [73]. In the following, the procedures of fabricating stamps, printing, and formation 

mechanisms will be described with details. A thorough review of the broad applications of μCP 

is beyond the scope of this dissertation; only those specific applications utilized by this 

dissertation research will be described in the corresponding chapters. 

 

2.3.1 Fabrication of elastomeric stamps 
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          The fabrication of a stamp begins with generating a master mold defined by lithographic 

patterns. First, a thin layer of photosensitive polymer (photoresist) is spin-coated on a Si(100) 

wafer, followed by soft baking at 95oC for 30 minutes to remove excess solvent and improve the 

adhesion of the resist to the substrate. The resist-covered wafer is then brought in complete 

contact against a photomask that only allows UV light to expose the resist through open 

windows, thus transferring the pattern of the photomask onto the underlying resist. A developer 

is used to remove the exposed part of resist and leave behind the unexposed part, which can then 

be utilized as the topographical template for molding a stamp (Fig. 2.3(a)). Alternately, a 

subsequent etching through the unprotected part of Si can create a mold that replicates identical 

patterns after the resist is removed by acetone or oxygen plasma (Fig. 2.3(b)). The smallest 

features that can be created for a molding master are primarily limited by the diffraction of light 

at the edge of opaque areas of the mask, but they can be further scaled down to tens of 

nanometers when electron-beam lithography is utilized instead.  

 

 

Figure 2.3 Schematic diagrams depicting the procedures of fabrication a master mold for making 
elastomeric stamps.  
 

          Once a desired molding master is made, the next step is to fill the master with a liquid 

form of the polymer that can be subsequently cured to become a replicated stamp (Fig. 2.4). The 
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most common material used for μCP is polydimethylsiloxane (PDMS). Using PDMS as a stamp 

to transfer wide varieties of chemical compounds has many advantages: 

(a) PDMS is nontoxic and commercially available. 

(b) PDMS is inert to organic molecules, solvent, and substrate materials. 

(c) PDMS is elastomeric (Young‟s modulus ~ 1.8MPaΨ and has low surface energy (  = 

21.6 dyn /cm2) that molecular ink can be easily removed and transferred to a solid 

substrate of other materials, and it is relatively resistant to contamination.  

(d) PDMS has robust physical strength enabling it to faithfully replicate even small 

features (~50 nm) while keeping its flexibility to stamp on a conformal and/or curved 

surface.  

 

          Despite the remarkable ease with which to create molecular patterns of wide range of sizes, 

PDMS is limited by its deformable nature such that the aspect ratio between the feature size and 

the separation distance has to be larger than ~0.5 to prevent collapsing or sagging [49]. This 

restriction is, however, not so relevant for most practical situations, and broad variety of basic 

research as well as applications, including this dissertation work, still utilize PDMS to make 

stamps. 

 

 

Figure 2.4 Schematic diagram showing how a elastomeric stamp is made from casting PDMS onto a pre-
fabricated master mold.  
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2.3.2 Printing  

 

          The process of μCP is conceptually straightforward. When a molecularly wetted stamp is 

placed in contact with a solid surface, molecules diffuse from the stamp to the substrate over 

which they assemble into an ordered monolayer. The transferring of molecules from the stamp 

onto the surface has to be energetically favorable than staying on the stamp. Therefore, the 

surface chemistries of both the stamp and substrate are important studying determining the 

transfer efficiency of the printing process. Since the affinity between thiol and Au is very strong 

(~44 kcal/mol), μCP utilizing alkanethiolates to create molecular patterns on Au has become a 

standard and the most studied system to understand the underlying mechanism of such a 

technique.  

 

          For the actual procedure of doing μCP, the first step is to wet a stamp with molecules. The 

most common way is to drip a small amount of molecule solution to cover the entire surface of 

the stamp from which molecular patterns will be transferred. A stream of dry nitrogen gas is then 

applied to blow-dry the surface to remove excess solvent. Completely dried surface of the stamp 

ensures that minimal amount of molecules diffuse laterally out from the stamp to the non-

contacted area through the liquid, giving rise to more faithful reproduction in the stamped 

molecular patterns. Finally, the coated stamp is brought into close contact with the substrate for 5 

to 10 seconds, depending on the type of molecules/substrate combination involved and the 

concentration of solution, to form a patterned SAM on the substrate. Fig. 2.5(a) shows an image 

of printed SAMs acquired via lateral force microscopy (LFM), indicating the assembly of 

stamped 16-Mercaptohexandecanoic acid (MHA) molecules (circular patterns) and subsequent 

back-filling of Octadecanethiol (ODT) molecules (dark background) onto a Au thin film. The 

binary molecular patterns realized by μCP functionalize the entire surface of the Au thin film, 

enabling surface modifications for diverse applications without being limited by the properties of 

Au. Similar patterns can alternately created by stamping ODT and back-filling of MHA as 

shown in Fig. 2.5(c), where the dark stripes indicate the ODT monolayers and the bright ones 

indicate the MHA monolayers.  
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Figure 2.5 Lateral-force microscopy images showing binary molecular patterns on Au created by the μCP 
technique. (aΨ  μCP of circular MHA patterns with back-filled ODT. (bΨ μCP of ODT stripes (darkΨ with 
back-filled MHA. 
           

2.3.3 Mechanism 

 

          There are three main mechanisms for mass transport of molecules from a stamp to a solid 

surface: (a) diffusion of molecules from the stamp to the interface between the stamp and the 

surface of the substrate contacted by the stamp; (b) lateral diffusion of molecules away from the 

edge of stamp; (c) vapor transport through the gas phase. The first mechanism is important for 

determining the regions where SAMs are intended to form via direct contact of stamp to the 

surface. Although to date there has been no precise and complete understanding of the diffusion 

rate of molecules from the stamp to the surface, it is widely believed the concentration used for 

wetting the stamp, namely, the amount of molecules absorbed in the stamp is one of the most 

important factors in this regard.  

 

          The second mechanism is important to controlling the lateral diffusion of molecules to the 

non-contacted regions of the surface. This undesired diffusion away from the stamp causes the 

distortion of molecular patterns and possibly degradation of the sharpness of the edges. The 

extent to which the liquid phase causes the lateral diffusion of molecules is hard to determine 

because the effect can also result from the diffusion from the gas phase. The interactions between 
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the assembled molecules and the liquid molecules can affect the lateral diffusion to some degree 

as well. SAMs of alkanethiolates are autophobic [74], meaning the assembled thiol molecules 

cannot be wetted by themselves in liquid form. Hence, the autophobicity of alkanethiolates may 

prevent the lateral diffusion of the molecules in liquid phase more than that of other molecules, 

such as MHA.  

 

          Vapor transport is one of primary mechanisms for the spreading of SAMs to regions with 

which the stamp is not in direct contact. In order to eliminate the effect of mass transport through 

the gas phase, molecules with smaller vapor pressure should be used [75]. It is poorly understood 

how much it contributes, if any, to the formation of SAMs at the contact regions of 

polycrystalline surface whose roughness of 3-10 nm may cause only partial van der Waals 

contacts between the stamp and the substrate surface. Whether the surface-mediated diffusion, 

vapor transport through the air, or both, lead to the formations of SAMs at the topographically 

lower regions of the substrate remains poorly understood.  

 

2.4 Dip-pen Nanolithography (DPN) 

 

          The development of scanning probe microscopes has catalyzed tremendous advances in 

nanoscience and nanotechnology, for their capabilities of imaging molecules and nanostructures 

with ultrahigh resolution [76-80], but also providing versatile nanofabrication methods of 

manipulating matters at the nanoscale or even at single atom/molecule level [81-84]. Most of the 

earlier scanning probe microscope-based lithography techniques, however, rely on 

physical/chemical means (e.g. through oxidation, etching, shaving, or grafting) to 

lithographically modify the existing surfaces to generate active patterns.  Dip-pen 

nanolithography [50], which utilizes an “ink”-coated AFM tip, is, in contrast, a “constructive” 

tool that adds soft or hard materials onto a surface with high spatial resolution (sub-50 nm). 

Moreover, unlike μCP through which it is very difficult to print molecules on specific areas of a 

substrate or align the molecular patterns precisely with pre-defined structures, DPN has both 

writing and imaging capabilities that enable it to deposit molecules exclusively onto regions of 

interest with exceptionally high spatial registry. The precise control of molecular patterning 

written by DPN, in size, shape, and registry, is instrumental for constructing functional hybrid 



17 
 

devices in this dissertation work, and its specific utilities will be discussed in detail in later 

chapters.  

 

          In DPN, the molecular ink on an AFM tip is directly delivered to nanoscopic regions of a 

substrate through a meniscus condensed from ambient moisture [50,85] (Fig. 2.6).  The first 

report of DPN demonstrated the patterning of alkanethiol SAMs onto gold surfaces with high 

resolution and registry. It was also shown that SAMs patterned via DPN has high quality 

crystalline structure when assembled on Au(111) [50]. During subsequent years, DPN has been 

developed to deposit a wide variety of inks, including organic molecules [50,86], polymers 

[87,88], DNA [89], proteins [90], metal ions [91], and nanoparticles [92]. Meanwhile, the better 

understanding of key parameters that control the transport of molecules has been achieved 

theoretically [93,94] and experimentally [95-97]. Similar to the previous section about μCP, this 

section describes the detailed processes of performing DPN and discusses the underlying 

mechanisms of molecule deposition and pattern formation.   

 

          

Figure 2.6 Schematic representation of the DPN process. A water meniscus forms between an ink-coated 
AFM tip and the surface of a substrate, providing a physical bridge for molecules to transfer from the tip 
to the substrate. [adapted from the lbl website] 
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2.4.1 Molecular coatings of AFM tips 

 

          The traditional way of coating AFM tip with molecule ink is inspired by the ancient dip-

pen technology: a recharge of the ink by dipping a pen into an ink bowl. Similarly, an AFM tip 

can be coated with molecular ink by immersion of the tip into a saturated molecule solution. The 

alternative route of depositing molecules directly onto an AFM tip is much trickier because the 

surface energy of the AFM tip has to be controlled carefully so that the molecules have modest 

affinity for the tip surface on which they form a uniform thin layer. At the same time, the surface 

binding energy of the tip cannot be too large so that the molecules can have higher affinity to the 

surface of the target substrate onto which they can transfer through capillary force. The most 

common AFM tip used for DPN is based on Si3N4, whose hydrophilicity readily provides 

appropriate surface condition for coating various alkanethiolates. Although tip surfaces may be 

contaminated by organic molecules under extended exposure to ambient air, oxygen plasma 

cleaning removes the contamination thoroughly and retains the hydrophilicity of the tip. For 

more complex biological system, such as DNA with which Si3N4 do not have sufficient 

interactions, surface modification of the tip is then required. To this end, it has been 

demonstrated that by silanization of the tip with amine functional group, DPN of DNA can be 

realized [89].  

 

          To coat an AFM tip with alkanethiolates, deposition of molecules from either a solution or 

vapor reservoir to the tip can be utilized. For molecules having high boiling point and low vapor 

pressure, e.g., MHA, the solution route is a necessity. The detailed procedure is described in the 

following: The tip is first dipped into a MHA solution dissolved in ethanol at a concentration of 

~1 mM for 30 seconds, then blown dry with a weak stream of nitrogen to remove the solvent. 

The amount of MHA in the thin molecular layer left behind on the tip after the drying process 

determines how much ink supply is available for the subsequent writing process, and it depends 

sensitively on how the solvent is dried. Theoretically, more molecules will accumulate on the tip 

if larger amount of solvent dries out through evaporation. Therefore, when blowing the tip with 

nitrogen, the strength of the air flow has to be finely controlled so that the solution covering the 

tip is dried through evaporation instead of being physically removed. Further, it helps to always 
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place the tip at the far end of the blowing direction, so that the solution on the tip cantilever will 

be blown to and thus dried at the tip region for maximum accumulation of molecules at the tip.  

 

          In the case of molecules having a low boiling point and high vapor pressure, e.g.,  ODT, 

coating through vapor is possible and in fact preferred, because direct vapor deposition 

diminishes contamination from solvents. The coating process requires a sealed chamber to 

contain the gas phase ODT, which would subsequently cool down and condense on the AFM tip, 

forming a thin layer of the molecules. Experimentally, typically about 200 mg of ODT is placed 

in a pill-box with the tips. The box is then transferred to an oven set at 60 ºC and baked for 30 

minutes. When the pill-box is cooled down, the vaporized molecules are adsorbed on the AFM 

tip surface and a thin molecular layer is formed. 

 

2.4.2 Writing 

 

          After being coated with of the desired molecules, the AFM tip can serve as a nanoscale 

molecular pen to generate SAMs with high resolution and spatial registry. When the tip is 

brought in contact with the substrate, similar to the case of μCP, transport of molecules from the 

tip to the surface is more energetically favorable than staying on the tip. Therefore, during the 

tip-substrate contact, molecules continuously transfer down to the underlying surface of the 

substrate, forming uniform SAM patterns. The advantages of DPN can be illustrated by Fig. 2.7. 

Depending on the tip-substrate contact time, different dimensions of molecular patterns can be 

created as shown in Fig. 2.7(a), where nine MHA patterns were written sequentially with 

increasing contact time from 10 to 90 seconds. It is evident that the sizes of molecular patterns 

directly correlate with the tip-substrate contact time, indicating lateral diffusion of molecules [98] 

and the increasing of meniscus size with time [85]. The underlying mechanism leading to the 

time dependent writing of DPN will be discussed in the next section. Fig. 2.7(b) shows four 

stripes of ODT (forming a Chinese character ”井”) with linewidth of ~100 nm intersecting each 

other. Similar to point writing, moving the AFM tip with a speed of 200 nm/s would effectively 

correspond to a certain dwell time at each given spot along its path, within which molecules can 

transport through the tip-substrate interface onto the Au surface. Hence, the slower the speed of 

the tip is, the wider a line can be drawn due to the longer dwell time. In principle, an ink-coated 
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AFM tip should be able to create arbitrary molecular patterns with programmable path and speed 

within feasible amount of time and molecule ink.  Fig. 2.7(c) is such an example demonstrating 

the use of DPN to write part of the famous talk given by Richard P. Feynman on December 29th,  

 

 

Figure 2.7 LFM images of molecular patterns created by DPN. (a) MHA dot patterns of different sizes 
created with different tip-substrate contact time on Au. (b) ODT patterns drawn by moving an AFM tip at 
a speed of 0.2 μm/second. (c) The transcript of the talk given by Professor Feynman written down by 
DPN (adapted from the Mirkin‟s group) (d) A MHA pattern located within a 300 by 300 nm mimic Hall 
cross. The center of the MHA pattern is only 50 nm off from that of the mimic Hall cross. 
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1959 at the annual APS meeting. Fig. 2.7(d) shows a DPN-generated MHA pattern aligned 

precisely with a 300 nm by 300 nm pre-fabricated mimic Hall cross. The inset of Fig. 2.7(d) 

shows the same device with a smaller scanned area showing the center of the molecular pattern is 

only 50 nm away from that of the cross. This indicates that the accuracy of the alignment is 

comparable to the lower limit of the pattern size that can be created by DPN. The DPN‟s 

capability of precise alignment of molecular patterns with predefined device structures is of 

critical importance to this dissertation research because it is indispensible to the selective 

functionalizations of solid state devices with soft materials. 

 

2.4.3 Mechanism 

 

          Despite the relative ease in the experimental implementation of DPN, the underlying 

physical mechanism is rather complicated because there are many parameters that can influence 

the molecular transport from the tip to the substrate. These include the chemical nature of all 

materials involved (ink, solvent, tip, and substrate), humidity, temperature, tip shape, and the 

instrumental setup (tip speed, contact force, dwell time). Despite the number and variety of 

potential relevant parameters, it is well accepted that the molecular ink transfers to the surface of 

a substrate in the following steps: 

 

(a) Formation of a meniscus bridging the tip and the substrate. 

(b) Dissolution of molecules into the meniscus and the subsequent transfer of molecules 

from the tip onto the substrate. 

(c) Lateral diffusion of the molecules spreading radially from the tip-substrate contact 

point. 

 

          The first step is essential for the initiation of DPN because the formation of the meniscus 

provides a necessary path of molecular transport from the tip to the substrate [50]. The source of 

the meniscus is believed to be primarily from the moisture in ambient air, although it was 

demonstrated that even at 0% humidity, the amount of water molecules adsorbed on the surface 

of a substrate is sufficient to form a meniscus of adequate size to perform DPN [96]. The 

presence of such a meniscus was experimentally observed by environmental scanning electron 
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microscopy (ESEM), as shown in Fig. 2.8, where the growth of the meniscus with time between 

the AFM tip and the substrate is observed [85]. The time dependent growth of the meniscus is 

believed to contribute significantly to the mechanism of DPN, which will be discussed below. 

 

 

Figure 2.8 Environmental scanning electron microscopy images showing the menisci at the tip-substrate 
interface for different contact times. Ref. [85] 
 

          After a meniscus forms at the tip-substrate contact, the ink molecules begin to dissolve in 

the meniscus and transfer onto the substrate with which the molecules have higher affinity than 

the tip. Normally, the amount of molecules contained on an ink-coated tip is sufficient to supply 

writing of molecules for tens of minutes to hours, so that the amount of molecules is considered 

to have limited effect on the mechanism of DPN. However, the transport of the molecules is 

strongly influenced by the meniscus and the environmental conditions. It has been shown that 

with an increase in temperature, the deposition rates of both MHA and ODT molecules increase 

[96]. This observation is attributed to the enhanced dissolution rate of the molecules from the tip 

to the meniscus and the faster diffusion rate of molecules. When the humidity is varied instead, 

the corresponding changes in deposition rate have been shown to be dependent on the different 

chemical nature of those two molecules, MHA and ODT [96].  For MHA the higher humidity 

leads to increased deposition rate. This is considered to be most likely due to the larger meniscus 

formed at the tip-substrate interface. That is, the larger meniscus would result in larger contact 

area between the meniscus and the surface of the substrate, allowing for more molecules to 

transport at a given time, assuming the concentration of the ink remains constant. On the other 

hand, the deposition rate for ODT is nearly unchanged. This may be explained by the 

hydrophobic nature of the underlying ODT SAM, formed instantaneously when the molecules 

begin to transport from the tip to the surface. Because the water meniscus on ODT SAMs has a 

higher contact angle, the increased volume of the meniscus will tend to gravitate toward the tip 

rather than going down to the substrate, and the surface area of the meniscus in contact with the 
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substrate would have very limited change. The approach of explaining the humidity dependence 

of the size and shape of the meniscus is further justified by the double-ink experiments [99], 

where a second DPN pattern is generated on top of another. As illustrated in Fig. 2.9, the MHA 

surface exhibits a hydrophilic nature, thus having larger contact area of the water meniscus for 

molecules to transport and in the case of ODT the contact area is smaller due to the larger contact 

angle of the water meniscus formed on a hydrophobic surface. Consequently, the deposition of 

MHA on an ODT pattern exhibits lower rate than MHA on native gold, whereas for ODT on a 

MHA pattern the result is the opposite.   

 

 

Figure 2.9 Schematics of the double-ink DPN experiment. (a) DPN of ODT molecules on top of a MHA 
pattern. (b) DPN of MHA molecules on top of an ODT pattern. Ref. [99] 
           

          The final step of the DPN process is the lateral diffusion of the molecules on the substrate 

surface. The lateral diffusion depends not only on the meniscus as described previously, but also 

on the number and strength of the binding sites. In the cases of thiol-Au, the binding energy is so 

high that the assembled molecules do not undergo rearrangement. As depicted in Fig. 2.9(b), the 

diffusion of the molecules has to be through the radial movement of molecules on top of the 
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already assembled monolayer. This leads to continuous spreading of molecules to be assembled 

at the outer rim of the SAM patterns, thus giving rise to circular DPN patterns of MHA and ODT. 

When the binding energy is lower, the behavior of the assembly process becomes more 

complicated due to the competition of molecule-molecule and molecule-substrate interactions. 

This type of situation occurs when DPN is performed with amines or silanes on mica.  Fig. 2.10 

shows the DPN patterns of 1-dodecylamine (DDA) on mica [98], where the diffusion is indeed 

radial but the patterns are more fractal-like due to the weaker substrate-molecule binding and the 

most probably the crystallization of the molecules. 

 

 

Figure 2.10 LFM image of DDA patterns on mica, showing the anomalous diffusion of the DPN patterns. 
Ref. [98] 
 

2.5 Conclusion 

 

          In this chapter, we have introduced the concept of molecular SAMs and discussed the 

formation mechanisms of the monolayers on solid-state substrates. We then described two useful 

selective patterning techniques, μCP and DPN, which can generate large arrays of nano/micro-

scale molecular SAMs in a parallel process and small numbers of nano-scale SAMs with 

extremely high spatial registry in a serial process respectively. In many instances of this thesis 

research, we first utilized μCP to perform large-scale study of the efficacy of hierarchical 

assembly of complex biomolecule and nanostructures. After the necessary surface chemistry and 

biological conjugations were properly worked out, DPN was then used to create molecular 
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patterns at specific regions of the substrate to realize selective functionalization of varied 

semiconductor nano-devices.  In Chapter 3, we used DPN to create MHA and ODT SAMs on Au 

electrodes to form a SWNT/molecule/Au heterojunction structure and studied the modification 

of the electronic characteristics of the SWNT/Au Schottky contact due to the molecular SAMs. 

In Chapter 4, MHA patterns were written right at the center of μ-Hall sensors by DPN to confine 

the subsequent functionalization of the device within the active region of the sensor, so that the 

specific protein bindings between target and receptor molecules would take place and be 

detected exclusively at the active regions of the sensors. 
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CHAPTER THREE 

CARBON NANOTUBE FIELD-EFFECT TRANSISTORS WITH 

MOLECULAR INTERFACE 

 

3.1 Introduction 

 

          Since the invention of transistor in 1947, the world has witnessed tremendous advances in 

microelectronics that have revolutionized technologies in computing, communications, 

automation and many other diverse applications that affect almost every aspect of our lives. 

These advances have arisen from the continuous miniaturization of silicon-based devices, which 

has been the basis for ever smaller, denser, faster, and more power-efficient circuitry. While the 

state-of-the-art manufacturing processes today produce chips with tens of millions of transistors 

of size as small as 32 nm [100] the end of the evolutionary path toward the ultimate 

miniaturization and performance as famously summarized by the Moore‟s law, is probably only 

a decade away, due to a number of fundamental physical and technological limitations. The 

looming limitations have spurred worldwide efforts to develop revolutionary technology 

concepts based on either new operating principles or novel materials whose physical properties 

can sustain the trend of miniaturization, perhaps all the way down to the molecular scales.  

 

          Among the many envisioned alternative schemes, one of the most researched in the last 

decade and half is the nano-electronics based on carbon nanotubes (CNTs) [13], because of their 

intrinsic nanoscale (1-2 nm in diameter) and superior electrical/mechanical properties. 

Depending on the chirality of a single-walled carbon nanotube (SWNT), which describes how a 

graphene [101] sheet rolls into a seamless, one-atom-thick cylinder, it can be either 

(semi)metallic with as high a carrier mobility as a good metal, or semiconducting resulting from 

an appreciable band gap that allows it to produce large on/off current ratio when fashioned into a 

field-effect transistor [26]. It is now widely accepted that, in most cases, the field-effect 

modulation in these devices originates from the electrical modulation of the Schottky barrier 
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formed at a metal-CNT contact [102] or bulk properties of a CNT channel [28]. As discussed 

later in this chapter, carbon nanotube field-effect transistors (CNTFETs) possess many distinct 

advantages over the traditional silicon-based metal-oxide-semiconductor FETs (MOSFETs); 

besides their true nanometer dimension, CNTs also exhibit outstanding intrinsic electrical 

properties such as ballistic transport and high mobility. So far, although individual CNT-based 

devices have achieved performance superior to the best Si devices, the lack of a viable method of 

large-scale integration of the nanoscale elements into complex circuitry has emerged as a 

bottleneck for practical applications. To overcome this challenge, many methods have been 

proposed for device integration with controlled location and orientation of CNTs, including 

localized growth from patterned catalysts [103], dielectrophoresis [39], DNA-template [104], 

and molecular template [105]. In particular, this dissertation work has emphasized directed 

assembly of CNTFETs using molecular template, which guides the assembly and alignment of 

CNTs to predefined electrodes through molecular interactions. The molecular templates utilized 

for this work is fabricated via micro-contact printing (μCP) and exploits the specific affinity of 

organic molecules for their complementary solid-state materials (e.g. thiol to Au, silane to oxide, 

carboxylic acid to metal oxide, etc.). The detailed methodology of hierarchical assembly of 

molecules and CNTs on pre-defined solid-state structure toward the fully functional devices will 

be described later in this chapter. To a larger extent, not only is the utilization of molecular 

template a promising route for realizing wafer-scale integration of high performance CNTFETs, 

but also the incorporation of molecular layers/interfaces in many cases gives rise to improvement 

of the electronic properties of the nanodevices., For example, McGill et. al. in our group have 

previously reported that the self-assembled monolayer (SAM) of octadecyltrichlorosilane (OTS) 

used in the molecular template-directed assembly of single-walled carbon nanotube (SWNT) 

FETs effectively eliminates the gating hysteresis [106]. A significant objective of this part of the 

dissertation work is to elucidate clearly and systematically modifications of the key electronic 

properties of SWNT-FETs by inserting a thin organic monolayer at the CNT/metal contact.  

 

          In this chapter, the structure and electronic properties of SWNTs as well as the 

advancement in the studies of SWNT-FETs is first discussed to offer a general introduction 

about the CNTs and the SWNT-FETs. Subsequently, the fabrication techniques of directed 

assembly of CNTs on pre-defined solid-state structures, including the lithographic process, 
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surface chemistry, and selective electrical break down of metallic SWNTs (m-SWNTs), to form 

a high performance SWNT-FET are described with details. Having been able to fabricate 

SWNT-FETs through a bottom-up approach which is fully compatible with molecular 

functionalization of metallic contacts, we make use of the scheme to study the possible effects 

from the insertion of a SAM. Then a systematic set of experiments were performed with a unique 

three-probe electrode geometry specifically designed for unambiguously isolating and 

determining the effects of the SAM. Finally, we discuss our extended studies of transport 

properties of m-SWNT/SAM/Au heterojunction and their possible prospects for molecular 

electronics.  

 

3.2 Carbon nanotube field-effect transistor 

 

         At the most basic level, CNTFETs operate on the same physical mechanism as that of the 

currently used MOSFETs, but a key component of the devices, the Si semiconducting channel, is 

replaced by the one-dimensional CNTs. Therefore, before getting into details about CNTFETs, 

we would like to first outline some of the fundamentals of the MOSFET.  

 

          The basic structure of a MOSFET, as schematically shown in Fig. 3.1, comprises of a 

channel made of a semiconductor to which two electrodes (source/drain) are connected and a 

thin insulating layer that separates the source, drain, and the semiconductor channel from a third 

electrode called the gate. The source and drain electrodes are individually connected to two 

highly doped semiconductor regions that are separated by the body region. These two regions 

can be doped to either p or n-type, but they have to be of the same type and of the opposite type 

of the body region. Considering an n-type MOSFET, the semiconductor channel (body region) is 

p doped. When there is no applied gate voltage (VG), the p-type semiconductor channel is fully 

depleted near the source and drain regions, so that electrons in the source electrode cannot 

overcome the energy barrier through the channel to induce a drain-source current (IDS). Upon the 

application of a positive electrical potential between the gate and the source (VGS), the p channel 

near the insulating layer would be modulated to form an inversion layer (n channel ) through 

which electrons can transport from the source to the drain when a modest positive drain source 

voltage (VDS) is applied. At this state, the transistor is turned on and in the linear (ohmic) mode. 
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As the applied VDS increases, the depletion region at the channel/drain interface (p-n junction) 

expands, the conducting channel will be effectively narrowed and the current of the transistor 

eventually saturates. 

 

 

Figure. 3.1 Schematic diagram depicting the structure of an n-type MOSFET. Source and drain 
electrodes are connected to the highly n doped (n+) semiconductor. The thin insulating layer separates the 
semiconductor channel from the source, drain, and gate electrodes. When positive gate voltage larger than 
the sum of the threshold voltage and drain voltage is applied, the p-type region underlying the gate 
electrode will be modulated to form an inversion channel (n channel) that extends from the source to 
drain regions, so that electrons can flow from source to drain.  

 

          It is highly desirable to scale down the size of the MOSFETs for several reasons. The most 

straightforward one is that smaller transistors can be packed more densely in a given chip area. 

For instance, the number of MOSFETs in a central processing unit fabricated with a 45 nm 

technology is double of that fabricated with a 65 nm technology. This readily results in either a 

smaller chip with the same computing power or more computing power at the same chip size. In 

addition, miniaturization leads to faster switching of the transistors. If the main dimensions of a 

transistor, the length, width, and oxide thickness, are scaled down by a factor of two, the total 

resistance of the transistor channel remains the same but the gate capacitance is reduced by a 

factor of two. Hence, the RC delay is cut by half, resulting in twice as fast processing speed. The 

reduction of the transistor dimension, however, does not necessarily translate to higher chip 

performance when the device size reaches nanometer regime. For the current silicon technology, 

the thickness of the gate insulator, typically SiO2, has already been down to about 1 nm. Further 

decrease of the thickness will face the inevitable problem of leakage current caused by quantum 
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tunneling, which would degrade the transistor characteristics and increase the power dissipation 

of the MOSFETs. Moreover, many other complications will arise due to the size reduction and 

they are expected to eventually slow down the development of the silicon technology.  

 

3.2.1 Structure of carbon nanotubes 

 

          Single-walled carbon nanotubes are formed by rolling a flat sheet of hexagonal carbon 

lattice, a graphene sheet, into a hollow cylinder with diameter on the order of 1-2 nm. Having the 

same carbon lattice as graphene, SWNT‟s structure can be labeled in terms of the graphene 

lattice vectors as shown in Fig. 3.2. A chiral vector, Ch = na1 + ma2 (n and m are integers), is 

defined as where two crystallographically equivalent sites ( AA , ) overlap when a graphene sheet 

rolls into a nanotube. In this way, the chiral vector representing where two atoms roll onto each 

other can uniquely specify the geometry, circumference, and electronic properties 

(semiconducting or metallic) of a SWNT. Among the arbitrary combinations of (n, m), SWNTs 

can be categorized into three different types: zigzag, armchair, and chiral (Fig.3.3). Zigzag tubes 

are formed when either n or m is zero, so that there is a zigzag pattern along the circumference. 

The chiral angle of this type of tube, defined as the angle between the chiral vector and the a1 

lattice vector, is zero. When n equals to m, nanotubes are defined as armchair tubes because they 

exhibit an armchair pattern along the circumference. This type of tubes have chiral angle of 30° 

and have carbon-carbon bonds perpendicular to the nanotube axis. The rest of tubes (n, m ≠ n ≠ 0Ψ 

are all classified as chiral tubes.  

 

          Not only can carbon nanotubes be single-walled, they can also be multi-walled. Multi-

walled carbon nanotubes (MWNTs) consist of layers of concentric SWNT cylinders held within 

each other by van der Waals forces. Different shells in a MWNT can have different chiralities 

and thus have both metallic and semiconducting properties in the same multi-walled tubes. 

MWNTs exhibiting both two properties, however, would be less likely to be used in electronic 

applications because the metallic shells carry more current than the semiconducting ones, so that 

the logic properties from semiconducting tubes are drastically diminished. Therefore, this 
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dissertation work used only SWNTs, either semiconducting or metallic, to fabricate the CNT 

based devices.  

 

 

Figure 3.2 Honeycomb network with lattice vectors a1 and a2. There are two atoms per unit cell shown by 
α, . The chiral vector Ch=5a1+3a2 is one of the many ways of wrapping the two-dimensional graphene 
sheet into a 1D nanotube. The direction of two dashed lines perpendicular to Ch is the tube axis. The 
chiral angle θ is defined by the Ch vector and the a1zigzag direction of the graphene lattice. The nanotube 
in this example is a (5,3) chiral tube. The diameter of the tube is determined by the absolute value of the 

Ch vector, 22h mnmn
aC

d 





 . 

 

 

Figure 3.3 Atomic structures of (12,0) zigzag, (6,6) armchair, and (6,4) chiral nanotubes [107]. 
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3.2.2 Electronic properties of carbon nanotubes 

 

          Based on the same crystal structure as graphene sheets, each individual carbon atom in 

carbon nanotubes has two types of bonds between other three neighboring carbon atoms due to 

the so-called planar sp
2 hybridization, where there are four valence orbitals, 2s, 2px, 2py, and 2pz. 

The in-plane σ (bonding or occupiedΨ and σ* (anti-bonding or unoccupied) orbitals originate 

from combinations of (2s, 2px, 2py) and have even symmetry in the carbon hexagonal network. 

The σ bonds are covalent which strongly connect carbon atoms and account for the majority of 

the binding energy. The odd pz orbitals, which cannot couple to the σ orbitals due to the planar 

symmetry of graphene, laterally interact with the neighboring pz orbitals, thus forming the 

delocalized π and π* bonds and being responsible for the unique electronic properties of graphene. 

Unlike the σ bonds, the π bonds are perpendicular to the surface of CNTs and are responsible for 

the weak interaction between SWNTs in a bundle and for the contact affinity with other 

materials. The electronic band gap between σ and σ*
 is so large that the energy levels associated 

with the bands are far away from the Fermi level. As shown in Fig. 3.4(a), the valence and 

conduction bands corresponding to the σ and σ*
 bonds in the Г direction have a band gap larger 

than 10 eV. Consequently, the σ bonds do not play a significant role in the electronic properties 

of graphene or CNTs. Hence, the electronic properties of graphene are determined primarily by 

the pz electrons, which can be treated independently of other valence electrons through a rather 

simple tight-binding representation, assuming electron-electron interactions in the pz orbitals are 

only significant between nearest-neighbor atoms. Within this approximation, the two unique 

atoms, α and , in a graphene unit cell shown in Fig. γ.β, have the wave functions of )rr(z P  

and )rr(z P  respectively and fulfill the following mathematical conditions, 
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where d is a vector connecting two nearest-neighbor atoms (not a1 or a2). To calculate the 

electronic structure of the entire graphene system, by applying the Bloch theorem the total 

wavefunction can be written as 
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where k is the electron momentum and l, m are the cell position indexes. The wavefunction is 

then derived by solving the Schrödinger equation and reduced in a 2 × 2 matrix form, 
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where the matrix elements are defined as   
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Here, the overlap matrix elements, )(P)(PS zz   rrrr , between neighboring Pz orbitals 

is neglected as the orthogonal tight-binding scheme is considered. After applying the constraints 

(setting the Fermi energy as energy reference) indicated in Eq. 3.1, the matrix leads to the 

solution: 

                    ,)](kcos[2)cos(2)cos(23HE 1221 aaakakγ        (3.5) 

 

which can be further written as follows: 
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where cca3a   ( 42.1acc  Ǻ) and )k,k( yxk . This approximated energy dispersion relation 

for graphene is plotted in Fig. 3.4(b) as a function of kx and ky, where the valence and conduction 

bands meet at six points at the corner of the Brillouin zone. Since there is one pz electron per 

atom in the π-π* bonds, the negative energy branch in Eq. 3.6 is fully occupied, leaving the 

positive branch empty. This leads to the localization of Fermi surface to zero dimension points 

right at the crossing points of the valence and conduction bands at a set of K directions (Fig. 

3.4(a) and (b)) and to the (semi)metallic characteristics of graphene.  

 

 

Figure 3.4 Electronic band structure of graphene calculated with the tight-binding model. (a) In Γ 
direction, bonding and anti-bonding σ bands are separated by a large energy gap. In K direction, bonding 
and anti-bonding π bands cross at a point, at which the Fermi level is set to zero. The dispersion of the 
momentum-energy relation is linear near the Fermi level. Φ indicates the work function of the nanotube 
[107]. (b) Band structure as a function of kx and ky [108].   
 

          Unlike a graphene sheet which can be treated as an infinite 2D plane with no boundary, 

carbon nanotubes have periodic boundary conditions along the circumferential direction, which 

allows only discrete wave functions in that direction. Depending on different chiral vectors, 

boundary conditions change accordingly as shown in the equation:  

 

                    )()(e)( i
rrCr k

Ck

hk
h   ,                                                                (3.7) 

 

Vectors r and k are taken on the surface of CNTs and the first equality is from the Bloch 

theorem. Hence, the energy dispersion relations of different chiral orientations fulfilling the 

restriction vary and result in two different situations: metallic or semiconducting. When CNTs 
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are metallic, the constraint of (n , m) is l3mn  , which is always satisfied by armchair tubes 

and by (n , 0) zigzag tubes with l3n  . The rest of the tubes with (n, m) satisfying 1l3mn   

are semiconducting. Fig. 3.5 depicts how the boundary conditions restrict the eigenstates on the 

graphene plane in the cases of semiconducting and metallic tubes. In Fig. 3.5(a), bold lines 

representing energy dispersions of allowed states on a graphene plane cross the Fermi level; 

therefore, CNTs of this kind exhibit metallic properties. On the other hand, in Fig. 3.5(b), bold 

lines no longer meet at the Fermi level due to the shift of available states restricted by different 

boundary conditions. The band structure in this case has a small gap between the bold lines, 

indicating the semiconducting character of the CNTs. The energy dispersions for semiconducting 

CNTs (s-CNTs) are dependent on the absolute values of the chiral vectors, which are directly 

related to the diameters of the tubes. In fact, Eg increases with the inverse of the tube diameter 

assuming a linear dispersion of the bands near the Fermi level. In general, CNTs with larger tube 

diameters have better electrical conductivities owing to the smaller band gaps. The infinitely 

large diameter, as expected, recovers the properties of graphene sheet with zero band gap. Fig. 

3.6 shows the calculated density of states of a s-SWNT and a m-SWNT with similar diameters. 

The density of states shown in Fig. 3.6(a) is zero around the Fermi energy (E = 0), and the 

spacing between the smallest non-zero energy level and Fermi level is about hundreds of meV, 

which is significantly larger than the thermal energy of kBT at room temperature (25.6 meV). 

Therefore, the SWNT exhibits semiconducting behavior. On the other hand, in Fig. 3.6(b) the 

density of states are always larger than zero, thus giving rise to the metallic properties of the tube. 

     

 

Figure 3.5 Dispersion relations  yx k,kE  for the graphene plane with allowed eigenstates (bold lines) 

of (a) an armchair metallic nanotube and (b) a zigzag semiconducting nanotube. Ref.[107] 
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Figure 3.6 Calculated density of states of (a) a semiconducting SWNT and (b) a m-SWNT with similar 
diameter. The density of states of a semiconducting tube is zero in the vicinity of its Fermi energy, 
whereas for a metallic tube, it is always finite. Ref.[109] 
 

          One of the key reasons for the excitement about the prospects of incorporating CNTs into 

future nanoelectronics is their excellent electrical transport properties. The elastic scattering of 

charge carriers moving along the one-dimensional axis of a CNT is weak, and thus at low-bias 

limit the elastic mean free paths can be as long as 500 nm to few micrometers, whereas the 

values for (cleanΨ metals are on the order of 10‟s of nm. The charge transport through a CNT in 

general is thus in the ballistic regime and leading to typical room temperature mobility of 10,000 

cm2/Vs. As a consequence, m-MWNTs are promising candidates for high-performance 

interconnects in very-large-scale integrated system [110] and m-SWNTs, with diameters as small 

as 1 nm, can be potentially used as interconnects or nanoscale contacts in molecular electronics, 

while s-SWNTs can be used as the central component of a new generation of FETs.  

 

3.2.3 Carbon nanotube field-effect transistor 

 

          Since the first demonstration of carbon nanotube field-effect transistors [25] in 1998, rapid 

progresses have been made on the understanding of the fundamental physics underlies operations 

of CNTFETs [28,111-119,] and on improving the device performances [120-125]. In the early 

stage of this field, most CNTFETs fabricated by various groups showed p-type behavior [25,126], 

indicating that holes are the majority carriers through the CNT channels. Fig. 3.7 shows the 

schematic diagram and electrical properties of a CNTFET in one of IBM‟s pioneering works 

[126]. In Fig. 3.7(a) the schematic diagram depicts the structure of the device, where a CNT lies 
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on top of the gate insulating SiO2 layer, bridging the source and drain electrodes. The source-

drain currents (ISD) shown in Fig. 3.7(b) exhibit linear behavior at gate voltages (VG) equal to or 

smaller than zero volt. When VG0 is applied, the ISD becomes increasingly nonlinear up to a 

point where the current is fully cut-off. Fig. 3.7(c) shows the transfer characteristics of the 

SWNT-FET for different source-drain voltages (VSD). The ISD displays strong gate dependence 

and decreases sharply with increasing VG, indicating that the transport through the CNT channel 

is dominated by holes. The electrical characteristics of such devices are similar to conventional 

p-channel MOSFETs, which led to the assumption at the time that the gate voltage modulation of 

the channel conductance of the SWNT-FET is analogous to that of Si-MOSFETs. However, a 

subsequent work [127] studying the temperature dependence of the device conductance revealed 

thermally activated nature of the transport and the existence of energy barriers between the metal 

contacts and CNTs. After this realization, the IBM group performed a series of experiments, 

which suggest that the SWNT-FETs operate as unconventional Schottky barrier transistors 

[111,113,115], where the switching behavior is from the gate modulation of CNT-metal contact 

rather than the CNT channel. It was also discovered that the Schottky barrier height at the 

contacts is determined primarily by the work function of the metal and the bandgap of CNTs, 

without being affected by the so-called Fermi-level pinning [111]. This is because the surface 

dipoles induced by the metal-induced gap states at the CNT-metal interface have a „molecular‟ 

scale zero-dimensional geometry, which leads to the rapid decay of the dipole field far from the 

interface; in contrast, in a planar geometry, typical in a Si/metal channel, the dipole field is 

nearly constant throughout the channel. Hence, the Fermi-level pinning, regardless of how strong 

it is, does not dominate the electronic properties of the CNT-metal contacts in this geometry.  

 

As to why the SWNT-FETs act as p-type transistors, it is believed that the oxygen 

molecules in the ambient air move the work function of the contact metal to be closer to the 

valence band of CNTs [115], so that the Schottky barrier for hole transport is thinner and lower 

than that for electron transport [112]. Fig. 3.8 illustrates the band bending in a three-terminal p-

type SWNT-FET at different source-drain bias and gate field conditions. In Fig. 3.8(a), at zero 

source-drain bias, the Schottky barrier forms due to the band bending caused by the Fermi level 

alignment. In Fig. 3.8(b), the device is in its OFF-state because the width of the Schottky barrier 

is so large that it only allows small amount of current to flow through the barrier via thermionic 
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emission. In Fig. 3.8(c), when the negative gate field is sufficiently large, the band is sharply 

bent, and consequently the barrier width is narrowed and becomes thin enough for more carriers 

to tunnel through, leading to a greatly increased current and the ON-state of the transistor. 

 

      

Figure 3.7 (a) Schematic structure of a CNFET. A CNT, either single- or multi-walled, bridges the source 
and drain Au electrodes on top of a SiO2/Si substrate. (b) I-VSD curves at VG = -6, 0, 1, 2, 3, 4, 5, and 6 V. 
(c) Transfer characteristics of the SWNT-FET taken with VSD from 10-100 mV in steps of 10 mV. Ref. 
[126]   
          

    

Figure 3.8 Schematic band diagrams for a p-type Schottky barrier SWNT-FET at different gate voltages. 
(a) At zero gate bias, the Fermi level alignment causes the charge rearrangement that creates a local 
electric field that bends the valence and conduction bands near the CNT/metal interface. (b) The 
symmetry of the band structure is broken by a finite VSD, and the ISD is limited by the transport through 
thermionic emission, where the holes are thermally excited over the Schottky barrier. (c) Gate field 
modulation narrows the Schottky barrier width, resulting in an exponential increase of the tunneling 
current. 
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In contrast to p-type FETs, n-type transistor characteristics can be obtained by having low work 

function metal contacts and desorption of oxygen molecules through high temperature annealing 

in vacuum or hydrogen (reducing) environment [117,128]. One type of basic logic gates, a 

voltage inverter, consisting of two side-by-side n and p-type SWNT-FETs, was demonstrated by 

selective conversion of one of the p-type FETs to n-type [128].  

 

          Although these characteristics of the Schottky barrier CNTFETs can give rise to multi-

functional designs that utilize the wide variability of the source/drain contact resistances, in order 

to understand the intrinsic transport properties through the CNT channel and explore their 

ultimate device performance, it is essential to have channel-limited devices with ohmic CNT-

metal contacts that exhibit little scattering or loss of carriers at the source/drain interfaces. Since 

the unique geometry of the CNT/metal contacts eliminates the effect of Fermi-level pinning, the 

energy barriers at the contacts should be well described by: 

 

                    smb                                                                                                 (3.8) 

 

where Фb is the Schottky barrier, χm is the metal work function, and χs is the electron or hole 

affinity of the CNT. For a typical large diameter CNT (d > ~1.6 nm) whose band gap is smaller 

than 0.6 eV and midgap is 4.5 eV below the vacuum level, the Schottky barrier for hole or 

electron transport is expected to be zero or negative when the work function of the contact metal 

is larger than 4.8 eV or smaller than 4.2 eV respectively. Experimentally, SWNT-FETs based on 

large diameter CNTs and Palladium (χm ~ 5.0 eV) contacts were demonstrated to have ohmic 

behavior at the CNT/metal interface [28]. The short channel SWNT-FETs exhibit ON-state 

conductance approaching the quantum conductance limit of he4G 2
0  , indicating that the 

charge transport is truly ballistic without significant scattering of carriers in the CNT channel and 

at the source/drain interfaces. Such ballistic SWNT-FETs at low source-drain biases exhibit 

increasing conductance with decreasing temperature as shown in Fig. 3.9(a), which is in sharp 

contrast to the temperature dependence observed in a typical Schottky barrier SWNT-FET (Fig. 

3.9(b)). This is because in the ballistic FET case, the lowering of the temperature effectively 

suppresses the acoustic phonon scattering. On the other hand, the transport properties of the 

Schottky barrier SWNT-FET is predominately governed by the thermionic emission and 
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thermally assisted tunneling through the Schottky barrier so that the number of carriers being 

injected at the CNT/metal interface is largely dependent on the thermal energy [116].   

 

          The CNT/Pd ohmic contacts were subsequently utilized to explore the performance limit 

of a CNTFET in the nearly ballistic regime, which consists of integrated high-к gate dielectrics 

(HfO2), zero barrier contacts, and 50 nm ballistic CNT channel [129]. The electrical transport 

properties of the device exhibit maximum linear ON-state conductance of ~ he45.0 2 , ION/IOFF 

ratio > 103, and subthreshold swing ~110 mV/decade. The high conductance of the FET implies 

that the charge transport is nearly ballistic and that the contact resistance due to Schottky barrier 

or poor wettabilitiy of the SWNT to the contacting metal is eliminated. Although the device can 

carry very high current at reasonably low VSD for power-efficient electronics, the value of the 

ION/IOFF ratio is far from ideal due to the n-channel leakage. In order to achieve a much higher 

ION/IOFF ratio, a smaller diameter CNT with larger band gap should be used instead because a  

  

 

Figure 3.9 Temperature dependence of the conductance for (a) a ballistic SWNT-FET [28] and 
(b) a Schottky barrier SWNT-FET [116]. 
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larger Schottky barrier for electrons will form at the CNT/drain interface and thus effectively 

reduce the leakage current. However, CNTs with larger band gap require a contact metal of 

higher work function to maintain the zero value of the Schottky barrier in order to have the same 

ON-state current. Hence, developing methodologies for making ohmic contacts with small 

diameter CNTs (< 1 nm) is necessary for maximizing the ION/IOFF ratio of a SWNT-FET 

functioning in the ballistic regime. To this end, novel device concepts, such as chemically doped 

source-drain SWNT-FET [123] and band-to-band tunneling FETs [130] have been shown to be 

promising for improving the ION/IOFF by suppressing the OFF-state leakage current. Along this 

line, in this dissertation work we explore surface modification of the metallic contacts via self-

assembled monolayers (SAMs) to tailor the work function of the metal and the CNT/metal 

Schottky barrier. 

  

          In contrast to the tremendous advances on the fabrication, characterization and 

understanding of individual CNTFETs, the fabrication processes to date still face severe 

limitations in reliably constructing large-scale circuits consisting of large number of 

semiconducting CNTs. A typical and mostly frequently used technique to fabricate a CNTFET is 

to use atomic force microscopy (AFM) or scanned electron microscopy (SEM) to locate one or 

several CNTs of interest out of the randomly dispersed CNTs grown by CVD or laser ablation on 

a substrate, and then use standard lithography and metal deposition to make metal contacts to the 

CNT(s). In such a scheme, the number of working devices on a chip may be sufficient for the 

studies of the electrical properties of the CNTFETs and demonstration of simple logic operations, 

however, to facilitate practical nanoelectronics applications, more predictable control of the CNT 

chirality as well as precise and efficient large-scale assembly are required. Recently, it has been 

shown that ultracentrifugation after surfactant treatments can sort CNTs by diameters, bandgap, 

and electronic type [131,132]. Furthermore, large scale assembly of CNTs onto pre-defined 

molecular templates has been demonstrated [38] and may be a viable method to achieve wafer 

scale fabrication of carbon nanotube circuits. Therefore, a fabrication process combining the use 

of both breakthroughs can be a promising route to future industrial scale production and 

applications of CNT-based nanoeletronics. The next section of this dissertation discusses the 

CNTFETs fabricated by the molecular-template directed assembly method first developed in our 

group. 
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3.3 Directed assembly of SWNT-FET on a molecular template 

 

          The realization of controlled large-scale integration of CNTFETs has been one of the most 

formidable challenges for commercialization of CNT nanoelectronics. In an ideal assembly 

process, every single tube should be precisely positioned to a predesigned location and aligned 

with a desired orientation, bridging two metallic electrodes to form a large array of FETs in a 

rapid parallel fashion. In order to scale up the fabrication techniques for integration of large 

numbers of CNTFETs, self-assembly methods that utilize the molecular recognition as guidance 

for parallel adsorption and alignment of CNTs has been demonstrated to be a viable approach. In 

this section, we will first introduce the procedure and possible mechanism of molecular-template 

directed assembly of CNTs on a solid-state surface. The electronic characteristics of individual 

SWNT-FETs fabricated through the same assembly technique will be subsequently presented 

and compared with those of devices fabricated via conventional lithography. Finally, we will 

describe an advanced fabrication technique which ensures high-yield single tube assembly across 

two sub-micron metallic contacts.  

 

3.3.1 Directed assembly of carbon nanotubes  

 

          Self-assembly in general relies on certain types of driving forces that localize target 

objects to substrates with specific spatial registry and orientation. When the objects to be 

addressed are of nanoscale, as in the cases of CNTs and nanowires, it is typically required that 

the precision of the assembly be comparable to the size of these nanoscale elements. If the 

assembly is based on a driving force originating from functional molecules, they may readily 

provide such capability because of their comparatively small sizes to CNTs and nanowires. 

Hence, as already discussed earlier in this dissertation, self-assembly based on molecular 

recognition has been intensively studied for constructing complex architectures from molecular 

building blocks. Inspired by the versatility of the technique, previous dissertations of former 

group members, Drs. Saleem Rao and Pradeep Manandhar, have explored the use of molecular 

recognition for large scale assembly of CNTs, magnetic nanoparticles, and other nanoscale 

elements.  
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          The basic procedure utilized to assemble CNTs onto specific regions of solid-state 

substrate through molecular recognition is as follows: The first step is to create a molecular 

template through selective chemical functionalization of the solid surface with polar chemical 

groups (such as amino or carboxyl) and back-filling with non-polar groups (such as methyl). 

This step can be achieved by either micro-contact printing (μCPΨ or dip-pen nanolithography 

(DPN). There is some flexibility in the choices of molecules and substrates as long as molecules 

with specific functional head and end groups are assembled onto matching materials. For 

example, to create polar molecular patterns on Au, thiolated molecules with functional groups of 

amine or carboxylic acid can be used. On the other hand, for SiO2 or metallic oxide surfaces, 

silane molecules with amine group would be a suitable choice. In the cases of directing the 

assembly of CNTs on a solid substrate, polar molecules are first patterned to the Au regions on 

which CNTs are expected to be assembled; meanwhile the rest of the substrate is passivated by 

backfilling with non-polar molecules such as 1-octadecanethiol (ODT) on Au or 

octadecyltrichlorosilane (OTS) on SiO2, so as to prevent assembly of CNTs on those regions. 

After the surface modification, the molecularly functionalized substrate is submerged in a 

0.01mg/ml CNT solution in dichlorobenzene for 10 seconds to 1 minute. When the freely 

suspended CNTs get in contact with the substrate, they tend to adhere only to the polar molecule 

or bare surface regions with little bindings on areas covered by the non-polar molecules [38]. Fig. 

3.10 shows examples of directed assembly of CNTs onto polar molecule 2-mercaptoimidazole 

(2-MI) regions (Fig. 3.10(a)) and a bare Au region (Fig. 3.10(b)). In both two cases, the 

assemblies of CNTs are well within the desired places, indicating very high specificity of the 

method. The inset of Fig. 3.10(a) shows results from an identical assembly process, except the 

concentration of the CNT suspension was 1 μg/ml (diluted 10 timesΨ. The lower concentration 

results in an easily noticeable difference in the CNT assembly: there are now far fewer, in many 

cases only one (bundle), CNTs assembled within each active molecular pattern. This observation 

revealed the theoretical possibility that spatially precise molecular patterning with optimized 

concentration of CNT suspension could lead to fine control of CNT assembly even at large scale. 

This is proved by subsequent experiments by Rao et. al., as shown in Fig. 3.10(c): an 

m30m30  array of 2-MI patterns in which individual CNTs (or individual bundles of CNTs) 

are assembled precisely in each pattern. The sample in fact has millions of molecular patterns in 

an area of 1 cm2 and the assembly yield is better than 90%. 
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Figure 3.10 AFM images showing molecular template directed assembly of CNTs. (a) CNTs are 
selectively assembled on the 2-Mi functionalized regions on a Au film, no non-specific binding is present 
in the ODT passivated Au region. The inset shows result from the same assembly of CNT with a 10 times 
more diluted CNT suspension. The result indicates fewer numbers of CNTs assembled in each unit area. 
(b) The directed assembly of CNTs guided by ODT passivation only: CNTs are assembled exclusively on 
bare Au regions. The results of the assembly are as good as shown in (a). (c) An array of single bundles of 
CNTs assembled on fifteen 2-MI patterns. [Adapted from dissertation of Dr. Saleem Rao] 
 

3.3.2 Directed assembly of SWNT-FET 

 

          The results thus far have demonstrated large-scale directed assembly of CNTs onto a 

regular molecular-template on a plain substrate without any complex pre-defined structures. In 

the next two sections, we will present how the technique of molecular template directed 

assembly can be used and refined to create functional CNT devices, especially SWNT-FETs, 

based on CNT assembly onto a substrate with pre-defined lithographic structures. A key step to 

achieve directed assembly of SWNT-FETs is to be able to fabricate a molecular template 

precisely aligned with pre-defined electrodes and other structures on the substrate, so that 

SWNTs can spontaneously assemble to, for example, bridge the ends of two electrodes. In other 
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words, to produce such a template it is necessary to put guiding molecules selectively on certain 

places of the substrate to direct the assembly of SWNTs. To more clearly visualize the concept, a 

schematic diagram is provided in Fig. 3.11, which depicts one of the possible assembly processes: 

non-polar molecules are assembled on the entire background surface of the substrate and 

selectively on the upper pair of Au electrodes. Because of the inert nature of the non-polar 

molecules to the SWNTs and the suspension, the molecular patterns based on them can 

effectively direct the assembly of SWNTs onto the bared Au regions, leaving no SWNT on the 

inert molecular stripes or the region outside the electrodes. Furthermore, the non-polar molecule 

stripes, oriented perpendicular to the gap between the electrodes, could serve a guidance to align 

the SWNT(s) in the desired orientation. In contrast, without the non-polar molecule stripes, as in 

the case of the lower pair of electrodes, the assembled SWNTs would tend to scatter around the 

entire Au surface without a specific orientation and may even form cross junctions with other 

tubes at the source-drain gap.  

 

 

Figure 3.11 A schematic diagram depicting the assembly of SWNT on two types of molecular templates. 
The background of the substrate is fully covered by non-polar molecules to prohibit any binding of 
SWNTs outside the Au electrodes. The upper pair of Au electrodes have additional non-polar molecule 
stripes to align the assembly of SWNTs, while the lower electrodes are bare Au on which SWNTs are 
randomly assembled and oriented.  
 

          With the conceptual picture of how a molecular template could be designed to direct the 

self-assembly of SWNTs to form a FET structure, the detailed fabrication process is described in 

the following. First, lithographic patterns that define the metallic electrodes are made with 
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standard photolithography on degenerately p-doped, γ75 μm thick Si(100Ψ substrate with 150 nm 

thermal oxides. Ti/Au contacts with thickness of 5 nm and 20 nm respectively are subsequently 

deposited via thermal evaporation. Before lift-off, an array of 4 μm wide non-polar molecule 

stripes separated by β μm are stamped longitudinally along the length of the electrodes onto the 

Au surface using μCP as described in Chapter β. Because we need a type of molecules which 

have an end group that has high affinity for Au and a functional group that is non-polar, we use 

the ODT molecules (CH3[CH2]17SH) consisting of saturated carbon chain terminated with thiol 

(high affinity for Au) and methyl (non-polar) ends. The ODT solution used for coating the 

PDMS stamp has a concentration of ~1 mM in ethanol. After patterning the ODT stripes, the 

substrate is then sonicated in acetone and isopropanol each for 3 minutes to lift off the 

photoresist. Since the ODT molecules form a robust SAM on the Au surface, the sonication does 

not damage the monolayer structure. In addition, the saturated methyl end of the ODT is 

chemically inert; hence the lift-off process does not produce any chemical reactions or 

significant contaminations to the ODT SAMs. The SiO2 surface is subsequently functionalized 

with another type of non-polar molecules to confine the assembly of tubes to the bare Au regions 

of the electrodes. In analogy to ODT on Au, we grow a monolayer of OTS (CH3[CH2]17SiCl3) 

exclusively on the SiO2 surface via immersion of the sample in a ~1 mM solution in anhydrous 

hexane or toluene for 3 to 6 hours, followed by immediate transferring of the sample to pure 

hexane or toluene solvent to rinse away excess OTS molecules, leaving a high quality molecule 

monolayer assembled on the SiO2 surface. Finally, the substrate is submerged in a dilute 

suspension of SWNTs in 1,2-dichlorobenzene (~0.01 mg/ml) for 3-5 minutes, rinsed in the pure 

solvent, and blown dried with a gentle stream of N2 gas. The source/drain electrodes for the 

SWNT-FETs are 100 μm wide and separated by 1-2 μm from source to drain. The relatively 

large dimensions of the electrodes are designed to ensure the yield of the assembly process since 

usually a low concentration of the SWNT-FET suspension is used in the fabrication process. 

Using a less concentrated suspension effectively eliminates multiple assemblies of SWNTs 

across the source-drain gap in the same 2 μm Au stripe as illustrated in Fig. 3.11 (upper 

electrodes). This way, SWNTs simultaneously bridging the metallic electrodes would be in 

different Au stripes, thus having no chance to form cross junctions, which can complicate the 

electrical properties of the SWNT-FETs.  
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Figure 3.12 AFM images of a SWNT-FET made via directed assembly of SWNTs on a molecular 
template. (a) A bundle of assembled SWNTs connect the two ends of a pair of Au electrodes. The non-
polar molecule modified regions (ODT and OTS) show no non-specific bindings of SWNTs. (b) The 
LFM image from the same scan shows the stamped ODT regions (dark) and bare Au regions (bright). Ref. 
[106] 
 

          A SWNT-FET fabricated with such a process is imaged by an AFM as shown in Fig. 3.12, 

where in (a) it shows an assembled SWNT buddle bridging two electrodes within a bare Au 

stripe. In fact, each 100 µm wide electrode has ~16 Au stripes and often there will be multiple 

tubes assembled in different stripes across the electrodes. Fig. 3.12(b) is a lateral -force 

microscopy (LFM) image taken at the same time, which differentiates the bare Au regions and 

ODT regions via sensing the difference in surface friction. Because the SWNT-FETs made via 

this directed assembly fabrication process often have multiple SWNTs connecting the source-

drain electrodes, there is a high chance that in a device there will be parallel paths of metallic and 

semiconducting SWNTs. To perform the electrical measurement, we wire the source-drain 

electrodes to a Keithley 2400 current source and the heavily doped Si (gate electrode) to a 

Keithley 230 voltage source. Fig. 3.13 shows the transfer characteristics and I-VSD curves of a 

SWNT-FET in the typical situation of having both semiconducting and metallic SWNTs 

connecting the source-drain electrodes. In Fig. 3.13(a) the transfer characteristics exhibit p-type 

behaviors, where a more negative (positive) gate field induces larger (smaller) ISD through the 

semiconductor channel. The SWNTs we used were grown by high-pressure decomposition of 

carbon monoxide (HiPCO), which produces SWNTs with relatively small diameters of 0.8 nm to 

1.2 nm and large bandgaps (in the case of semiconducting tubes). Hence, the Fermi level of the   
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Figure 3.13 Electrical measurement of a p-type SWNT-FET consisting of both m-SWNTs and s-SWNTs. 
(a) Transfer characteristics of the FET taken at different VSD from -0.2 V to 0.2 V in steps of 0.1 V. The 
ION/IOFF ratio is only about 2 due to the coexistence of the two types of SWNTs. The transfer 
characteristics exhibit slight hysteresis when VG is swept in different directions. (b) I-VSD curves taken at 
different gate voltages. The curve at VG = -2 V has the highest conductivity, while the one at VG = 2 V 
has the lowest conductivity due to the gate modulation of the conductivity of s-SWNTs.  
           

Au always falls within the SWNT bandgap so that Schottky barriers form for both holes and 

electrons at the SWNT/Au interface. As explained earlier, because of the high work function of 
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Au and the exposure of the device to the ambient environment that contains oxygen, the valence 

band of the SWNT channel is closer to the Fermi level of Au than the conduction band. 

Therefore, the resulting lower and thinner Schottky barrier for hole transport gives rise to the p-       

type behavior of our SWNT-FETs. The transfer characteristics of this specific sample display 

very poor ION/IOFF ratio because of the coexistence of s-SWNTs and m-SWNTs bridging the 

source-drain electrodes. In this situation, although ON-current is high, the OFF-current is far 

larger than practically usable because the current flowing through metallic tubes is not 

suppressed by the gate electrical field. The device also exhibits a slight hysteresis when the gate 

voltages are swept in different directions. The hysteresis is considered to be primarily from the 

charge trapping by water molecules around the CNTs [119]. In Fig. 3.13(b), the I-VSD curves 

taken at different gate voltage values are all fairly linear, although the ISD at VG = -2 V is twice 

that at VG = 2 V. The electrical properties of the hybrid SWNT-FETs with a mixture of metallic 

and semiconducting tubes are clearly not usable for FET applications. In order to fabricate 

SWNT-FETs with high ION/IOFF ratio, the m-SWNTs must be removed from a parallel circuit 

without affecting the s-SWNTs.  

 

3.3.3 Electrical breakdown of metallic SWNTs in nanotube circuits 

 

         In this section, a simple electrical breakdown technique that selectively removes m-CNTs 

is described. The technique is utilized to obtain high performance SWNT-FETs from directed 

assembly of SWNTs on a molecular template. With current CNT synthesis methods, the CNTs 

produced tend to have random chirality and electronic properties. Such heterogeneity of the as-

synthesized CNTs has been a major obstacle in realizing CNT nanoelectronics with desired 

functionalities. Although several post-synthesis techniques for separating m-SWNTs and s-

SWNTs have been reported [131,132], they often require complex surfactant treatment to the 

pristine CNTs during the separation process and the residue of the surfactant can significantly 

affect the intrinsic electronic properties of the CNTs. On the other hand, a simple electrical 

breakdown method, first demonstrated by Collins et. al.[133], has been shown to be capable of 

selectively removing the m-CNTs without affecting the s-CNTs in a CNT circuit. The basic 

principle of the process is to pass a large current through the circuit while keeping the 

semiconducting tube(s) electrically turned off by the gate electrical field, thus the metallic tubes 
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carry almost all the current, which eventually induces the oxidation of m-CNTs [133]. After all 

the m-CNTs are selectively removed, the device is then consisted of only s-CNTs and can exhibit 

high performance as a field-effect transistor suitable for logical applications.  

 

          The greatest advantage of the electric breakdown techniques is its simplicity, which makes 

it easy to incorporate it into the existing fabrication process of CNFETs. For our case, we first 

make the hybrid SWNT-FETs as described earlier and run a full set of measurements to 

characterize the FETs. With the same instrumentation setup, we perform the electric breakdown 

of m-SWNTs by manually setting VSD and VG to appropriate values. To begin the process, we 

raise the gate voltage to 15 V to ensure the s-SWNTs are completely turned off when the source-

drain bias is in the range from 0 V to 10 V. From our experience, the lowest source-drain voltage 

needed to break down a m-SWNT is about 8 V. Thus, VSD of 8 V is usually a good value to 

initiate the process. The breakdown of a m-SWNTs is indicated by a sudden drop in ISD. 

Sometimes we would observe several sudden drops of ISD, which indicate that more than one m-

SWNT were present and were broken down consecutively. If ISD becomes stable at relatively 

high values, it implies that there are still m-SWNTs that survive the breakdown process and the 

applied VSD cannot generate high enough current density to further oxidize the m-SWNTs. We 

then repeat the same process by increasing the VSD and VG, keeping the VG at 5 to 10 V larger 

than VSD to keep the s-SWNTs in their OFF-state. If the final current drop leads to immeasurable 

small ISD, it indicates that m-SWNTs are completely removed, leaving only s-SWNT in the 

circuit.  

 

          Fig. 3.14 shows the electrical measurement results of one of many SWNT-FETs that we 

have made, showing the transfer characteristics of the same device before and after the electric 

breakdown. The most pronounced difference between the two curves is the ION/IOFF ratio. Before 

selectively removing the m-SWNTs, the FET has ION/IOFF ratio of about two. In contrast, after the 

m-SWNTs are removed, the ratio increases to the order of 104 because the transport properties in 

this case are only governed by the s-SWNTs remaining in the device. Another significant 

difference is the value of the ON-current. With m-SWNTs present, the FET has a current as high 

as β0 μA at VSD = 0.2 V and VG = -2 V. This value is almost four orders of magnitude larger than 

that of the same device at the same voltage biases after the m-SWNTs are removed. Since the 
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number of m-SWNTs removed by electric breakdown in such devices is rarely more than 10, the 

enormous ON-current difference before and after the breakdown should arise predominantly 

from the Schottky barrier at the s-SWNT/Au interface that greatly increases the contact 

resistance of the SWNT-FET. In Fig. 3.14(b) a more pronounced gating hysteresis is also 

observed because the charging effect induced by the water molecules becomes more important 

when only s-SWNTs are present. In general, the gating hysteresis effect is a major defect for 

FET applications because it drastically changes the gate response of the FET and may cause 

faults when the FET is operated at high speed. A significant discovery made in our group was 

that OTS passivation layer used in the molecular template for SWNT-FET assembly can help rid 

of gating hysteresis through a simple post baking process [106]. The hysteresis-free operation is 

attributed to the ability of the OTS passivation layer to effectively prevent the re-adsorption of 

water molecules on or near the SWNT channel after the sample is baked sufficiently in air (150-

170 ºC for 12 hours). With the elimination of the primary source for charge traps, the SWNT-

FETs prepared via molecular template directed assembly of SWNTs exhibit operating 

performance comparable with the state-of-the-art CNTFETs made via traditional top-down 

lithography [106]. 

 

 

Figure 3.14 Two sets of transfer characteristics of a SWNT-FET before and after the m-SWNTs are 
selectively removed. (a) Typical transfer characteristics of a SWNT-FET with m-SWNT(s). The ION/IOFF 

ratio of the SWNT-FET in (b) shows drastic improvement because the OFF-current is reduced from the 
order of 10 μA to 1 pA after the m-SWNTs are all broken down. The hysteresis also becomes more 
pronounced because the FET exhibits more pronounced semiconducting characteristics. 
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3.3.4 Directed assembly of SWNT-FETs assisted by dielectrophoretic force 

 

         While the technique of electric breakdown described above is successful in selectively 

removing m-SWNTs from the active channel of an assembled SWNT-FET, it still leaves all the 

s-SWNTs in the circuit, namely, multiple conduction paths of many s-SWNTs in a single FET. 

One of the major drawbacks of having multiple paths is that the electrical current may hop from 

one SWNT to another during the sweep of VSD and VG, giving rise to unstable transport 

characteristics. Ideally, there should be only one SWNT for each FET. However, to achieve 

single tube assembly per device in the existing approach of molecular template directed 

assembly, either the size of the electrode has to be significantly reduced, or the SWNT 

suspension has be greatly diluted or both have to be done. The downside of doing so is the 

drastic reduction of overall yield for SWNT-FET production. In this section, we describe a 

modification of the directed assembly method, which eliminates the need for the electric 

breakdown step and leads to high yield of single SWNT or single bundle assembly across pre-

fabricated source-drain electrodes. Specifically, we have utilized the dielectrophoretic force to 

aid the self-assembly and improve the yield and efficiency of the process.  

 

          As alluded earlier, with a β μm wide Au stripe defined by non-polar molecule passivation, 

multiple tube assemblies can be greatly suppressed with a SWNT suspension of sufficiently low 

concentration. Fig. 3.15 depicts schematically the modified molecular template for the assembly 

of single SWNT. Here we first reduce the width of the electrodes to be smaller than 1 μm (500 

nm in this case). The miniaturization of the electrodes also includes a reduction of the source-

drain gap, also to 500 nm. The SiO2 region is again passivated by the non-polar OTS molecules 

in order to confine the SWNT assembly exclusively on the Au electrodes. Since these 

dimensions exceed the best resolution that our photolithography setup, electron -beam 

lithography (EBL) is used instead to define all the electrodes and contact pads. Another 

important improvement in the fabrication procedure is the use of bi-layer resist, namely two 

layers of different electron-beam sensitive resists. The purpose of using bi-layer lithography is 

for achieving clean lift-off and eliminating sharp spikes at the edges of electrodes, which are 

detrimental to the self-assembly of SWNTs and formation of high quality SWNT/metal contacts.  
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Figure 3.15 Schematic of a molecular template based on miniaturized electrodes for single SWNT 
assembly. 
           

 

Figure 3.16 The AFM images of spike-free Au electrodes made by bi-layer (a) photo and (b) e-beam 
lithography. 
 

The detailed procedure for performing the bi-layer EBL will be included in the appendix of this 

dissertation. Fig. 3.16 shows the well-defined Au electrodes with clean edges made by bi-layer  

photo (a) and e-beam (b) lithography. A brief outline of the device procedure based on this 

electrode pattern is as follows: We first define the EBL patterns on the same type of Si/SiO2 

wafer, followed by thermal evaporation of Ti/Au (5 nm/20 nm) and lift-off. The OTS SAM is 
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then assembled on the SiO2. No further molecular modification of Au electrodes is needed, and 

the resulting template is simpler than the one described previously. However, the much smaller 

active area for SWNT assembly and use of low concentration SWNT suspension greatly reduces 

the device yield. To speed up the assembly process and improve the yield, we apply a voltage 

across the source and drain electrodes and make use of the resulting dielectrophoretic force to 

direct the SWNTs to the gap region between the source-drain electrodes. It should be noted that 

in this scheme, the effect of the dielectrophoretic force is secondary compared to the guidance 

provided by the molecular template. Fig. 3.17 schematically shows the assembly of SWNT with 

the aid of the dielectrophoretic force. The source-drain electrodes are first connected to a 

Keithley 2400 source-meter. A DC voltage of 0.5 V is applied to bias the electrodes. After 

dripping β0 μl of 10 μg/L SWNT suspension to cover the source-drain gap but not touching the 

contact pads and wirings, a tiny current on the order of a few pico-amps can be detected. The 

very small conductivity is contributed by the dichlorobenzene and suspended SWNTs. Since the 

applied bias creates a non-uniform electric field between the source and drain electrodes (blue 

dashed lines indicate the field lines in Fig. 3.17), the dielectrophoretic force experienced by the 

SWNT would then be determined by the gradient of the square of the electric field ( 2E ) and 

the relative values of the permittivity of SWNT to the dichlorobenzene, which can be 

qualitatively expressed as: 

 

                      2
DBNT EVF


                                                                                 (3.9) 

 

where V is the volume of the SWNT, εDB and εNT are values of the electric permittivity of 

dichlorobenzene and SWNT respectively. In this case, since the permittivity of the SWNT is 

larger than that of the dichlorobenzene and the electric field lines become denser closer to the 

electrode edges, the direction of the dielectrophoretic force points to the source-drain gap as 

schematically illustrated in Fig. 3.17. Because of the attractive force toward the electrodes, the 

surrounding SWNTs will tend to migrate towards the source-drain gap; hence the average time 

required for a SWNT to be assembled across the electrodes is greatly reduced. The concentration 

of 10 μg/L used here is six orders of magnitude smaller than what we have used previously for 

fabricating SWNT-FETs. At such a low concentration, SWNT assembly would rarely happen  
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Figure 3.17 Schematic diagram depicting the assembly of SWNT with dielectrophoretic force. The blue 
dashed lines depict the electric field lines created by the source-drain bias and the solid black arrows 

indicate the direction of 2E and dielectrophoretic force lines.  

 

without the dielectrophoretic force; therefore, we can effectively switch the assembly on and off 

with the applied voltage bias. Experimentally, once a SWNT bridges the electrodes, at least an 

order of magnitude larger current can then flow through the SWNT channel. This can be 

instantly registered by the Keithley source-meter. After the current jump is observed, the SWNT 

suspension is immediately removed by an absorbent tissue, while the assembled SWNT is kept 

on the electrodes via dielectrophoretic force induced retention [134]. Since the retention force 

helps secure the assembled SWNT, the applied bias is often maintained until the suspension is 

removed. This may give rise to additional SWNT assembly. Hence, to make the process practical, 

the time scale of the SWNT assembly with the presence of the dielectrophoretic force has to be 

adjusted to a reasonable rate by using an appropriate combination of SWNT suspension 

concentration and source-drain bias. The suspension concentration of 10 μg/L is experimentally 

determined to be a suitable value at which on average it takes 2 minutes or more for the first 

SWNT assembly to occur, and the removal of the suspension within ten seconds would then be 

sufficient to prevent a second binding event, giving rise to high yield of single tube (bundle) 

assembly. Based on the statistics of the samples we have made, only one out of more than 80 

SWNT-FETs fabricated using the molecular template described in section 3.3.2 exhibits fully 

semiconducting characteristics before the electric breakdown was applied, in contrast, 95 percent 

of the samples made with the modified molecular template and the aid of dielectrophoretic force 
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are either exclusively semiconducting or metallic. These results strongly suggest that in most 

devices in the latter case contain one or a small bundle of SWNTs. Of those devices, roughly 

80% of them are metallic and 20% are semiconducting. The percentages, however, do not agree 

well with the typical semiconducting to metallic ratio of the SWNTs synthesized by the HiPCO 

method, which is about 2 to 1. The most probable cause for this discrepancy is the larger 

permittivity of the metallic SWNTs, which makes the metallic tubes more easily attracted to the 

electrodes. Nonetheless, for our research purpose, getting one or two purely semiconducting 

SWNT-FETs out of ten is a reasonably good yield for device characterization. To make the 

assembly process more technologically practical, a starting SWNT suspension with higher 

percentage of s-SWNTs can be used. 

 

          Fig. 3.18 shows the transfer characteristics and I-VSD of one of the SWNT-FETs fabricated 

by the modified method. The inset of (a) is an AFM topography image showing an assembled 

single bundle of SWNTs bridging a 500 nm wide source-drain gap. The transfer characteristics 

are plotted in semi-log scale for easier visualization of the electrical properties of the device, 

such as the subthreshold swing, threshold voltage, and OFF-current. This particular SWNT-FET 

exhibits an On/Off ratio of ~105 and subthreshold swing of about S = 1.8 V/ decade (S-1 = d log 

ISD / d VG), which is in good agreement with those devices having a non-negligible Schottky 

barrier reported by other groups [113,135]. For a Schottky barrier SWNT-FET, the current in the 

“ON” state is limited by carriers tunneling through the Schottky barrier from the source electrode 

to the SWNT. The subthreshold swing is dependent on the gate oxide thickness; the thinner the 

oxide layer, the higher the gate capacitance, and the more effective the gate modulation of the 

Schottky barrier width. Therefore, the large S in our devices can be attributed to the Schottky 

barrier and thick oxide layer (250 nm). Fig. 3.18(b) shows the I-VSD taken in the transistor‟s ON 

state and we can clearly see nonlinearity in the curve. Such non-linear behavior is expected in the 

presence of a Schottky barrier, even when a large negative gate electric field has reduced its 

thickness drastically. In Fig. 3.18(c), an even more pronounced non-linear character is present 

when the I-VSD is taken in the OFF state. This is because, with the thicker Schottky barrier at the 

more positive gate voltage, a higher VSD is required to bend the band of the SWNT channel more 

severely in order to recover the same barrier thickness and enable the same tunneling current.  
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Figure 3.18 (a) The transfer characteristics of a SWNT-FET with Au contacts and 250 nm SiO2 gate 
dielectric. The inset is an AFM topography image of the assembled device used in the electrical 
measurements. The height of SWNTs bridging the electrodes is ~6 nm, suggesting that it is a small 
bundle consisting of several SWNTs. (b) The source-drain I-VSD curve in the transistor‟s “ON” state. (cΨ 
The source drain I-VSD curve in the transistor‟s “OFF” state. 
 

          To summarize the chapter thus far, we have demonstrated controlled directed assembly of 

SWNTs onto a pre-defined molecular template to form FET devices. Moreover, the resulting 

SWNT-FETs exhibit excellent electrical properties in light of the small diameters of the SWNTs 

and the thick gating insulator that we utilize. For further improvement of the device 

characteristics, SWNTs with larger diameters (> 1.6 nm), Pd as the contacting metal, thin high-к 

dielectric materials as the gating insulator, can be readily employed within the same fabrication 

scheme, retaining the large-scale integration capabilities. Nonetheless, the Schottky barrier 

SWNT-FETs fabricated with our current materials choices are a good platform to evaluate 

whether and how organic molecules can modify the device characteristics. Since we are 

expecting to see a change of the electronic properties of the SWNT/metal contacts after an 

organic SAM is inserted, a device having observable Schottky barrier and large subthreshold 

swing prior to any molecular modification is in fact desirable; this way, small changes of 

electrical characteristics due to the molecular modification could be identified and analyzed more 

easily. 
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3.4 SWNT-FETs with molecular interface 

 

         So far we have been focusing on the process of molecular template directed assembly for 

making SWNT-FETs, since the fabrication scheme may represent a precursor to large-scale 

integration of CNTs in future nanoelectronics applications. Here, we intend to explore 

systematically and in detail the modifications to the electronic characteristics, possibly creation 

of new device functionalities, due to the inherent presence of organic molecules in the SWNT-

FETs. The idea was inspired by our previous discovery that the presence of OTS SAM in the 

FET leads to the elimination of gating hysteresis [106]. Addition motivation came from the 

observation that local dipole field created by SAM molecules can tailor the electrical 

characteristics of conventional metal-semiconductor junctions [42]. Hence, it is natural to ask 

ourselves what would happen, if a monolayer of organic molecules is inserted at the s-SWNT/Au 

interface. Our approach of molecular template assisted device fabrication provides a 

straightforward pathway to, sometimes necessitates, the inclusion of organic molecules. For 

example, one or both of the miniaturized Au electrodes can be organic SAM so that when 

SWNTs are assembled, a hierarchical structure of SWNT/molecule/Au is achieved. The simple 

additional step of electrode functionalization can be readily implemented in our scheme, whereas 

the widely used top-down fabrication techniques for making CNTFETs are not amenable to such 

modifications. 

 

          In this section, the fabrication procedure and electrical characterization of SWNT-FETs 

with a conventional structure and molecular interface are first presented. The experiments 

resulted in the observation of some interesting changes in the electrical properties in the modified 

SWNT-FETs. We then designed and implemented an innovative three-probe device geometry, 

from which we unambiguously elucidated the effects of an organic SAM inserted in between a 

SWNT and a metal electrode. Finally, based on the experimental results, the underlying physics 

governing the modification of the electronic prosperities of the SWNT/molecule/Au interfaces is 

discussed in detail. 

 

3.4.1 SWNT-FET functionalized with 16-Mercaptohexadecanoic acid 
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          The first key step to study the effects of the molecularly modified SWNT/Au interface is a 

fabrication procedure that ensures consistent quality of the hybrid junction. One persistent 

challenge in this study or, even more generally, in molecular electronics involving molecular 

junctions, is the deposition of the second contact on the molecularly modified surface without 

damaging the SAM. Common techniques used for metal deposition, such as sputtering and 

thermal evaporation, can cause severe damage to the SAM, and perhaps even more demanding, 

they require defect-free SAM to avoid any electrical shorts between the two electrodes. In the 

scheme we employ, the assembly of SWNT provides a far more delicate means for placing the 

second contact on the organic SAM.  

 

          Although the fabrication process may vary slightly depending on the choice of the organic 

molecules, the basic procedure is essentially the same and is outlined in the following: First, Au 

contact electrodes with source-drain separation of 500 nm are fabricated via electron-beam 

lithography and thermal evaporation of Au on heavily p-doped, γ75 μm thick Si (100Ψ substrates 

with 250 nm thermally grown oxide. Afterwards, the sample is treated by oxygen plasma or 

piranha solution (H2SO4 : H2O2 = 3 : 1) to remove any contaminations on the Au surface. The 

main source of contamination is from the e-beam resist residue from the lift-off process. Second, 

thiolated molecules are assembled on the Au electrodes to form a SAM via immersion or DPN. 

Clearly, the immersion of whole sample into the adsorbate molecule solution will result in full 

coverage of the same molecules on the entire surface of all Au contacts. DPN gives a valuable 

flexibility of assembling SAMs only onto specific regions. Hence, using DPN, a pair of 

electrodes can be functionalized with different molecules or one electrode can be covered with a 

SAM and the other left bare as shown in Fig. 3.19, where the left Au electrode is coved by an 

ODT SAM, while the middle and right electrodes are pristine. The technique used for selective 

patterning of the molecules is described in the Appendix part of this dissertation.  The advantage 

of the devices with asymmetric contact interfaces is their ability to differentiate I-Vs that may be 

dependent on the bias direction, which are often observed in molecular junctions [136,137]. 

Third, a SAM of OTS molecules is selectively grown on the SiO2 via immersion of the entire 

sample in a ~1 mM solution in anhydrous hexane or toluene for ~3 hours in order to passivate 

the SiO2 region. Finally, SWNTs are assembled onto the SAM-functionalized Au electrode in the 

same way as described previously, forming a SWNT-FET with SWNT/molecule/metal junction. 
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Figure 3.19 LFM image of selectively functionalized Au electrodes. The darker electrode (on the left) is 
covered by an ODT SAM deposited via DPN. The brighter ones are bare gold. Because thiolated 
molecules do not chemically bind on SiO2, the diffusion of molecules on the Au electrode stops at the 
edges. The image shown here indicates that a 200 nm gap is sufficiently large to prevent molecules from 
diffusing from one electrode to another. 
 

          16-mercaptohexadecanoic acid (MHA) is the first type of molecules that we chose for 

conducting the experiment because they have a polar functional group (COOH) on which CNTs 

tend to land [105] and because the assembly techniques based on the molecules, especially DPN, 

have been well characterized. Fig. 3.20 shows schematically the structure of a SWNT-FET with 

an MHA interface. One Au electrode is selectively functionalized with MHA by DPN and the 

other is a bare Au surface. The SWNT bridging the source and drain electrodes lead to a device 

with an MHA modified interface (SWNT/MHA/Au) and an unmodified interface (SWNT/Au). 

Fabrication-wise, the molecular template consisting of MHA-functionalization has the 

complication from the compatibility issue between MHA and OTS. Since the silane end group of 

the OTS strongly interacts with the carboxylic acid end of the MHA, the assembly of MHA 

molecules has to be made after the OTS passivation. However, the OTS assembly process tends 

to introduce some (although slight) contamination on the bare Au region, consequently affecting 

the quality of the MHA SAM. Therefore, a more sophisticated assembly procedure is required to 

functionalize the SiO2 with OTS and Au with MHA at the same time without cross-

contamination, which is described in the following. After the entire lithographic process, 
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including lift-off, is completed, the substrate is cleaned with oxygen plasma at low power for 1 

min, followed by thorough rinsing of the sample with ethanol to reduce the thin layer of oxidized 

Au. The sample is then immersed in a 1 mM ODT solution to grow a thin inert SAM onto the Au 

electrodes and subsequently in 1 mM OTS solution to form an OTS SAM on the SiO2 regions. 

Because of the inertness of the methyl functional group of the ODT molecules, ODT SAM on 

Au serves a protective layer that shield the Au film, effectively preventing any contamination 

from the OTS molecules. After the OTS treatment, the sample is then baked in ambient 

environment at 180ºC for five hours to selectively desorb the ODT molecules from the Au  

 

 

Figure 3.20 Schematic diagram depicting a SWNT-FET with an MHA interface. MHA molecules are 
selectively patterned onto one of the electrodes via DPN. The subsequently assembled SWNT bridging 
the electrodes forms a SWNT/Au interface and a SWNT/MHA/Au molecularly modified interface on the 
right and left electrode respectively.  
 

electrodes. Up to this point, the high quality OTS SAM is assembled on the SiO2 regions and 

clean bare Au surface is restored. To further remove any remaining residues left on Au, the 

sample is then submerged in and cleaned with „cold‟ piranha solution for ~10 s. The cold piranha 

is prepared identically as a normal piranha solution but is left to cool down for 30 min to reach 
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the temperature slightly higher or the same as room temperature after the sulfur acid and 

hydrogen peroxide are mixed. The cold piranha has comparatively weak oxidization strength so 

that within 10 s the OTS molecules would not be etched significantly. Finally, MHA molecules 

are assembled onto the cleaned Au surface with DPN. In fact, this cleaning process by no mean 

leads to perfect SAMs of either MHA or OTS. However, the qualities of the SAMs of those two 

different molecules, based on the experimental results, are sufficiently good for fabricating 

desired molecular template and observing molecular modification of the electrical properties of 

the SWNT-FETs.   

 

          To perform electrical measurements, since the SWNT-FET is a p-type transistor, the 

MHA/Au contact is defined as the source electrode so that at positive VSD bias the hole carriers 

are injected from the MHA/Au interface to the SWNT channel. This choice of the bias direction 

is in fact very important because the electrical characteristics of a unipolar Schottky barrier 

CNTFET are primarily dominated by the Schottky junction through which the corresponding 

carriers tunnel through. Once the carriers are in the SWNT channel, the other end of the contact 

is almost transparent and any contribution to resistance is only from minor interface scatterings 

[113]. Hence, to study the possible effects of the molecular modification on the SWNT-FET, it is 

necessary that the current be injected from the MHA/Au interface to the SWNT channel. Fig. 

3.21 shows the transfer characteristics of one of MHA-modified SWNT-FETs we studied. The 

most pronounced changes of the transfer characteristics of this particular device lie in the source-

drain bias dependence of the ON/OFF ratio and subthreshold swing. At low bias (< 1 V), the 

ON/OFF ratio and subthreshold swing are about 105 and 500 mV/decade respectively. Although 

the ON/OFF ratio of the MHA-modified FET is not much different from a typical unmodified 

counterpart, the subthreshold swing of 500 mV/decade is in fact four times smaller than the 

average value of 2 V/decade, which is also shown in Fig. 3.18. On the other hand, at the high 

source-drain bias regime (> 1 V), the transistor cannot be turned off even at high positive gate 

voltages, thus resulting in very poor ON/OFF ratio and subthreshold swing. Although these 

intriguing behaviors at different VSD may be explained by the lowering of the Schottky barrier of 

a CNT/metal junction due to the molecular interface [138,139], in order to make a more solid 

case we devise an experiment which enables a direct comparison of the electronic characteristics 

of the same SWNT-FET with and without a molecular interface. For this purpose, we utilize  
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Figure 3.21 Transfer characteristics of a SWNT-FET with an MHA-modified molecular interface. The 
current of the device is injected from the MHA/Au contact to the SWNT channel and thus the measured 
curves indicate the electrical properties of the SWNT/MHA/Au junction.  
 

thermal desorption of the MHA molecules on Au surface by baking the sample at 200ºC for three 

hours in ambient air. As a control experiment, an unmodified SWNT-FET was firstly subject to 

the same heat treatment. Fig. 3.22 represents a typical result of annealing a regular SWNT-FET. 

The major difference of the FET before and after the annealing is the ON-current: the baked 

SWNT-FET carries an order of magnitude larger current. This is most likely due to the 

improvement of the contact coupling between the SWNT and Au surface [140]. In contrast, the 

subthreshold swing remains the same after the annealing process, indicating the Schottky barrier 

at the SWNT/Au interface is not affected. The very small value of the subthreshold swing (180 

mV/ decade) of the sample, although not the main focal point here, is possibly due to the larger 

diameter of the SWNT in this particular device and to the very narrow source-drain separation of 

the electrodes, which is about 150 nm. The shorter SWNT channel effectively eliminates the 

elastic scattering of the carriers flowing through the channel and thus improving the current 

response of the FET to gate electrical field [140,141]. The right shift of the threshold voltage of 

the device after baking is likely due to the reduction of the hysteresis loop after water molecules 

are desorbed during the annealing.   
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Figure 3.22 Transfer characteristics of the same SWNT-FET before and after the annealing process. The 
ON-current of the FET after baking shows a 20 times higher value than that of the same device before 
baking. The subthreshold swings are the same for both cases. The threshold voltage of the up-sweep 
transfer characteristic curve moves to a more positive value after the FET is baked. 
 

          After establishing how annealing can change the electrical properties of a regular (without 

molecular interface) SWNT-FET, we can then analyze and compare the two sets of data for an 

MHA-modified SWNT-FET before and after baking. Fig. 3.23 shows the transfer characteristics 

of the SWNT-FET after the MHA SAM was removed by thermal desorption. The most 

pronounced change of the electrical properties of the device is that the curves are no longer 

sensitively dependent on the applied source-drain bias. The ON/OFF ratio and subthreshold 

swing at different VSD do not vary much, which is in sharp contrast to the characteristics of the 

same device with MHA interface (Fig.3.21). The ON/OFF ratio and subthreshold swing values 

of 105 and 1.8 V /decade respectively are also similar to the average values for unmodified 

SWNT-FETs. To better visualize the changes, we place the two sets of transfer characteristics 

together at both low and high source-drain biases, as shown in Fig. 3.24. Considering the low 

bias case, the MHA-modified SWNT-FET exhibits higher ON-current and four times smaller 

subthreshold swing than the same FET without MHA at the same bias. Since we have learned 

from Fig. 3.22 that the baking process increases the ON-current of a regular SWNT-FET but 

does not change its subthreshold swing, the smaller subthreshold swing in the SWNT-FET with 

MHA interface (before baking) thus cannot be attributed to the annealing process. The effect of 
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Figure 3.23 Transfer characteristics of an MHA-modified SWNT-FET after annealing. The baking 
process removed the MHA at the interface and thus resulting in a conventional SWNT/Au junction. The 
ON/OFF ratio and subthreshold swing are no longer strongly dependent on the source-drain bias and the 
curves at high VSD still exhibit significant rectification.  
 

the baking process, if any, should have increased the ON-current of the annealed device upon 

removal of the MHA molecules, which would have resulted in an underestimation of the effect 

of the MHA interface on raising the ON-current of the MHA-modified SWNT-FET. The 

comparison between threshold voltages is, however, trickier because of the dramatic change in 

hysteresis curves after the device is baked. Because the up and down sweep curves of the 

SWNT-FET after baking move in opposite directions, i.e., both toward the center of the original 

hysteresis loop, we cannot simply compare either the up-sweep curves or the down-sweep curves 

to determine the shift of the threshold voltage. At high source-drain bias, the trend changes 

completely. The MHA-modified SWNT-FET displays lower ON-current, much smaller ON/OFF 

ratio and larger subthreshold swing in comparison to the device after baking (without MHA). It 

should be noted that the large source-drain current at high VSD and VG for the MHA-modified 

SWNT-FET cannot be attributed to the n-channel current because only the source electrode of 

the transistor is modified by the MHA molecules, and the n carriers are injected from the 

unmodified drain electrode. Furthermore, the SWNT-FET after baking has the same unmodified  
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Figure 3.24 A direct comparison of the transfer characteristics of the same device with (before baking, 
blue) and without (after baking, red) an MHA interface. (a) At low bias (VSD = 0.2 V) the subthreshold 
swing of the MHA-modified FET is about 400 mV/decade, while without the MHA interface it is as high 
as 1.8 V/decade. The ON current of the MHA-modified FET is also two times larger than that of the 
unmodified FET. The shift of the threshold voltage of the two curves is hard to determine due to the 
variation of the hysteresis caused by the baking process. (b) At high bias (VSD = 2 V), the subthreshold 
swing of the transfer curves with and without the MHA interface becomes 8 V and 2 V respectively. The 
MHA-modified FET cannot be effectively turned off in the entire range of the applied gate voltage, in 
contrast, the OFF-current of the unmodified FET is roughly at 10 pA range.  
 

drain electrode, and it exhibits pure p-type unipolar characteristics at the same source-drain bias, 

thus precluding possible contribution of n carriers to the overall current for either case. Therefore, 

the drastic differences in the transfer characteristics at high bias with and without the MHA 

interface are in fact quite extraordinary and stimulated our interest to further investigate the 

effect of the MHA monolayer in the SWNT/Au junction.  

  

         Because of the extensive literature that has suggested organic SAMs can effectively tailor 

the work function of the metals on which they are assembled, which can be utilized to modify the 

Schottky barrier between a metal and a semiconductor [42,142-144], we first attempt to 

qualitatively but consistently explain the experimental observations based on the simple 

assumption that the MHA SAM merely reduces the SWNT/Au Schottky barrier without 

becoming part of the current transport path [42]. We begin our discussion with the low bias 

situation as shown in Fig. 3.24(a). The higher ON-current of the MHA-modified SWNT-FET can 

be straightforwardly attributed to the lowering of the Schottky barrier, which is the major 

mechanism that controls the device conductivity. Meanwhile, the reduction of the barrier height 
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has been cited as the cause for smaller values of subthreshold swing in similar systems 

[113,138,139], with the limiting case being the nearly ohmic contact where the subthreshold 

swing can reach its room temperature optimum value of ~60 mV/decade. On the other hand, the 

observation at the high bias that the MHA-modified SWNT-FET cannot be effectively turned off 

by the gate electrical field can also be explained by a significant lowering of the Schottky barrier. 

Fig. 3.25 qualitatively illustrates the band bending near the SWNT/MHA/Au junction at low and 

high biases. At low bias, (Fig. 3.25(a)), the energy barrier is comparable with the source-drain 

voltage. Thus, the width of the barrier can be significantly modulated by the gate electrical field, 

which results in the transfer characteristics curve shown in Fig. 3.24(a) (blue curve). In Fig. 

3.25(b), when the applied source-drain bias is much larger than the Schottky barrier, the VSD-

induced band bending at the interface would greatly reduce the width of the barrier and making  

 

 

Figure 3.25 Schematic band structures near the SWNT/MHA/Au hybrid junction at low and high source-
drain biases.  
 

the bending due to the gate field negligible, giving rise to the much weaker gate dependence and 

large current of the FET as shown in Fig. 3.24(b) (blue curve). When the MHA interface is 
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desorbed by baking, the Schottky barrier height at the normal SWNT/Au junction reverts to a 

larger value and becomes comparable to the high source-drain voltage. This leads to thicker 

barriers at all gate biases and the FET‟s ability of being turned off at the gate voltage of 8 V, as 

shown in Fig. 3.24(b) (red curve). This picture, which consistently explains the puzzling changes 

of the transfer characteristics based on the molecularly induced Schottky barrier variation, can be 

applied to similar observation in a different system demonstrated by S. Auvray et. al.[138] Fig. 

3.26(a) shows three different transfer characteristics of a CNTFET with different levels of 

exposure to trifluo-acetic acid (TFA) molecules. TFA is a very strong polar molecule and its 

adsorption on the metallic contact increases the work function of the metal and lowers the 

Schottky barrier for hole injection. The dashed curve indicates the transfer characteristics of the 

unmodified CNTFET. After exposure to a high dose of TFA vapor, the current of the FET 

increases substantially at all gate biases and the device cannot be effectively turned off. When 

the TFA molecules are partially desorbed, an optimized transfer curve (solid line) with improved 

ON-current and low subthreshold swing is achieved. The evolution of the transfer characteristics  

 

 

Figure 3.26 Evolution of the transfer characteristics of CNTFETs due to molecular modification from (a) 
TFA Ref.[138], and (b) MHA. (a) shows transfer characteristics of a nanotube FET before exposure to 
TFA vapor (dashed line), after exposure to a high dose (dotted line) and after partial desorption of the 
TFA molecules (solid line).  
 

shown in Fig. 3.26(a) can be described as three states: modest functionality, optimized 

functionality, and minimized functionality. Comparing our experimental results shown in Fig. 

3.26(b), the performance of the SWNT-FET with the MHA interface (red curve) is superior to 
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the same device without the reduction of the interface Schottky barrier (blue curve). When the 

large source-drain bias induces large bending of the valence band at the MHA-modified interface, 

the width of the molecularly reduced Schottky barrier is further narrowed to such a degree that 

the barrier loses its capability of controlling and turning off the current (green curve). Therefore, 

the results from the two sets of experiments are very similar, with the exception of the opposite 

shift of the threshold voltages which is most likely due to the difference in hysteresis loop.  

 

          To summarize this section, we have fabricated SWNT-FETs with a MHA interface for the 

source electrode and observed pronounced changes in the electrical properties of the modified 

devices. The results are consistently explained by a simple model based on the reduction of the 

Schottky barrier at the source electrode by the MHA molecules. We have also compared our 

results with the work of S. Auvray et. al.[138] and found both experiments can be understood by 

the picture. In the next section, we will present a further refined experimental setup that enables 

direct comparison of the MHA-modified and unmodified SWNT/Au junctions without the heat 

treatment, eliminating the last variable that might skew the comparison of the characteristics of 

FETs with and without the molecular interface.  

 

3.4.2 Three-probe SWNT-FETs  

 

          To achieve the most direct and unambiguous comparison between a molecule-modified 

and unmodified SWNT-FET, we have designed and implemented a special three-probe device 

geometry as shown schematically in Fig. 3. 28. The device is comprised of three Au electrodes, 

one of which is selectively functionalized with a molecular SAM. The separation between the 

two side electrodes is maintained at 500 nm so that an assembled SWNT can easily connect all 

three electrodes. Once a SWNT bridges all three electrodes, two SWNT-FETs form side-by-side 

sharing the same SWNT, one has an electrode with a molecular interface and the other is 

unmodified. Such a device help, more straightforwardly and unambiguously, elucidate the effects 

of an organic SAM inserted in between the SWNT and a metal electrode. A necessary control 

experiment is on such three-probe devices without any molecular modification. If appreciable 

differences between the two unmodified SWNT-FETs are frequently found, the comparison 

between modified and unmodified devices becomes questionable. Therefore, we first made 
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several three-probe samples without any molecular interface and examined the transfer 

characteristic with various combinations of source/drain electrodes. 

 

 

Figure 3.27 Schematic structure of a three-probe SWNT device comprising of one unmodified SWNT-
FET and one molecule-modified SWNT-FET, based on the same SWNT. The separation between the two 
side electrodes is 500 nm and the separation between either side electrode and the middle one is about 150 
nm. 
 

          The assembly process for the three-probe device is almost identical to that for the regular 

SWNT-FET having only a pair of source and drain electrodes. When performing the 

dielectrophoresis-assisted assembly of SWNTs, the dc bias is applied to the two side electrodes, 

leaving the middle electrode floating. Once a SWNT is assembled across the two side electrodes, 

it must lie on top of the middle electrode as shown in Fig. 3.27. Although it is possible that the 

SWNT may happen to bridge only one of two side electrodes with the middle electrode, since the 

source-drain gap is about 500 nm, which is roughly half the average length of the SWNTs we use, 

in most cases we were able to obtain a single or single bundle of SWNTs across all three 

electrodes. Fig. 3.28 shows the transfer characteristic curves for all possible source-drain 

electrode combinations for a representative device whose three electrodes are labeled as a, b, and 

c. One interesting common feature among these curves is the almost constant subthreshold swing 
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of all curves although the ON-current and the threshold voltage vary from curve to curve. The 

differences in ON-current are most likely due to the different strengths of metal-nanotube 

bonding interactions [145], rather than variation of the Schottky barrier at each different 

SWNT/Au interface because of the constant value of the subthreshold swing for all curves. In 

particular, comparing Ica and Icb, since in both cases the hole carriers are both injected from 

electrode c, the ON-current difference must be due to the different contact resistances at 

electrodes a and b. As we have discussed earlier, for a Schottky barrier CNT-FET, the barrier 

resides at the source electrode where the carriers are injected from the metal into the SWNT 

channel and the injected carriers do not experience such a barrier at the drain electrode. Hence, 

for this case, the electrical resistances of the SWNT/Au junctions at electrodes a and b are most 

likely from vacuum barriers, through which the hole carriers have to tunnel [145]. This type of 

barriers have been experimentally observed to be diminished when Pd or Rh are chosen as the 

contact material, while for Au the barrier always exist at the interface and can be of different 

height dependent on the contact condition [28]. For Iac and Ibc, where the carriers are injected 

from either electrode a and b respectively, and drained at the same electrode c, the curves still 

show an ON-current difference, while retaining the same subthreshold swing. Based on all these 

observations, we conclude that the Schottky barriers at electrodes a and b are the same, but the 

vacuum barrier at electrode b is larger than that at a. The valuable information that we have 

learned from the control sample is that although a single SWNT bridging all three electrodes 

ensures a constant Schottky barrier height, as indicated by the constant subthreshold swing, 

differences in the On-current can potentially arise in FETs with different source-drain electrode 

combinations due to the different gate-independent vacuum tunnel barriers at the metal-nanotube 

contacts. Therefore, in practice, if we were to compare the Schottky barrier difference between 

electrode a and c, one of which is selectively inserted with an organic monolayer, the ON-current 

alone could not be used to reliably differentiate the Schottky barrier heights. However, if the Ica 

and Icb curves display much smaller discrepancy than the Iac and Ibc curves, it may indicate that 

the difference in Schottky barrier heights predominates the electrical properties of the SWNT-

FETs; hence, the ON-current in this situation can be considered a valid piece of information to 

help identify any differences in the Schottky barriers at the interfaces of electrodes a and c. In 

any case, the subthreshold swing would be the first observation to be considered. 
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Figure 3.28 Transfer characteristic curves of all possible source-drain combinations from the three-probe 
SWNT-FETs. The curves exhibit constant subthreshold swing but have varying ON-current values.  
 

3.4.3 Three-probe SWNT-FETs with selective insertion of molecular interface 

 

          Combining fabrication and characterization of the three-probe SWNT-FETs and selective 

patterning of organic SAM onto a nanoscale electrode, we are now in the position to execute the 

experiment offering a direct comparison of the electrical properties between molecule-modified 

SWNT-FETs and corresponding unmodified ones, based the three-probe device with a single 

SWNT or single bundle of SWNTs. A schematic diagram of the device structure is shown in Fig. 

3.29(a), in which a represents a SWNT/molecule/metal junction and b, c are regular SWNT/Au 

contacts. The first type of molecules we tried with the three-probe devices is the MHA molecules 

because the extensive data from the experiments described above. Briefly describing the 

fabrication procedure: The three-probe electrode structure was defined by bi-layer electron-beam 

lithography, followed by thermal evaporation of Ti and Au (5 nm/20 nm) on a degenerately p-

doped Si(100) substrates with 250 nm thermal oxide. After lift-off, the sample was cleaned with 

oxygen plasma and then immersed in an OTS solution to create an OTS SAM exclusively on the 

SiO2, in order to minimize non-specific binding of SWNTs in the subsequent assembly process. 



73 
 

One of the three Au electrodes was then coated with MHA SAM by DPN. Fig. 3.29(b) shows the 

lateral force microscopy (LFM) image of a set of electrodes, where the right-most part of the left 

electrode was coated with MHA having carboxylic acid functional group and it shows a lighter 

color reflecting the larger frictional force sensed by the tip when it is on top of the MHA SAM. 

The precise deposition of the molecules exclusively onto this part of a nanoscale electrode was 

achieved by dropping the molecule-coated atomic force microscope tip directly onto the pre-

located center point of the electrode. The diffusion of the molecules stops at the edges of the 

electrode due to the inertness of SiO2 to thiol molecules, and the full coverage of this portion of  

 

 

Figure 3.29 (a) Schematic diagram depicting molecularly modified and unmodified SWNT-FETs sharing 
a single CNT in a three-electrode device structure. (b) A lateral force microscopy (LFM) image showing 
the selectively DPN deposited MHA SAM (brighter region) on the left electrode. The arrows indicate the 
lateral paths of the MHA-coated tip from the alignment marks (not shown) toward the center of the region. 
(c) Topography image of a single (bundle) CNT assembled across the three electrodes. 
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the electrode was ensured by using a deposition time slightly longer than necessary. As the final 

step, a drop of 10 μg/L suspension of SWNT in dichlorobenzene was dripped onto the substrate 

for directed assembly of a SWNT onto the molecular template. Fig. 3.29(c) is the topography 

image of a final device, which shows a single (bundle) of SWNT across the three electrodes. 

There are several SWNTs scattered on other areas of the Au electrodes, but they are not an active 

component of the FETs. In contrast, no SWNT is present on the OTS passivated SiO2. 

 

         Fig. 3.30(a) shows the transfer characteristics of one representative device at a VSD of 1 V 

for current injection from a to c (circle), c to a (square), and c to b (diamond). It is clear that the 

transfer characteristics of the SWNT-FETs exhibit pronounced differences depending on whether 

the current injection is through a MHA-modified contact or a regular SWNT/Au contact. With 

MHA modification, the on-current is an order of magnitude higher and the subthreshold swing 

becomes roughly three times smaller (from 500 to 180 mV/decade). The difference in 

subthreshold swing between the two curves strongly indicates the molecular modification of the 

hybrid junction because we have previously shown that the current variation based on the same 

type of SWNT/metal contacts and same tube in a three-probe device only involves the changes 

of ON-current but not the subthreshold swing. When we further examine the differences between 

Ica and Icb, it is found that neither the subthreshold swing nor the ON-current values display 

appreciable discrepancy. The equality of the subthreshold swing is not surprising and is 

consistent with our previous experiments. On the other hand, the similarity of the ON-current is 

much more significant because it suggests that the contact resistance arising from tunneling 

through vacuum barriers at electrode a and b for this particular device are comparable, even 

though electrode a comprises a more complex hybrid junction. Hence, the order of magnitude 

higher ON-current when carriers are injected from the MHA-modified junction is most likely 

due to the lowering of the Schottky barrier at the hybrid junction. Another noticeable difference 

is the threshold voltage; the transfer characteristics of the MHA-modified device exhibit a 

negative shift of the threshold voltage. Unlike previous experiments relying on the baking 

process that changes the shape of hysteresis loops, the observation of the shifted threshold 

voltage here is based on direct comparison of two adjacent modified and unmodified SWNT-

FETs where the shift involves movement of the entire hysteresis loop (dashed lines) and not the 

shrinking or expanding of the loop.    
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Figure 3.30 Transfer characteristics of SWNT-FETs, where the current (holes) is injected either from a 
regular junction (Ica and Icb) or MHA-modified junction (Iac). The dashed curves indicate the down sweep 
of the gate electrical field. The transfer characteristics of the SWNT-FET with the MHA interface exhibits 
higher ON-current, reduced subthreshold swing, and smaller threshold voltage due to the alteration of the 
electronic bands in the Au electrode and the SWNT. 
 

The most significant aspects of the molecular modifications of the SWNT-FET, including the 

enhancement of the ON/OFF ratio, the reduction of the subthreshold swing, and the negative 

shift of the threshold voltage, can all be consistently explained by the electronic modulation of 

MHA to both the Au electrode and the SWNT. It has been shown previously that specific types 

of polar molecules (e.g., oxygen [146,147], trifluoro-acetic acid [138], and oxidizing molecules 

[139] ), randomly distributed at the CNT/metal contacts, can modify the work function of the 

metal, leading to decreases of both the height and width of the Schottky barrier, thus 

enhancement of the ON/OFF ratio and reduction of the subthreshold swing. It is expected, 

however, that the smaller Schottky barrier/width should make hole injection easier and lead to a 

positive shift of the threshold voltage. This was indeed observed when randomly oriented polar 

molecules are introduced at the CNT/metal interface [138,139]. In our case, a negative shift of 

the threshold voltage is observed for the transfer characteristics of the SWNT-FET with the 

insertion of an MHA layer at the hole injection junction. We attribute this to the interfacial 
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dipole field from the well-aligned MHA SAM. The interfacial dipole from ordered SAMs of 

thiolated molecules on noble metals has been demonstrated experimentally and theoretically to 

effectively tailor the electronic states of metal/semiconductor interfaces [42,142,144]. Since in 

the CNT/MHA/Au heterojunction this interfacial dipole field points from the Au electrode 

toward the SWNT, in the same direction of a gate field from a positive voltage on the back gate, 

it causes a similar band-bending in the SWNT as a positive gate field. To qualitatively explain 

the changes of transfer characteristics shown in Fig. 3.30, we use the schematic band diagrams 

(Fig. 3.31) for the Au/SWNT junction (left column) and the Au/MHA/SWNT junction (right 

column) at a fixed source-drain bias and increasing gate biases (from (a) to (c)). The MHA SAM 

has the dual effects of increasing the work function of Au and lowering the valence band edge of 

the SWNT. The two effects have diametrically different impact on the overall characteristics of 

the FET: The increased Au work function reduces the Schottky barrier height and width, and the 

lowering of the SWNT valence band effectively increases the barrier width; which one of the 

effects dominates differs at different gate biases.  When a large negative gate voltage is applied 

(as in Fig. 3.31(a) and VG << -1 V in Fig. 3.30), both devices (without and with MHA) are in the 

saturation regime; here the MHA modification of the FET is predominantly from the reduction of 

the Schottky barrier height/width due to the increased work function of the Au, which results in 

the much larger value of the ON-current in the MHA-modified device. The down shift of the 

valence band of the SWNT due to the dipole field of the MHA in this situation is very small 

compared to the elevation of the bands by the gate field and thus has minimum effect on carrier 

transport. At increasing gate voltages (smaller negative gate biases), the increase in the Schottky 

barrier width due to the valence band down-shift in SWNT takes on increasing importance. At 

some values of gate voltage (as in Fig. 3.31(b)), the two opposite effects from the MHA become 

comparable, and at a certain point can cancel each other out so that the currents of the modified 

and unmodified SWNT-FETs are the same (VG = -0.8 V in Fig. 3.30). The same value of the ISD 

in this situation arises from the equivalent barrier width of the Schottky barriers at two different 

contacts. In contrast, the difference in Schottky barrier height does not play important role here 

because the current contribution is majorly from tunneling and the contribution from thermionic 

emission is insignificant [116]. When the gate voltage is increased further (Fig. 3.31(c)), the 

MHA-induced band bending in the SWNT begins to be dominant in the total modification of the 

Schottky barrier width. As a consequence, the MHA-modified SWNT-FET is turned off at a  
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Figure 3.31 Schematic band diagrams of the SWNT/Au (left column) and SWNT/MHA/Au (right 
column) junctions at different gate voltages. The dipole field generated by the well-aligned MHA SAM 
increases the work function of the Au, ΦAu, to ΦAu/MHA and lowers the valence band of the SWNT in the 
amount of VMHA, resulting in competing effects in the overall modifications of the Schottky barrier width 
at the SWNT/MHA/Au interface.  
 

smaller (more negative) gate voltage than that for the unmodified device, as shown in Fig. 3.30. 

At relatively high positive VG (1 < VG < 2), the OFF-current of Iac is slightly higher than that of 

Ica and Icb, which cannot be due to the n-channel leakage because the Schottky barrier for 

electron transport is higher at the MHA-modified/SWNT contact. Instead, the higher OFF-

current is more likely due to the lower Schottky barrier at the MHA-modified contact which 
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leads to contribution of thermionic emission, i.e., holes are thermally activated to go over the top 

of the barrier.  

          This picture consistently explains how the interfacial dipole of the MHA molecules 

modifies the electronic states of the Au and SWNT, and the resulting electrical properties of the 

SWNT-FETs at different operational regimes. To further validate the picture, we performed a 

comparative experiment on a separate three-probe device in which one electrode was modified 

by ODT, which has the same backbone structure as MHA but a dipole field of opposite polarity 

when assembled on Au. Therefore, we expect the ODT SAM to induce a decrease in the Au 

work function [142] and up-shift of the SWNT valence band. The fabrication technique for 

making an ODT-modified three-probe device is the same as the MHA-modified one, except that 

the DPN of ODT molecules can be done before the OTS treatment because of the inertness of 

ODT to OTS molecules. Fig. 3.32 shows the transfer characteristics of an ODT-modified and an 

unmodified SWNT-FET. As expected, the ODT SAM produces changes in the FET electronic 

characteristics opposite of those induced by MHA: lower ON-current, larger subthreshold swing, 

and a shift of threshold voltage to a more positive value. Again, the two transfer curves cross at 

an intermediate gate voltage between the saturation and subthreshold regimes, indicating the 

competing effects of the modifications by ODT of the band structures in Au and in SWNT. 

   

 

Figure 3.32 Transfer characteristics of an ODT-modified and an unmodified SWNT-FET. The dipole 
field generated by the ordered ODT monolayer is opposite to that of MHA; the transfer characteristics of 
ODT-modified SWNT-FET show lower ON-current, larger subthreshold swing, and more positive 
threshold voltage.  
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3.5 Metallic SWNT as a nano-contact of molecular junction 

 

          While semiconducting CNTs can be utilized to make high performance transistors as 

described above, metallic CNTs exhibiting Fermi velocity vF that is comparable to metals (vF ~9 

×107 cm/s) and a mean free path of micrometer scale for electrons are excellent candidates for 

interconnects [148] because metallic tubes can withstand current densities as high as 109 A/cm2 

[149], three orders of magnitude higher than the current density limit for copper wires beyond 

which electromigration occurs. Besides the promising properties for potential incorporation in 

current semiconductor integrated circuits, m-CNTs are also an attractive component for 

molecular electronics, where they can server as efficient nanoscale contacts. It has been shown 

that SWNTs can be used as quasi-one-dimensional (1D) electrodes to connect to rectifying 

molecules as part of organic FETs [150,151]. The central technique employed in these works 

was to cut a single m-SWNT already on a substrate into two, followed by assembly of 

conductive molecules that bridge the nanometer gap. This process involves several delicate steps, 

such as cutting CNTs and assembly of organic molecules that connect the two edges of CNTs. In 

contrast, vertical heterojunctions of m-SWNT/molecule/Au made with the relatively simple 

method of directed assembly of m-SWNTs onto a molecular template can be a better molecular 

electronic device scheme that takes advantage of m-CNT contacts. In this section, we will first 

briefly outline several methods used for measuring the electrical conductivity of an individual or 

a monolayer of thiolated molecules. A proposed fabrication procedure using m-SWNT as nano-

contacts and some preliminary results will then be described and discussed.     

 

3.5.1 Electronic transport through organic molecules 

 

          Intuitively, the most straightforward way to study electron transport through molecules is 

to fabricate a hybrid junction with two metal contacts sandwiching a SAM of the molecules: one 

electrode can be the supporting substrate on which the SAM is assembled (alkanethiol being the 

most common example), forming a natural electrical connection. The formation of the second 

connection is far more challenging, which has been implemented several different approaches, 

including conducting atomic force microscopy [152,153], scanning tunneling microscopy [154], 

mercury-drop junctions [155], crossed wire junctions [156], nanopore junctions [157], and 
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electrochemical methods [158]. Although the conductance per unit junction area measured by 

different methods has significant discrepancy [159] due to the differences in contact geometries, 

qualitative analyses based on measurements from the varied geometries have produced a general 

agreement that the main transport mechanism through the molecular monolayer is tunneling. The 

tunneling dominated behavior is expected for short non-conjugated molecules, such as 

alkanethiol SAMs, because in most cases the Fermi levels of the contacts lie within the large 

HOMO-LUMO gap of ~8 eV (HOMO, highest occupied molecular orbital; LUMO, lowest 

unoccupied molecular orbital). In general, the Fermi levels of the contacts do not necessarily lie 

at the midpoint of the HOMO-LUMO gap. Instead, the Fermi levels of the metals are often 

aligned closer to one of the orbitals and the effect of the other, more distant energy level on the 

tunneling transport is negligible. Therefore, the type of majority carrier tunneling through the 

barrier is determined by the orbital closer to the Fermi level of the contact metal: HOMO for p-

type, and LUMO for n-type. The simplest way to describe the carrier tunneling through a 

metal/alkanethiol-SAM/metal junction is the Simmons model,  
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where q is the electronic charge, A is the junction area, d is the barrier width (molecule length), 

φ is the barrier height, which is defined as the offset of electrode Fermi level and the nearest 

molecular orbital, me is the electron effective mass, and α is a dimensionless adjustable 

parameter introduced to compensate for deviations from the simplistic rectangular barrier model. 

From Eq. 3.10, using two adjustable parameters, φ and α, a nonlinear fitting can be performed 

for the I-V data [160], which yields the barrier height for the molecular junction. Another useful 

prediction of the Simmons model is the molecule length dependence of the junction conductance 

[161]. In order to acquire a clearer physical meaning of the length dependence, Eq. 3.10 is 

simplified at low and high bias limits,  
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In the low bias regime the tunneling current is  dexp
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Unlike the oβ which has no bias dependence in the low bias regime, vβ decreases as the bias 

increases due to the barrier bending by the high electrical field. The experimental results in Fig. 

3.33 evidence an exponential dependence of the junction conductance on molecular length (Jd at 

low bias and Jd
2 at high bias), which is in good agreement with the Simmons model. 

 

          Another utility of the Simmons model is a simple estimation of the relative barrier heights 

in varied molecular junctions via transition voltage spectroscopy [162,163].  When we further 

simplify Eq. 3.10 at the zero-bias limit, the barrier can be viewed as having a rectangular shape, 

and the equation reduces to: 
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At the high bias limit the applied bias exceeds the barrier height, where the molecular orbital is 

bent so much that the barrier transit from trapezoidal to triangular and the barrier width is 

significantly narrowed. Thus, the I-V becomes: 
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Figure 3.33  Log plot of the tunneling current densities multiplied by the molecular length d at low bias 
and by d2 at high bias (symbols) versus molecular lengths. The lines through the data points are linear 
fittings. Ref.[161] 
 

          In order to obtain meaningful information from Eqs. (5.15) and (5.16), it is useful to 

reconstruct those equations into a form of 
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From Eq. 3.17, it is clear that a plot of ln(I/V2) against 1/V will yield a straight line in the high 

bias regime, and a logarithmic growth in the low bias regime. In sweeping from low bias to high 
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bias, when the applied bias is near the barrier height, the two mechanisms reach a crossover 

where they are approximately equally important. This is signified by a transition from 

logarithmic growth (direct tunneling) to linear decay (field emission) as shown in Fig. 3.34. 

Therefore, it is suggested that the voltage at which this transition occurs (transition voltage 

(Vtrans)) is linearly correlated with the barrier height at the metal/molecule interface [163]. There 

are many advantages of using the transition voltage spectroscopy to analyze the tunnel barriers 

for molecular junctions of varied geometries. The most significant one is perhaps its 

independence of the contact areas of the molecular junctions, which eliminates problems 

associated with comparing current densities of disparate devices. In the following section, the 

transition voltage spectroscopy will be used as a test of the quality of the molecular junctions and 

a means to obtain an estimate of their relative barrier heights.  

 

 

Figure 3.34 Solid circles represent the I-V data of a Au/C8-SH/Au junction, plotted in the form of 

















V

1
vs

V

I
ln

2
. The dashed line indicates the bias required to observe the transition between two 

different functional dependence of the current. The inset shows the I-V based on the same data and 
standard axes. Ref. [162] 
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3.5.2 Fabrication of m-SWNT/molecule/Au heterojunction 

 

          One significant challenge in electronic studies of molecular junctions is the deposition of 

the second metal contact on top of the molecular SAM. Conventional vapor deposition 

techniques such as sputtering and thermal evaporation are not well suited for defining the top 

metallic contact because they can damage the molecular SAM and/or generate metallic 

filamentary shorts through the SAM. Therefore, a more gentle way of contacting the molecular 

SAM needs to be utilized to ensure the fidelity of the junctions. To this end, many techniques 

using nanoscale contacts, such as scanning probe [152-154], crossed wire junctions [156], 

nanopore junctions [157], etc. have been developed. All of these techniques, however, are unique 

for creating a single isolated molecular junction, and none of them is amenable to large-scale 

circuit integration. It is our belief that m-SWNTs may well be a suitable nano-probe that can 

provide a noninvasive means of contacting an organic SAM while retaining the potential for 

circuit integration. Such a molecular junction comprised of a m-SWNT probe can be realized in a 

similar fashion as how we produce the molecule-modified SWNT-FETs. The only difference is 

that we need to specifically assemble m-SWNTs onto the molecularly modified surface. This is 

not difficult since the dielectrophoretic force preferentially attracts m-SWNTs rather than s-

SWNTs to the electrodes. One other key factor is the quality of the SAM assembled onto the 

surface of the bottom electrode; the molecules have to be densely and uniformly packed so that 

the assembled m-SWNT can be held on top of the SAM and without any direct electrical contact 

with the bottom electrode. Hence, here the SAM assembly is typically done through immersion 

of the sample in the molecule solution for prolonged period of time (3 days to one week). The 

fabrication procedure is briefly outlined in following: The three-probe electrodes are defined in 

the same way as previously described. After the sample is cleaned and rinsed with oxygen 

plasma and ethanol respectively, it is immediately immersed in a 1 mM ODT solution in ethanol 

for at least three days. After the assembly of ODT SAM onto the Au surfaces, OTS is grown on 

the SiO2 surface of the substrate for passivation purpose. The directed assembly of m-SWNT is 

then performed with the ODT-modified molecular template to form a m-SWNT/ODT/Au 

molecular junction. The finished devices are first tested with gate dependence measurements, 

and only those samples displaying minimal gate (VG) modulation of ISD are chosen for further 

characterizations. 
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3.5.3 Electrical characterization of m-SWNT/ODT/Au junctions 

 

We began our experiment with the characterization of a regular m-SWNT/Au junction 

without the ODT layer. Fig. 3.35 shows the I-V taken at various temperatures ranging from 300 

to 5 K. At room temperature, the I-V curve, as expected, exhibits a completely linear relationship 

between the source-drain current and the applied bias. At lower temperatures, the current 

response no longer maintains its linearity. The inset of Fig. 3.35 indicates the temperature 

dependence of the (zero-bias) resistance of the device. The strong temperature dependence is in 

sharp contrast to the characteristics of a 1D system that has ohmic contact and ballistic transport 

through the channel [28,140], which should be only weakly dependent on the temperature owing 

to the diminishing contribution of acoustic phonons [141]. The intriguing temperature 

dependence of the device may be attributed to the non-negligible vacuum barrier at the small 

diameter m-SWNT/metal contact [145]. This type of tunnel barrier always exists at the contact 

with SWNTs (both semiconducting and metallic) of diameters smaller than 1.2 nm and is 

suggested to arise from the significant alteration of the SWNT structure due to chemical 

perturbations by the contact metal [145]; a small diameter of the SWNT makes the tube more 

chemically reactive to the metal atoms so that the local electronic properties of this type of 

SWNTs at the contact may be more easily perturbed. The problematic vacuum tunnel barrier 

could be eliminated by using larger diameter tubes, but since commercially available SWNTs are 

mostly with small diameters, in this study we used the SWNTs that we already had.  

 

          Having established the I-V characteristics for an unmodified m-SWNT/Au junction at 

room temperature and the existence of small vacuum barriers at the contacts, we then perform a 

comparative study of the electrical properties of the m-SWNT/Au and m-SWNT/ODT/Au 

heterojunctions. Fig. 3.36 shows the electrical characterization of a special sample comprised of 

only one m-SWNT/ODT/Au heterojunction at electrode c. For this particular device, as shown in 

Fig. 3.36(a), the I-V taken from a to b exhibits linear behavior and has much larger currents at all 

applied biases than those taken either from c to a or c to b, strongly indicating that the nanotube 

contact at electrode c has a relatively well-defined m-SWNT/ODT/Au heterojunction and that 

the Au electrodes a and b are shorted to the m-SWNT, thus contributing little to the overall 
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resistance of the device. Such a case of not having functioning molecular junctions at all three 

electrodes occurs for about half of our samples and is almost certainly due to the imperfect  

 

 

Figure 3.35 I-V curves of a regular m-SWNT/Au junction (without a molecular SAM) taken at various 
temperatures from 5 K to 300 K. The I-V is ohmic at room temperature, but becomes increasingly 
nonlinear for temperatures below 150 K. The inset shows the temperature dependence of the zero-bias 
resistance of the device.   
 

formation of ODT SAM on the polycrystalline Au surface. It should be noted that in most 

schemes the molecular tunnel junctions comprised of alkanethiolates on noble metals require 

fully packed SAMs assembled onto single crystalline surfaces in order to achieve reasonable 

yield of functioning devices. In this regard, our scheme of using the nm m-SWNTs to probe an 

organic SAM is in fact very tolerant of defects in the SAM. It is expected that substantial 

improvement in yield could be achieved by incorporating mica substrate and more sophisticated 

evaporation and/or post treatment for making high-quality Au(111) film the starting substrate for 

constructing the m-SWNT/ODT/Au tunnel junctions. That said, having only one m-

SWNT/ODT/Au junction and two low-resistance contacts is in fact advantageous for our 

intended study here, because in the analysis those two junctions can be effectively ignored. In 

Fig. 3.36(a) the overall shape of Ica and Icb is very similar to those I-V curves for different types 

of molecular junctions [155,163]. Because Ica is less noisy, it is further analyzed with the  
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Figure 3.36 I-V measurement of a m-SWNT/ODT/Au heterojunction. (a) The I-V curves taken from 
different paths. That Ica and Icb exhibit pronounced nonlinear behavior while Iab is ohmic in the entire bias 
range indicates that the device is consisted of one molecular junction at electrode c and low resistance 
ohmic contacts at a and b. (b) Ica plotted in ln(I/V2) vs (1/V). A transition voltage of about 1.6 V is 
identified as indicated in the inset.  
 

Simmons approximation and plotted in ln(I/V2) vs (1/V), as shown in Fig. 3.36(b). The curve has 

a clear transition at 1.6 V (inset of Fig. 3.36(b)) indicating competing transport mechanisms 

between high-quality molecular tunnel junction. To compare the absolute value of the transition 

voltage with those in literature, the transition voltage of 1.6 V for the m-SWNT/ODT/Au 

junction of this particular sample is about 0.35 V higher than the value obtained from 

Au/ODT/Au junction measured with the crossed wire and CP-AFM techniques [163]. Since Ica 

corresponds to current flowing from the m-SWNT/ODT/Au junction (electrode c) to the m-

SWNT/Au junctions (electrode a), it is possible that applied electrical potential would partially 

drop at the m-SWNT/Au contact. To take into account the contact resistance at the m-SWNT/Au 

contact, we can first approximate the resistance based on the linear curve of Iab. It can then be 

further estimated that when the applied bias is 1.6 V, an electrical potential drop of about 0.15 V 

would occur at the m-SWNT/Au contact. Hence, to obtain the actual potential drop at electrode c, 

the potential drop at electrode a should be subtracted from the total applied bias, which would 

lead to an adjustment of the transition voltage from 1.6 V to 1.45 V. Consequently, the calibrated 

transition voltage of the device becomes 0.25 V higher than that determined by the crossed wire 

and CP-AFM junctions. The 0.25 V difference is, however larger than the error for both 
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experiments and might be due to the difference in contact resistance between Au/ODT (in 

crossed wire and CP-AFM junctions) and m-SWNT/ODT.  

 

          We use the observation of the transition of the transport mechanisms as a litmus test for a 

functional m-SWNT/molecule/Au junction without electrical shorts. With the aid of the simple 

identification step, we were able to establish a reliable set of data for a statistical evaluation of 

the dependence of the junction conductance on molecular length; those samples whose I-V’s do 

not exhibit a clear transition of the transport mechanism are not considered for the study. Fig. 

3.37 shows the semi-log plot of the heterojunction conductance at a bias of 0.1 V versus the 

number of carbon chains (each carbon chain has a length of ~1.5ǺΨ. At first glance, the junction 

conductance does not appear to follow an exponential dependence on molecular length, namely, 

not proportional to exp(－βN) , where β is the tunneling decay coefficient and N is the number of 

carbon atoms in the alkanethiol molecules.  Instead, the junction conductance appears to saturate 

at approximately 10-6 Siemens for N equal to or smaller than 14. We speculate that this is 

because of the non-negligible contact resistance for Au/ODT or, more likely, ODT/m-SWNT. 

When the molecular length is long (N > 14) the resistance due to the molecular tunnel barrier 

dominates the overall value of the resistance of the whole system that comprises m-

SWNT/molecule/Au and m-SWNT/Au junctions and the contact resistance at the m-

SWNT/molecule and m-SWNT/Au becomes more important as the molecular lengths are shorter. 

Quantitatively, the average contact resistance of m-SWNT/Au junctions we have measured is at 

100 k  scale, which should have limited the conductance of the whole system rather at the range 

10-5 Siemens. This inconsistency is likely attributed to the contact resistance at the ODT/m-

SWNT interface. If we neglect the two data points from C10 and C12 molecules and fit the rest 

of the data points to the exponential function, as shown in Fig. 3.37, the resulting β value is about 

0.88 per carbon atom (or ~0.704Ǻ-1) which is consistent with the reported values in literature 

[159]. These results are suggestive that the scheme of m-SWNT/molecule/Au can effectively 

probe the electrical characteristics of long alkanethiol molecules (N > 14), including ODT. If the 

contact resistance of the connecting m-SWNT/Au junction can be further reduced to the quantum 

limit of h/4e2 (6.45 k Ψ by replacing our current setup with a Pd contact and large diameter tubes 

[145] and the m-SWNT/molecular SAM junction can be designed to form chemical bond that 

enhances the contact coupling , we should be able to extend the use of m- SWNT as a top probe   
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Figure 3.37 A semi-log plot of junction conductance versus the length of molecules for the five different 
alkanethiol heterojunctions. The three data points of C14, C16, and C18 are used to obtain the tunneling 
decay coefficient , which is about 0.88 per carbon chain. 
 

 

Figure 3.38 Comparison of the temperature dependence of the junction resistance between a m-
SWNT/ODT/Au and a m-SWNT/Au junction.  
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of molecular junctions to shorter alkanethiol molecules or even more conductive species such as 

conjugated molecules. In the case of ODT, we also performed measurement of the temperature 

dependence of the junction resistance. In Fig. 3.38, the red curve shows the temperature 

dependent zero-bias junction resistance of a device with a m-SWNT/ODT/Au heterojunction. A 

very weak temperature dependence is observed. This is in contrast to the strong variation of the 

junction resistance from 300 K to 5 K for a m-SWNT/Au junction without molecules (blue curve, 

the same as the inset of Fig. 3.35). Again, the weak temperature dependence here is consistent 

with direct quantum mechanical tunneling being the dominant electron transport mechanism in 

the m-SWNT/ODT/Au junction [164]. 

 

3.6 Conclusion 

 

          To summarize this chapter, we have discussed the powerful technique of utilizing a 

molecular template to direct the assembly of carbon nanotubes into functional devices and even 

larger scale structures. The scheme was subsequently incorporated into substrates with pre-

patterned electrodes to realize the directed assembly of SWNT-FETs. The electrical 

characterization of such devices has demonstrated that the functionalities of the molecular 

template is not limited to the fabrication purpose, but can produce significant modifications of 

the electronic characteristics of the devices, for example effective removal of the gate hysteresis 

arising from water adsorption on the CNT channels. Further improvement of the molecular 

template, adopting e-beam lithography defined electrodes and the dielectrophoretic technique, 

has led to much higher yield of single or single bundle assembly across pre-defined source-drain 

electrodes. The improved scheme has provided a convenient platform for our focused studies of 

the electrical properties of the hybrid devices. We found that the appropriate molecular interface 

could produce drastic modifications of the key electronic properties of SWNT-FETs, such as the 

ON/OFF ratio, subthreshold swing, and threshold voltage. We suggest a theoretical picture, 

based on modifications to the electronic bands of the Au electrode and the SWNT by the dipole 

electric field of the well-aligned polar molecules in the ordered organic SAM, which consistently 

explains all aspects of the molecularly induced changes in these electronic characteristics, 

including the contrasting effects of MHA and ODT. Finally, we utilized the established 

fabrication techniques to produce molecular tunnel junctions with a m-SWNT as the top 
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electrode, taking advantage of the true nanometer scale and exceptional electrical conductivity of 

the m-SWNTs to making contacts with SAMs of alkanethiolates of different numbers of carbon 

chains. The results demonstrate that this scheme is effective for probing alkanethiol molecules 

with sufficiently long carbon chains. With further improvements, especially in minimizing the 

contact resistance of the connecting m-SWNT/Au junction, it is likely to be applicable to a larger 

diversity of molecules.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



92 
 

 
 
 

 

CHAPTER FOUR 

DETECTION OF SUPERPARAMAGNETIC BEADS WITH INAS 

MICRO-HALL MAGNETOMETER FOR BIOLOGICAL AND 

BIOMEDICAL APPLICATIONS 

 

4.1 Introduction 

 

          Modern medicine increasingly relies on more precise diagnostics based on molecular 

markers, and the demands for high-throughput detection of biomolecules concomitantly increase. 

In recent years, various nanotechnology-based platforms have provided a novel route towards 

highly sensitive, rapid, quantitative, and multiplexed identification of specific biomarkers such as 

genes and proteins using solid-state biosensors. Broadly speaking, such a biosensor is comprised 

of three major components: the detector, which selectively immobilizes the target molecules and 

receives the stimulus from them; the transducer, which converts the stimulus to measurable 

signals; and the output system, which displays and amplifies the signals in an appropriate format 

for readout.  

 

          The detector component of the biosensor has a molecular recognition interface that 

localizes molecular receptors near or on the transducer surface, as shown in Fig. 4.1. In general, 

such an interface consists of a self-assembled monolayer (SAM) with a suitable functional end 

group, assembled on the active region of a solid state device and adapted to immobilize the 

specific molecular receptors with which the target molecules have high affinity. Upon the 

attachment of the target molecules onto the transducer area of the sensor, the generated physical 

(mechanical, optical, electrical, etc) response of the transducer is then read out from the output 

system. Ideally, the molecular recognition interface should be selectively patterned with receptor 

molecules with precise spatial registry to achieve high specificity in sensing. Also, multiple types 
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of receptor molecules can be deposited on separate transducers for multiplexed detection with a 

single sensor chip. For these purposes, dip-pen nanolithography (DPN) is one of the most 

promising techniques because it offers diverse choices of molecular inks and is capable of 

depositing molecules precisely onto pre-located active areas of a sensor with arbitrary 

nanoscopic sizes and shapes. These capabilities of DPN are in fact a key element in this part of 

the dissertation research focused on constructing a highly specific biomolecular sensor based on 

an InAs Hall magnetometer. 

 

 

Figure. 4.1 Schematic diagram depicting an assembly process for biodetection. The molecular receptors 
are immobilized onto the SAM layer and act as the probing region for sensing of target molecules. In this 
the magnetic beads are used as labels for magnetic detection. 
 

          The transducer is another component of the biosensor that serves a crucial role in the 

detection process. Since molecular stimulus acquired from the detector can be in different 

formats dependent on the detection scheme, an appropriate type of transducer has to be utilized 

to convert the stimulus into a measurable signal. Therefore, a wide variety of transductive 

methods have been developed in the past decade. The three most popular approaches are: (i) 

optical detection, (ii) electro(chemical) detection, and (iii) magnetic detection.  

           

          Optical transducers exploit properties such as light absorption [165], fluorescence 

[166,167], bio/chemoluminescence [168], reflectance [169], Raman scattering [170], and 



94 
 

refractive index [171], whose common advantages for biosensing are speed, safety, sensitivity, 

and real-time measurements. However, the robustness of optical signals is often limited by the 

inherent antofluorescence or optical absorption of the matrix of many background biological 

samples or reagents. Also, optical methods invariably involve relatively bulky setups and limit 

the portability of the sensors. 

 

          Electrical biosensors reply on measurements of charge-based interactions between the 

target molecules of interest and the transducer of the sensor. Semiconductor microelectronic 

devices offer a natural platform for such applications, with demonstrated electrical sensitivity, 

integration density and outstanding portability. Along this direction, one of the most promising 

and extensively researched schemes to date is the semiconductor nanowire based electrical 

biosensors [172,173], which have been shown to be effective chemical (gas and solution pH) and 

biological (virus, proteins, and DNA) with excellent sensitivity (down to picomolar) and large 

dynamic range. Our research effort in this direction will be described in the next chapter. 

 

          Magnetic biosensors, instead of measuring stimuli directly associated with the intrinsic 

properties of target molecules, rely on signals from magnetic nanoparticles or micro/submicron 

beads, to which one of the biomolecules involved in the molecular binding are attached. This 

type of sensing scheme can be either labeled or label-free, depending on whether the magnetic 

labels are attached to the target molecules or probe molecules respectively. Fig. 4.2 shows the 

schematic diagrams depicting labeled and label-free magnetic sensing. In both cases, molecular 

receptors (e.g., DNA strands, antibodies, etc) are first deposited onto the active area of a device. 

In the case of labeled detection, when a target molecule attached with a magnetic particle is 

immobilized onto the device through specific molecular recognition, the detected magnetic 

signal will indicate the presence of the complementary target molecule as shown in Fig. 4.2(a).  

Fig. 4.2(b) shows the scheme for detection of label-free target molecules, which are 

complementary to two different sets of non-interacting molecular receptors functionalizing the 

device and magnetic particles respectively. In this case, only when the specific label-free target 

molecules are present in the detected matrix, can a magnetic signal be obtained. Magnetic 

labeling has many favorable characteristics for biosensing: (i) Magnetic particles do not degrade 

over time. (ii) The diamagnetic nature of most biological samples and reagents do not interfere 
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with the magnetic transduction mechanism so that the devices are well suited for biological 

detection of unmodified clinical samples. (iii) Chemistries involved in functionalizing various  

 

 

Figure 4.2 The schema for magnetic detections for labeled (a) and label-free (b) biomolecules.  

 

magnetic particles have been well developed for coupling to many molecules of 

biological/biomedical interests (e.g. organic ligands, DNA, protein, etc.). There are many types 

of magnetic devices that can be used for detecting the small stray dipole field from magnetic 

particles. For instance, superconducting quantum interference devices (SQUIDs) have been 

shown to have high sensitivity for immunoassay applications [174,175]. Their high cost, 

cryogenic operation, and poor portability, however, make the SQUID based magnetic biosensors 

impracticable. Presently, magnetoresistive (MR) sensors and Hall sensors are two types of 

magnetic sensors that are fully compatible with existing semiconductor technologies for low-cost 

and high sensitivity biosensing applications. 

 

          The last component of a biosensor, an output system, is normally application or product 

dependent. Although it is an integral part of a completed instrument, the discussion of the output 

system is beyond the scope of this dissertation. 

 

          The bulk of this chapter is a description of our efforts on the realization of specific protein 

detection using InAs two dimensional electron gas (2DEG) micro-Hall (μ-Hall) magnetometers. 

Section 4.2 first discusses one of the most successful demonstrations of magnetic biodetection, 

one based on giant magnetoresistance (GMR) devices and point out the shortcomings of using 
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such devices to detect biological interactions. Section 4.3 describes the fabrication and physical 

properties of InAs μ-Hall sensors as well as the mechanism for detecting a submicron 

superparamagnetic bead. Section 4.4 shows our capabilities of selectively assembling a few or 

even a single 250 nm superparamagnetic beads onto molecularly functionalized solid-state 

substrate with nano-scale registry. We present successful magnetic detection of 

superparamagnetic bead(s) immobilized onto a μ-Hall sensor through specific molecular 

recognition. Finally, we extend the same sensing technique to the label-free detection of single 

strand DNA (ss-DNA) through a triplex hybridization and demonstrate to the possibility of the 

immobilization of magnetic beads through a single ss-DNA linkage and thus the potential of 

single molecule detection using the InAs μ-Hall device. 

 

4.2 Detection of superparamagnetic particles/beads for biosensing 

 

          The magnetic labels are typically superparamagnetic, meaning that they are magnetized in 

a magnetic field but have no remnant moment when the field is removed. Early applications of 

magnetic micro- and nano-particles were limited mostly to sample purification and cell 

separation. For example, cells or other biological species can be first functionalized with 

biotinylated antibodies or ligands. The subsequent conjugation of biotinylated cells to 

streptavidin-coated magnetic particles achieves specific magnetic labeling of the target cells. 

When an external magnetic field is applied, the magnetically labeled cells or biomolecules can 

be collected and the unlabeled ones can be removed via flow or pipetting with the matrices. In 

recent years, there have been extensive efforts in extending the applications to magnetic 

biosensing. It has been demonstrated that clusters of magnetic nanoparticles and down to 

individual microbeads can be detected with MR devices [175,176] and Hall sensors [177,178]. 

Combined with the magnetic labeling of biomolecules, the detection capability has enabled the 

use of magnetic particles as labels for proteins and DNA sensing. One of the most successful 

examples thus far was the demonstration of detection of proteins using giant magnetoresistive 

(GMR) devices [179]. GMR originates from spin-dependent scattering. Fig. 4.3 illustrates a spin 

valve with a sandwich structure of FM/NM/FM. Qualitatively, in the parallel configuration, the 

spin ↑ electrons are less scattered and have a lower resistance, Rl, in both FM layers due to the 

aligned spin of the electrons with the magnetization, Conversely, the spin ↓ electrons are more 
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scattered and have a higher resistance, Rh, in both layers. Thus, the overall effective resistance 

can be expressed as )R/(RR2RR hlhlP  . In the antiparallel configuration, in each layer either 

spin ↑ and ↓ electrons are misaligned and thus have high resistance in one layer and low 

resistance in the other, resulting in the overall effective resistance of )/2R(RR hlAP  , which 

is always larger than RP. The transition from the antiparallel to parallel alignment with increasing 

external magnetic field thus results in a large decrease in resistance, namely, the GMR. 

 

 

Figure 4.3 Schematic diagram of a spin-valve device. Parallel configuration is shown on the left and 
antiparallel configuration is shown on the right. The ↑ and ↓ indicate the spin direction of conduction 
electrons and longer vertical arrows in the FM layers represent the direction of magnetization. The arrows 
across the spin-valve junctions illustrate the electron paths and scatterings. The bottom circuits are the 
equivalent circuits.  
 

          For a spin-valve designed for sensing external magnetic field, the magnetic moment of one 

layer is pinned to a certain direction, while the magnetic moment of the other layer is free to 

rotate, so that an external magnetic field will only rotate the free layer. Hence, the corresponding 

change of resistance can serve a measurable physical response of a small magnetic field, applied 
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or from a magnetic dipole nearby. Fig. 4.4 illustrates the scheme of the protein detection assay 

with a spin valve as demonstrated by Wang et. al. [179]. The work utilized a “sandwich” 

technique for label-free detection of target proteins, each of which hybridizes with two  

 

 

Figure 4.4 GMR protein sensor and detection scheme. (a) Optical image of a magneto-nano-sensor chip 
containing 64 sensors in an 88 array. (bΨ SEM image of the sensor‟s serpentine architecture. (cΨ SEM 
image of assembled magnetic nanoparticles over the entire surface of the sensor. (d-h) A schematic 
diagram of the sandwich assay for the immobilization of magnetic nanoparticles through specific 
antibody-antigen bindings.   
 

complementary antibodies. One of antibody is pre-patterned on top of the active area of the 

sensor (Fig. 4.4(d)) and the other is functionalized with biotin to which streptavidin-coated 

magnetic particles can then be attached (Fig. 4.4(g))., The magnetic particles will be 

immobilized on the sensor only when the target proteins are present in a given matrix, through 

the specific antibody-antigen bindings and then detected by the GMR sensor. This specific set of 

experiments has demonstrated multiplexed detection of protein tumor markers with high 

sensitivity and wide linear dynamic range. Although biodetection based on GMR sensors has 

featured many promising advantages, it is still faced with formidable challenges on several fronts, 

such the implementation of single magnetic particle detection for potential single molecule 

sensitivity detection. 
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          This part of the dissertation work takes a different approach of magnetic detection utilizing 

high mobility semiconductor micro-Hall sensors. Specifically, we will describe the scheme for 

detecting a single superparamagnetic with the Hall sensor, selective molecular functionalization 

of a microscale Hall cross, and the assembly of a single magnetic bead on the Hall cross through 

molecular recognition.  

 

4.3 InAs quantum well micro-Hall sensor 

 

          The operation of a micro-Hall sensor is based on the classical Hall effect, discovered by 

the American physicist, Edwin Hall, in 1879.  Hall effect refers to a transverse electrical voltage 

induced by a longitudinal electrical current and a perpendicular applied magnetic field. Typically, 

a Hall device is fabricated in the shape of a cross, where current is biased in one direction and the 

voltage signal is measured from the other, as illustrated in Fig. 4.5. When a magnetic field is 

applied in the z-direction, that is, perpendicular to the sample plane, the charge carriers 

(electrons or holes) will experience the Lorentz force due to the drift velocity, described by the 

following equation, 

 

                  B)vq(EFL                                                                                            (4.1) 

 

where E is the electrical field, B is the applied magnetic field, and v is the drift velocity of the 

charge carriers. The Lorentz force drives the carriers to one side of the Hall cross (in the x-

direction) depending on the sign of the charges until the accumulated charge carriers produce a 

transverse electric field that cancels the Lorentz force and prevents further transverse migration 

of the carriers. The voltage induced by this transverse electric field is measured as the Hall 

voltage,  

 

                    IBRV HH                                                                                                    (4.2) 

 

where RH is the Hall coefficient. For a Hall sensor made from a two dimensional electron system, 

the Hall coefficient is given by 
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Figure 4.5 Schematic representation of a Hall cross. The biasing current is applied in the y-direction 
and the magnetic field is applied in the z-direction. The Lorentz force is then created in the x-direction 
for both electrons and holes. 
 

where n is the 2D electron density and e is the electronic charge. Eq. (4.2) implies that the Hall 

effect can be used to measure the average strength of the z-component of the applied magnetic 

field if the carrier density is known. Hence, if a magnetic particle is placed on top of a Hall 

sensor‟s cross area, the stray magnetic field from the particle should generate a Hall voltage; 

by measuring this Hall voltage and assuming a simple magnetic dipole from the particle, the 

magnetic moment of the particle can be determined. Although the above picture is somewhat 

simplified, without considering details of the charge transport (scattering of the carriers, or 

ballistic versus diffusive transport). Electrons in the InAs quantum well heterostructures have 

room temperature mean free path as long as 0.4 μm, which is comparable to the 1 μm by 1 μm 

size of the Hall sensor used in this dissertation work. Therefore, for quantitative analyses of the 

magnetic signals here, the ballistic approximation is a good one.  

 

4.3.1 InAs quantum well heterostructures 
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          The InAs quantum well heterostructures used in this work were grown by molecular 

beam epitaxy (MBE) by our collaborators at Teledyne Scientific. Fig. 4.6(a) illustrates the 

detailed layer structures, where the InAs channel is sandwiched by two layers of AlSb. InAs 

and AlSb are III/V compound semiconductors that have lattice constant of about 6.1 Ǻ [180]. 

The almost identical values of their lattice constants minimize the mismatch of lattice structure 

at the InAs/AlSb interface. Despite their similarity in the lattice constant, InAs and AlSb have 

distinct band structures as shown in Fig. 4.6(b), where the conduction band of InAs is 1.35 eV 

lower than that of AlSb. Hence, the heterostructure of AlSb/InAs/AlSb forms a deep two 

dimensional quantum well. The electron density of the quantum well is determined by three 

main factors; conventional shallow donors in the barrier layers, surface states in the cap layer, 

and interface related donors. Another important physical property of InAs is that its Fermi level 

is pinned approximately 130 meV above the conduction band [181]. This indicates 

straightforward formation of ohmic contact between InAs and a metal contact without the 

presence of Schottky barrier.  

 

 

Figure 4.6 Schematic diagram of a representative InAs/AlSb heterostructure. (a) Layer information of 
an InAs quantum well heterostructure used for fabrication of Hall devices. (b) Band diagram of 
AlSb/InAs/AlSb, showing a quantum well configuration. 
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4.3.2 Fabrication of InAs micro-Hall sensors 

 

          The Hall devices were fabricated from the InAs heterostructures  using standard 

photolithography, followed by wet etching and thermal evaporation of metallic contacts. The 

procedure is depicted schematically in Fig. 4.7. For simplicity and clarity of the representation, 

the heterostructure is represented by only three different colors: the blue for all layers above 

the 2D InAs channel, the red for the 2D InAs channel, and the gray for all the layers below the 

channel. The first step of the fabrication process is to define Hall crosses with desired 

dimension. Photolithography was utilized to selectively expose the spin-coated photoresist on 

the substrate, so that lithographic patterns of the resist would form a protective layer of the 

InAs/AlSb heterostructure, whose unprotected part is subsequently etched. The etchant used 

was a combination of 1 M citric acid, 85% phosphoric acid and 30% hydrogen peroxide in a 

volumetric ratio of 97.2:1:1.8. It should also be noted that an oxygen plasma cleaning of the 

substrate before the etching process yields consistent control of the etching rate. After the Hall  

 

 

Figure 4.7 Schematic diagram depicting the procedure of fabricating a Hall sensor based on InAs 
2DEG heterostructures. (i) The wafer is cleaned and undergoes photolithography and wet etching to 
define Hall crosses. (ii) Second lithography is preformed to define the Au contacts to the sensors. (iii) 
SiO2 and Au are deposited sequentially for insulation and for assembly of thiolated molecules 
respectively. (iv) The Au pads are functionalized and magnetic beads are assembled over the Hall 
crosses through molecular recognition.    
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crosses were defined, the second photolithographic step was used to define the metal contacts. 

7 nm/100 nm of Cr/Au was thermally evaporated to form the contact leads and pads for 

electrically wiring the crosses. After liftoff and cleaning, a fully functional Hall device as a 

highly sensitive magnetic sensor has been realized. Fig. 4.8 shows an AFM image of a Hall 

device and its topographic profile. To create a suitable platform for further functionalization of 

the Hall devices, 70 nm of SiO2 and 20 nm of Au film were sequentially deposited on top of 

the active region of the device. The magnetron sputtered SiO2 serves as an isolation layer so 

that the device can be used in solution. The Au pad on top of SiO2 serves as a convenient 

pathway of immobilizing magnetic particles through thiol chemistry. The detailed strategies 

and demonstration of selective patterning of molecular receptors on the Hall crosses for 

magnetic biodetection will be described in detail later. 

 

 

Figure 4.8 AFM image of a micro-Hall device made with photolithography and wet etching. [Courtesy 
of Dr. Aledealat] 
 

4.3.3 Mechanism of detecting superparamagnetic beads 

 

          As discussed in the previous section, a Hall device can detect small stray magnetic field 

that penetrates its active area. The presence of a magnetic entity located within the Hall cross 

thus can be sensed by measuring the Hall voltage response of the device. Intuitively, if a 

ferromagnetic particle is trapped onto the active region of a Hall cross through biological 
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linkage, the Hall response should indicate the assembly of the particle and the biological 

binding. However, ferromagnetic particles tend to aggregate into clusters in solution and thus 

rendering molecular assembly of the magnetic labels, especially single labels, very difficult, if 

not impossible. In contrast, superparamagnetic particles exhibit non-trivial magnetization only 

in the presence of an external magnetic field. That is, when magnetic beads containing 

superparamagnetic nanoparticles are dispersed in solution, their zero remnant magnetization 

prevents the agglomeration of the beads, thus making them well suited for labeling. Further, 

the absence of magnetic interaction between the beads makes assembly of small number of 

beads or even a single bead on a micro-/nanoscale magnetic sensor feasible. In terms of 

magnetic detection, a major complication is the large Hall response of the sensor to an applied 

field, since an applied field is a necessity for superparamagnetic beads would generate any Hall 

response. To isolate the small signal of the magnetic beads from the large background, we 

make use of the highly nonlinear first derivative of the magnetization (susceptibility) with the 

applied magnetic field.  

 

          The magnetic beads used in biological and biomedical applications are generally 

consisted of Fe2O3 and Fe3O4 nanoparticles (~10 nm in diameter) in a polymer matrix. Because 

of the small size of the nanoparticles, in the absence of an external magnetic field thermal 

fluctuation at room temperature overcomes the magnetic anisotropy energy of the nanoparticles. 

Therefore, the nanoparticles in the polymer sphere collectively do not display a magnetic 

signature. When an external magnetic field is applied, they become magnetized nonlinearly, 

described by the Langevin function (Fig. 4.9), 
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where H is the applied magnetic field, Msat is the magnetization of the bead at saturation, kB is 

the Boltzmann constant, T is the temperature, μ0 is the permeability of vacuum, and mp is the 

average magnetic moment of each particle.  
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Figure 4.9 Magnetization characteristics of 16 nm Fe3O4 nanoparticles. The characteristic curve 
indicates zero magnetization at zero field and highly nonlinear magnetization.  
 

As illustrated by Fig. 4.9, the susceptibility of the superparamagnetic particles is field-

dependent and is at the highest value at zero field. This feature is the basis for the detection of 

the superparamagnetic bead(s), shown schematically in Fig. 4.10. The external magnetic field 

is a superposition of ac and dc magnetic field. When a small ac magnetic field ( B
~

) is applied, 

the corresponding ac magnetization ( M
~

) of the beads is directly proportional to the 

susceptibility of the bead. 
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As shown in Fig. 4.10(a), M
~

 at zero dc magnetic field is maximal because the susceptibility of 

the beads in this case is the highest. When a dc magnetic field is superimposed on the ac 

magnetic field, the magnetization is then shifted to the saturation regime, at which the induced 

ac magnetization signal is diminished.  Consequently, turning the dc magnetic field on and off 

in the presence of a small ac magnetic field will result in a step-like change of the ac 

magnetization ( M
~ ) of the superparamagnetic beads, which can further be correlated with the 

ac Hall voltage signal ( HV
~

) as, 

B 
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where V is the bead volume, FH is the Hall response function, RH is the Hall resistance, CM is 

the coupling constant determined by the location of the beads. Fig. 4.10(b) depicts the ac Hall 

voltage response to the absence or presence of superparamagnetic beads. When the beads are 

absent, a modest dc magnetic field applied to the Hall device will not induce any change of  

 

 

 

Figure 4.10 Schematic magnetic characteristics of superparamagnetic beads and corresponding 
electrical responses of the Hall sensor. (a) Different values of ac magnetization of superparamagnetic 
beads with the absence or presence of an external dc magnetic field. (b) Expected ac Hall voltage signal 
from the Hall sensor when a superparamagnetic bead is absent (red line), and present (blue line). 
 

M
~

or HV
~

 due to the wide linear dynamic range of InAs micro-Hall device to an external 

magnetic field as high as 2 T. On the other hand, when the beads are present, the application of 

dc magnetic field will saturate the magnetization of the beads, so that the resulting reduction of 

M
~

leads to a drop of HV
~

. This change in the ac Hall voltage signal can be detected using a 

lock-in amplifier tuned to the same frequency of ac magnetic field (Fig. 4.11) and thus 

considered to be a definitive indicator of the presence of superparamagnetic beads over the 

active region of the Hall sensor.  
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Figure 4.11 Experimental setup for Hall detection of superparamagnetic beads. The ac Hall voltage signal 
is measured with lock-in amplifier tuned to the same frequency of the ac magnetic field.  
 

4.4 Magnetic detection of biotin-streptavidin binding 

 

          Streptavidin is a tetrameric protein that has extraordinarily high affinity for the small 

molecule, biotin. The biotin-streptavidin complex has the one of the strongest non-covalent bonds 

known in nature. Such a robust system, having a dissociation constant (Kd) of 10-14 M, has been a 

focus of extensive research aiming at studying what particular intermolecular interactions give rise 

to the tight binding [182-184]. In particular, the design of new drugs or ligands from proteins and 

nucleic acids may benefit from fully understanding the interactions involved in the biotin-

streptavidin binding mechanism. This biological pair is also widely used in applications of 

biotechnology (e.g. immunoassay, cell sorting, western blots, labeling technology, etc. [185]) 

because of the high specificity and affinity.  

 

          Because of these qualities, the biotin-streptavidin pair has been widely used as the model 

molecular in the demonstration of novel sensing schemes for biomolecular binding detection. 

However, the significance of being able to detect the biotin-streptavidin binding with solid-state 

devices is not limited to the demonstration purpose only. Typically, the same sensing principle 

used for the detection may be extended to numerous types of biomolecules that are of biological or 

biomedical importance. In this section, the assembly and detection of streptavidin-coated 

superparamagnetic beads using the phase sensitive μ-Hall magnetometry will be described. After 
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the proof-of-principle is shown, the next section will present our utilization of the technique for the 

detection of label-free single-stranded DNA (ss-DNA). 

 

4.4.1 Assembly of superparamagnetic beads via molecular binding 

 

          Assembling biomolecules onto selective areas of micro- and nanoscale devices has been 

one of the major challenges in developing solid-state devices for biological sensing. For 

magnetic sensors, this difficulty restricted investigations to statistical counting of an ensemble of 

particles on the device‟s active region [186]. Although this problem is not fatal, restricting the 

assembly of target molecules, labeled or unlabeled, only to the active sensing areas of a device 

greatly enhances its sensitivity and specificity. Therefore, this dissertation has exploited parallel 

and serial deposition of organic molecules through μCP and DPN to achieve highly selective 

functionalization of micro-Hall devices and specific assembly of biological molecules, which in 

turn controls the subsequent attachment of superparamagnetic beads onto the active area of 

micro-Hall devices with nanoscale registry.  

 

          To identify the appropriate surface chemistry and optimal concentration of streptavidin-

coated beads in the solution for the assembly process, and also to obtain bead assembly with 

macroscale regularity while controlling the average number of beads in each pattern and 

minimizing nonspecific binding, millimeter-scale assembly of streptavidin-coated magnetic 

beads onto an array of microscale patterns was first performed. Fig. 4.12 shows a schematic of 

the hierarchical assembly of superparamagnetic beads through molecular linkages.  First, μCP 

was used for generating microscale molecular templates of MHA molecules on Au substrates 

over a macroscale area. The sample was then immersed in 1 mM ODT solution (in ethanol) for 2 

min to passivate the areas without MHA molecules. Due to its high yield of molecular patterning 

over macroscales, μCP offers a clear advantage for studying surface chemistry because it readily 

enables the examination of reproducibility and faithfulness of the molecular pattern generation, 

and the extent of nonspecific binding in the assembly process. Fig. 4.13(a) shows the lateral 

force microscopy (LFM) image of the resulting molecular pattern. The carboxylic group of MHA 

was subsequently activated by reacting with 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide  
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Figure. 4.12 Schematic diagram showing the procedure of directed assembly of streptavidin coated beads. 

 

hydrochloride (EDC) in the presence of N-hydroxysuccinimide (NHS) to form semi-stable amine 

reactive NHS ester as shown in Fig. 4.13(b) [187]. In the reaction pathway, the o-acylisourea 

ester formed during the reaction of carboxylic group and EDC is very unstable and may 

alternatively undergo hydrolysis in aqueous solution to regenerate the carboxylic group. To 

prevent this unwanted hydrolysis reaction, the sample with MHA/ODT molecular patterns was 

immersed in a vial with 300 μ l  of 200 mM NHS solution prepared in 100 mM 

morpholinoethanesulfonic acid monohydrate solution (MES buffer) adjusted to pH 6.5. 300 μl of 

freshly prepared 100 mM EDC solution (prepared in 100 mM MES buffer) was added to the vial 

for EDC to react with the hydroxyl group of MHA and form a zero length linker, o-acylisourea 

which immediately reacts with NHS to form semi-stable NHS ester as shown in Fig. 4.13(b). 

After 30 min of the reaction, the sample was rinsed with MES buffer, sonicated in ethanol, and 

then rinsed in ethanol and de-ionized water. Finally the sample was dipped into a biotin 

hydrazide solution, prepared by making 50 mM solution in dimethylformamide (DMF) and  
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Figure 4.13 (a) Lateral force microscopy (LFM) image of MHA/ODT patterns. Dark regions are μCP 
patterned MHA on Au. The bright surrounding area results from backfilling with ODT. (b) Reaction 
pathway for biotinylation of MHA‟s carboxylic group, and possible intermediate side reactions following 
activation with EDC/NHS. (c) SEM image of the assembly of 110 nm diameter streptavidin-coated 
superparamagnetic beads on the biotinylated MHA patterns.  
 

diluting in MES buffer to 5 mM, for 12 h to form stable amide bond between biotin hydrazide 

and NHS. After biotin molecules are immobilized on the MHA patterns, the sample was rinsed 

in MES buffer and then in phosphate buffered saline (PBS) solution (pH 7.4). The presence of 

ODT passivation layers outside the MHA patterns confines the assembly of biotin hydrazide 

exclusively to MHA regions, effectively eliminates nonspecific interactions, and results in a 

template for hierarchical directed assembly of streptavidin-coated superparamagnetic beads 

which is performed immediately after biotinylation of MHA patterns.  

 

          The magnetic beads used for this dissertation work are avaible commercially (Bangs 

Laboratories, Inc.). Those beads consist of superparamagnetic nanoparticles embedded in a non-

magnetic polymer matrix, whose spherical surface is uniformly attached with thousands of 

streptavidin molecules. The size of those beads range from 150 nm to 400 nm in diameter. 

Because commercial streptavidin-coated superparamagnetic beads are suspended in a solvent 
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with unspecified preservative in a factory container, they were cleaned before being used for 

assembly through repetitive magnetic segregation and re-suspension in PBS solution at 7.4 pH. 

The beads were segregated using a permanent magnet and the supernatant liquid was exchanged 

with PBS solution. The beads were re-suspended in PBS by vortexing. This process was repeated 

at least five times. At the end, PBS solution was added to obtain the desired concentration. Then 

20 μl of bead solution was pipetted onto the sample to cover the entire surface and was left on 

the sample for 3 h, with the sample constantly agitated to enhance the biotin–streptavidin 

interaction. The sample was then rinsed in de-ionized water to remove unattached beads and 

blown-dry with N2. The results of the bead assembly were examined with SEM. The stable 

biotin-streptavidin linkages between the assembled biotin on the substrate and the streptavidin on 

the beads immobilize the beads onto the organic molecular template. Fig. 4.13(c) shows an SEM 

image of such an assembly over a large area. Evidently, a high degree of specificity and excellent 

yield were achieved: over macroscopic areas there was very little nonspecific binding of the 

beads on the ODT regions, while on the biotinylated MHA patterns there was relatively uniform, 

high-density coverage. Physisorption of some beads during the assembly process could occur 

due to surface roughness. These nonspecifically attached beads can be easily removed by rinsing 

vigorously with de-ionized water or slight ultrasonication, and the chemisorbed beads through 

biotin–streptavidin binding were unaffected by such treatment.  

 

4.4.2 Directed assembly of magnetic beads with nanoscale registry 

 

          While the method of μCP is an efficient way of exploring surface chemistries for the 

assembly, it cannot be easily used for generating molecular patterns on a prefabricated device 

with sufficient spatial resolution and registry. Once the appropriate surface chemistry is 

identified, DPN can be used for molecular patterning with the help of nanoscale imaging and 

registering capabilities of an AFM. The alignment procedure and DPN deposition parameters 

were first worked out on mimic micro-Hall devices created on Si substrates. The device 

structures were defined by standard electron-beam lithography, which provides the flexibility of 

generating any number of crosses of a defined size. To perform DPN on a prefabricated Hall 

device, an AFM tip coated with MHA was used. The detailed procedure of performing DPN is 

described in Chapter 2. Circular or square MHA patterns were created on a Hall cross by keeping 



112 
 

the tip stationary on the substrate for a desired duration or scanning it with an appropriate speed 

(~2 µm/s), respectively. To confine deposition of MHA molecules exclusively to the active area 

of a micro-Hall cross, the coordinates of the cross were obtained by pre-scanning (with the 

MHA-coated tip) two other crosses at the ends of the same device, and then bringing the tip 

directly into contact with the center of the cross of interest, as schematically depicted in Fig. 4.14. 

Finally, ODT passivation of the rest of the device surface, biotinylation of the MHA molecules, 

and directed assembly of streptavidin-coated magnetic beads were performed as described earlier. 

Fig. 4.15 shows an LFM image of such a mimic Hall cross functionalized with DPN-defined 

MHA and backfilled with ODT. The mimic Hall cross and the circular MHA pattern share the 

same center, indicating the highly precise alignment of the molecular writing by the AFM. Fig. 

4.16(a) shows a series of SEM images of mimic Hall crosses at the center of a mimic device. All 

images show precise assembly of beads well within the 1 μm by 1 micrometer crosses and no 

nonspecific bindings of the beads on the ODT-passivated background. In contrast to Fig. 4.16(a), 

Fig. 4.16(bΨ shows large number of beads assembled all over the 5 μm by 5 μm pre-scanned area 

over the two side crosses. This observation demonstrates the necessity of utilizing the pre-

alignment technique for precise and clean deposition of MHA molecules exclusively onto the 

area of interest. It is also worth noting that most of the assembled beads shown in Fig. 4. 15(a) 

were located at or near the centers of the crosses, including a single 250 nm bead assembled  

 

    

Figure 4.14 A schematic diagram showing the alignment process for the molecular patterning: The 
MHA-coated AFM tip was pre-scanned over the two side Hall crosses to locate the coordinates of the rest 
of the Hall crosses and guide the direct deposition of MHA molecules onto those crosses.  
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Figure 4.15 An LFM image of a MHA pattern written by DPN right at the center of a 1 µm x 1 µm 
mimic Hall cross. 
 

 

Figure 4.16 SEM images of directed assembly of superparamagnetic beads onto mimic Hall crosses pre-
functionalized with DPN-defined MHA and biotin. (a) Nine (out of 18) successful assemblies of magnetic 
beads within the 1 μm by 1 μm crosses. One of the samples shows a single β50 nm bead assembly at the 
center of the cross with an offset of less than 50 nm. (b) Large numbers of beads assembled over the 5 μm 
by 5 μm pre-scanned areas of the two side Hall crosses.  
 

Single 

bead 

(a) (b) 
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almost exactly at the center of a Hall cross. This extraordinarily high precision of the nanoscale 

bead assembly implies the possibility of using submicron sized Hall magnetometers for even 

higher sensitivity in the magnetic detection. In a separate control experiment, an array of 28 

mimic Hall crosses was fabricated, which was completely coated with ODT without any MHA 

patterns. The device was then subject to an identical bead assembly process as described above. 

No beads were observed in any of the micro-Hall crosses. This result, albeit expected, further 

proves the high specificity of assembly process of superparamagnetic beads through biotin-

streptavidin binding.  

 

4.4.3 Magnetic detection of selectively immobilized magnetic beads  

           

After the chemistry for molecularly immobilizing the magnetic beads, the selective deposition of 

molecular patterns with high spatial precision, and the magnetic detection of superparamagnetic 

beads were thoroughly worked out on large substrates or mimic devices, the actual detection 

experiment was then performed with InAs μ-Hall sensors. The Hall sensors used for this 

dissertation work were made by Dr. Aledealat, a former graduate student of Professor Stephan 

von Molnár. After the devices were made, the functionalization of the devices and selective 

assembly of magnetic beads were independently carried out by this dissertation defender. Finally, 

the magnetic measurements were performed together by both researchers. Fig. 4.17(a) shows the 

SEM image of two μ-Hall crosses at the center of the device after bead assembly and the result 

of magnetic detection. The biotinylated MHA regions are visible at the center of the crosses. On 

one cross, three beads were assembled on top of the biotinylated area while none was present on 

the other. This difference is well within the fluctuations in the assembly density mentioned 

before when beads were assembled on mimic devices (9 out of 18). To improve the assembly 

yield, higher concentration of bead solution can be used, but it may also increase the chance of 

getting unwanted nonspecific binding or clustering of the beads. Nonetheless, having an 

unoccupied Hall cross right next to the cross assembled with beads gives rise to the advantage of 

having a direct comparison of the signals, as shown in Fig. 4.17(b). For the measurement of this 

specific sample, a driving current of γ0 μA and ac magnetic field of γ.76 mT at 96.γ Hz were 

applied to the Hall sensor in the same orientation as depicted in Fig. 4.11. The signal was 

measured by a lock-in amplifier with a time constant of 1 s and 12 dB. The measurement begins 
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with nulling the ac Hall voltage signals from both Hall crosses in the absence of a dc magnetic 

field by using the zero-offset option of the lock-in amplifier. A dc magnetic field of 70.6 mT was 

then applied. The presence of three superparamagnetic beads induced a drop of ac Hall voltage 

of 0.19 μV (red curveΨ because of the field-dependent susceptibility of the beads as discussed 

earlier. This voltage value corresponds to an average stray magnetic field of γγ.05 μT. The rms 

voltage noise was about 16.1 nV, indicating a signal-to-noise ratio for the detection of the three 

superparamagnetic beads of about 11.6. On the other hand, the Hall cross without magnetic 

beads exhibited no response to the dc magnetic field (blue curve).  Hence, the magnetic detection 

results was fully consistent with the SEM images subsequently taken and thus provided 

definitive evidence for the validity of the magnetic detection of the biotin-streptavidin binding 

via superparamagnetic beads and InAs μ-Hall sensors.  

 

 

Figure 4.17 (aΨ SEM image of a μ-Hall device that has three streptavidin-coated superparamagnetic beads 
assembled on the biotinylated region of the left cross. (b) ac Hall voltage as a function of time for the for 
the two corresponding crosses shown in (a). Due to the presence of the magnetic beads on the left cross, 
the ac Hall voltage VH1 (red) decreased by ~0.19 μV when a dc magnetic field of 70.6 mT was applied. In 
contrast, no change in ac Hall voltage VH2 (blue) was observed from the empty cross. 
 

          The data shown in Fig. 4.17 gives us the basis to estimate the detection limit of the devices, 

in terms of the smallest superparamagnetic beads detectable. The magnetic flux generated by the 

dipole field of each bead was integrated, using the following equation [188], where C is the  



116 
 

                    





2

1

2

1

y

y 2

5
222

222x

x

z dxdy

)zyx(

yxz2
CV)y,x(B                                                     (4.7) 

 

constant that contains the intrinsic properties of the Hall sensors and magnetic bead, which 

should not vary when the estimation is based only on changing the size and the location of the 

bead, V is the volume of the bead (assuming the number of the magnetic particles in the bead is 

proportional to its volume). When the location and size of each bead (224 nm, 240 nm, and 146 

nm in diameter) and the average stray magnetic field of 33.05 μT are substituted into the 

integration, a specific constant C ( 0
3 T104.10   ) for this specific Hall cross and type of 

superparamagnetic beads is obtained. Using this value for the constant C, the Hall voltage noise 

of 16.1 nV, corresponding to a stray field of 2.86 μT, is calculated to be equivalent to the signal 

from a similar single bead of 130 nm diameter located at the center of the same cross. A bead of 

164 nm diameter would give a detectable signal with a signal-to-noise ratio of 2.  

 

4.5 Label-free magnetic detection of ss-DNA 

 

          After establishing the efficacy of the magnetic biosensing scheme with the biotin-

streptavidin model system, we utilize a similar configuration of the experimental setup for 

detecting biomolecules of more biological and biomedical importance. Specifically, we chose to 

detect the hybridization events between complementary single strand DNAs (ss-DNA) because 

the ability of detecting and discriminating specific nucleic acid sequences with solid-state 

devices can potentially lead to high speed and economical genome sequencing and point-of-care 

(POC) pathogen sensor technology.  

 

          In collaboration with the groups of Professor G. F. Strouse in the chemistry department 

and Professor P. Bryant Chase in the biology department, we were able to label ss-DNA with the 

same superparamagnetic beads as we used before, as well as selectively functionalize the active 

regions of a InAs micro-Hall device with thiolated ss-DNA. These capabilities are combined for 

the label-free ss-DNA detection based on the three-strand DNA annealing that co-localize a 

magnetic bead labeled probe strand, a receptor strand assembled at the Hall sensors, and the 
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unmodified target strand. The scheme of the label-free detection was previously described in Fig 

4.2(b). In brief, two sets of non-complementary ss-DNA are first chosen to serve either a probe 

strand or a receptor strand, which was individually designed to be complementary to a part of 

target strand. Hence, only when the target strand is present will the three different strands 

hybridize to immobilize the magnetic beads onto the Hall sensors.   

 

          Fig. 4.18 schematically depicts the label-free magnetic detection of ss-DNA with triplex 

hybridization process. Because the detection exploiting triplex hybridization of ss-DNA requires 

conjugations of probe strand and receptor strand to superparamagnetic beads and Hall sensors 

respectively, to limit processing time steps (i,ii) and (iii) in Fig. 4.18 were done in parallel.  For 

the probe strand (red), the DNA modified with biotin and fluorescent tag was first appended to 

the 350 nm streptavidin-coated superparamagnetic bead (Fig. 4.18(i)). The use of fluorescent tag 

was to enable simultaneous optical confirmation of the selectivity and specificity of the assembly 

to determine our ability to discriminate the target DNA in the presence of non-target sequences. 

The exact sequence used for the probe strand was a 15 base pair 5'-TCA TTC ACA CAC 

/iFLUORdT/CG /3BIO/ -3'. Before being attached to the magnetic beads, the lyophilized DNA 

was first buffer exchanged with a 2 mM sodium phosphate buffer, 50 mM NaCl at pH 7.0. The 

probe DNA was then bio-conjugated to the superparamagnetic beads, suspended in the same 

buffer, through biotin-streptavidin binding for 1 hr at room temperature, followed by magnetic 

separation of DNA-decorated beads from free probe DNA and restocking in 2 mM sodium 

phosphate buffer, 300 mM NaCl at pH 7.0. Secondly, the unmodified target strand (red and blue) 

was mixed with the probe strand-coated beads for duplex formation (Fig. 4.18(ii)). Similar to the 

probe strand, the lyophilized 35 base pair target strand (5'-CGA GTG TGT GAA TGA TAG 

CTG ACA GGA GAC AAG AC-3') was first diluted in the same buffer and mixed with the 35 

base pair non-target control (5'-GTC TAA GAG TGT CCT GGC TAT GAT CCG TGA GTA 

TG-3') to obtain certain concentration of target DNA at appropriate ppm level of the target to 

non-target sequence. Meanwhile, the receptor strand (blue) was selectively assembled onto the 

isolated Au pad, which is right on top of the Hall sensor (Fig. 4.18(iii)). The registry of the gold 

pad was done by photolithography with the aid of pre-defined alignment marks. The insulating 

SiO2 surface was passivated by 2-[Methoxy(polyethyleneoxy)Propyl]-Trimethoxysilane (PEG-

silane) to prevent nonspecific interactions between the SiO2 surface and magnetic beads. 
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Figure 4.18 Schematic detection scheme of label-free target DNA using Hall devices. The label-free 
detection is via the immobilization of superparamagnetic beads through triplex hybridization of 15 base 
pair probe strand (red), 20 base pair receptor strand (red), and. 35 base pair unmodified target strand (red 
and blue). 
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After the surface treatment was completed, the 9 μM receptor strand modified with disulfide (5'- 

/RSSR/ GTC TTG TCT CCT GTC AGC TA -3') was incubated on top of the device for 6 hours. 

The sample was then rinsed with DI water containing 0.1% Tween-20 (v/v) and DI water to 

remove unbound DNA, and gently blown dried with a stream of nitrogen gas. Finally, the 

detection of the target strand was achieved by annealing the superparamagnetic bead-probe-

target complex with the receptor strand assembled at the surface of the Hall device platform (Fig. 

4.18(iv)) by placing a drop of ~γ0 μL target-magnetic bead complex over the Hall device for 2 

hours, followed by thorough wash once in 5 mL of 20 mM sodium phosphate buffer with 300 

mM NaCl at pH 7.0 containing 0.1 % Tween-20 (v/v), and twice in 5 mL of 20 mM sodium 

phosphate buffer with 300 mM NaCl at pH 7.0, and stored in 20 mM sodium phosphate buffer 

with 300 mM NaCl at pH 7.0.  

 

          Fig. 4.19 is the fluorescent image with the optical overlay showing successful assembly of 

superparamagnetic beads onto the active regions of a μ-Hall device through triplex ss-DNA 

hybridization (7 µM target DNA). The green photoluminescence arises from the fluorescent label 

on the probe strand and thus indicates the presence of the magnetic beads localized at the Hall  

 

 

Figure 4.19 Fluorescence image of superparamagnetic beads assembled selectively onto receptor strand 
functionalized Au regions. The fluorescence signals arise from the fluorescent tags labeling the probe 
strands, indicating the presence of both the probe strand and the magnetic beads to which the probe strand 
attached through biotin-streptavidin linkage. The blow up on the right indicates clean and highly specific 
assembly of magnetic beads on the Hall crosses through triplex DNA hybridization.    
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sensors. Because both the presence of fluorescence signal and the magnetic beads require the 

three strand annealing, the utilization of fluorescent microscopy serves a valid imaging tool for 

verifying the specificity of the assembly method. Besides the clear fluorescent signal from the 

receptor strand functionalized Au regions, the absence of any fluorescence on PEGylated SiO2 

background confirms the specificity of the three-strand protocol. The same result was further 

confirmed with the SEM images as shown in Fig. 4.20, where all the assembled magnetic beads 

stayed within the Au pads without any visible non-specific bindings. The white boxes in the 

bottom panels of Fig. 4.20 indicate the location of each underlying Hall cross. It can be seen 

clearly that there are ~7-15 beads on top of each cross with a functionalized Au pad and no beads 

are present on the bare crosses. 

 

 

Figure 4.20 SEM images of the same sample as shown in Fig. 4.19. Magnetic beads are localized well 
within the Au pads. The white boxes indicate the underlying Hall crosses.  
 

          The magnet detection was carried out with the same set up as for detecting biotin-

streptavidin bindings. The dc bias current applied was 50 μA. The ac and dc magnetic field were 
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3.76 mT at ƒ = 9γHz and 70.6 mT respectively. Hall measurements were performed for all six 

crosses in Fig. 4.20 and the results are shown in Fig. 4. 21.  In Fig. 4.21, the ac Hall voltages 

from crosses (2-6), (8-14), and (10-12) exhibit no dc magnetic field dependence, indicating the 

absence of the superparamagnetic beads, which is consistent to the SEM image shown previously. 

For crosses ((3-5), (1-7), and (9-13)) with beads assembled over their active regions, the change 

of ac Hall voltages were 0.79 μV,  0.55 μV, and 0.78μV respectively. There again is excellent 

consistency between the Hall signals and microscopy results.  

 

 

Figure 4.21 Hall voltage signals for all crosses shown in Fig. 4.20. The Hall voltage for each cross was 
shifted from zero in order to show all signals in the same figure. 
 

          After demonstrating magnetic label-free detection of ss-DNA hybridization at a target 

strand concentration of micromolar level, the lower limit of the detectable concentration of the 

target DNA with the presence of a large background of non-target (non-complementary) strands 

was carefully assessed through fluorescence microscopy of the assembly of DNA on an array of 

β μm × 5 μm Au rectangles patterned on a GaAs wafer. The assembly hierarchy is identical to 

the one for the Hall devices described above. Fig. 4.22 shows the fluorescent image of magnetic 

beads assembled on a functionalized Au array at a target strand concentration of 36 pM and 10 

ppm level of target to non-target ratio. The high specificity of the bead assembly through 3-

strand hybridization was clearly evident in the fluorescence image shown in Fig. 4.22(a). Fig. 
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4.22(b) shows a control experiment when the target DNA is switched to a strand non-

complementary to both the probe and receptor strands. The level of bead binding is negligible, 

confirming the fidelity of the low concentration results of Fig. 4.22(a). This experiment clearly 

established the detection limit of the three-strand system to be down to picomolar scale, even in 

the presence of a 105 higher non-complementary background. At such a concentration, a 

magnetic bead could be attached with a single target strand. In addition, we have shown 

previously the InAs μ-Hall device has sufficient sensitivity to detect a single superparamagnetic 

bead smaller than 200 nm. Therefore, single molecule detection may be feasible via the Hall 

detection of a superparamagnetic bead immobilized through hybridization of a single target ss-

DNA.  

           

 

Figure 4.22 (a) Fluorescence image of superparamagnetic beads assembled on an array of functionalized 
Au pads (β μm × 5 μmΨ. The concentration of the target DNA strand was 36 pM at 10 ppm level of 
target to non-target ratio. (b) Fluorescence image showing essentially no assembly of superparamagnetic 
beads when a non-complementary strand is substituted for the target strand in the incubation process. 
 

4.6 Conclusion 

 

          We have successfully demonstrated the use of InAs micro-Hall sensors for the detection of 

protein binding and DNA hybridization. Selective molecular functionalization with nanoscale 

spatial precision and registry using DPN enables well-controlled localization of magnetic labels 

with minimal nonspecific binding. The high signal-to-noise ratio of the μ-Hall devices revealed 

in the biotin-streptavidin binding experiments points to the feasibility of detecting a single 

superparamagnetic bead as small as ~150 nm. The detection scheme is shown to have picomolar 



123 
 

sensitivity for label-free target ss-DNA even at 10 ppm level of target-to-nontarget ratio. This 

low concentration corresponds to a scenario in which each magnetic bead on average has less 

than one target DNA strand and thus becomes immobilized through a single ss-DNA 

hybridization. Hence, our capabilities of detecting a single nanoscale magnetic bead and 

assembling the bead through a single DNA linkage could potentially pave the way for single-

molecule detection and single molecule dynamics study using magnetic tweezers. 
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CHAPTER FIVE 

FUNCTIONALIZED SNO2 NANOBELT FIELD-EFFECT 

TRANSISTORS FOR PROTEIN DETECTION  

 

5.1 Introduction 

 

          In chapter 4 we have introduced the concept of solid-state biosensors and presented one 

specific example of semiconductor μ-Hall sensors for magnetic detection of streptavidin and ss-

DNA, where the presence of the target molecules are determined by the signal of magnetic nano-

beads that label the molecules. In this chapter we will describe another type of solid-state device 

based biodetection scheme: functionalized SnO2 nanobelt field-effect transistors that directly 

sense the inherent charges of target proteins.  

 

          In the broad scheme of bottom-up assembly, various semiconductor nano-components are 

rapidly emerging as one of the most versatile and attractive building blocks, due to their intrinsic 

nanoscale dimensions, varied methods of synthesis with fine control of the material properties, 

and profound potential impact on numerous areas of science and technology, ranging from 

electronics and photonics to the life sciences and medicine [189-191]. One particular subject that 

has received intensive interest across several disciplines is the area of research focused on 

interfacing semiconductor nanostructures and life sciences. Owing to their varied nanoscale 

dimensions which are intrinsically compatible with various biological species, semiconductor 

nanostructures have become an obvious choice for constructing highly sensitive and versatile 

tools for probing biological interactions. In addition, their high surface-to-volume ratio and 

tunable electrical properties make them highly sensitive to small perturbations. For electrical 

biosensing applications, single crystalline quasi one-dimensional (Q1D) semiconductor 

structures such as nanowires and nanobelts are superior choices because they can be readily 

integrated and addressed with lithographically defined contact leads while retaining their 

outstanding electronic characteristics. Furthermore, they possess two important advantages over 



125 
 

carbon nanotubes: First, their electrical properties can be better controlled by well-developed 

synthetic conditions and doping techniques. Second, their surfaces, often the native oxide layer, 

are chemically far more active than the CNT surface, which readily allows surface 

functionalization with chemical or biological receptors for sensing applications.  

 

          Here, we focus on a distinct class of semiconductor nanostructures, the semiconducting 

oxide nanobelts. They comprise of a rectangular cross-section, in correspondence to a belt-like 

morphology. The oxides with this special nanobelt geometry cover a host of cations that can be 

of different valence states and materials with different crystallographic structures, such as SnO2, 

ZnO, In2O3, CdO etc. [22]. In this dissertation research, we focus primarily on SnO2 nanobelts to 

build highly specific protein biosensors.  

 

          In this chapter we first briefly describe the catalyst-free synthesis of nanobelts using 

physical vapor deposition (PVD), and the electrical characterization of field-effect transistors 

based on the nanobelts. We then briefly outline the research conducted by our former group 

member, Dr. Yi Cheng, aimed at the use of functionalized SnO2 nanobelt FETs for specific 

protein sensing, particularly biomedically significant protein markers. Finally, we present the 

extended studies conducted by this dissertation defender on modifying the fabrication procedures 

for improved device yield and for exploring other detectable biomolecules based on the same 

sensing platform.  

 

5.2 SnO2 oxide nanobelt field-effect transistors 

 

5.2.1 Synthesis and structural characterization of binary oxide nanobelts 

 

          The nanobelts used in this study are synthesized by thermal evaporation of pure oxide 

powders under fine control of growth conditions without the use of any catalysts. Fig. 5.1 shows 

the schematic view of a PVD setup for the synthesis of nanobelts. During the evaporation 

process, the oxide powder is placed on a flat alumina substrate at the center of the horizontal tube 

furnace, where the evaporation temperatures are determined by the melting point of the material 

used. The carrier gas (Ar) at a flow rate of 50 standard cubic centimeters per minute (sccm) is 
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used to aid the transport of oxide vapor to another alumina plate located at the downstream end 

of the furnace tube. For growth of SnO2 nanobelts, thermal evaporation of either SnO2 powders 

(purity: 99.9%; melting point: 1630ºC) at 1350ºC or SnO powders (purity: 99.9%; melting point: 

1080 ºC) at 1000ºC for 2 hours results in white/grey wool-like bundles formed on the surface of   

 

 

Figure 5.1 Schematic view of physical vapor deposition (PVD) setup for growing oxide nanostructures. 
Adapted from X.D. Wang and Z. L. Wang, GaTech.  

 

the downstream alumina substrate. Fig. 5.2(a) shows the SEM image of as-synthesized products 

consisting of large quantities of ultra long SnO2 nanobelts (with lengths up to millimeters) and a 

small fraction of Sn nanoparticles, which are generally located in the middle of the belts. TEM 

images (Figs. 5.2(b) to (d)) clearly reveal the belt-like structural characteristic of the SnO2 

nanobelts. The inset of Fig. 5.2(b) shows that the cross section of the nanobelt is rectangle-like, 

with typical thickness to width ratios of ~5 to 10. High resolution TEM image (Fig. 5.2(e)) 

suggests that the nanobelts are single crystalline and dislocation free. The electron diffraction 

pattern (inset of Fig. 5.2(e)) indicates that the SnO2 nanobelts grow in [101] direction and are 

enclosed by  010  and )110( crystallographic facets [22].  

 

          5.2.2 Characterization of nanobelt field-effect transistor 

 

          In analogy to semiconducting single-walled carbon nanotubes, the SnO2 nanobelts can 

serve a nanoscale channel for building a field-effect transistor, where an external electrical field 

can be applied by a gate electrode for electronic applications or by  charges from adsorbate 



127 
 

chemical/biological molecules for sensing applications. Hence, before we try to study how SnO2 

nanobelt FET should respond to the charges carried by various biomolecules, this section 

describes the electrical characteristics of the SnO2 nanobelt transistors based on the back-gate 

device geometry. 

 

 

Figure 5.2 Ultra long nanobelt structure of SnO2 (with rutile crystal structure). (a) SEM image of as-
synthesized SnO2 nanobelts, showing a high volume percentage (> 95%) of SnO2 nanobelts and a small 
amount of Sn nanoparticles as indicated by the arrows. (b to d) TEM images of SnO2 nanobelts with 
straight and twisted shapes. An enlargement of a broken nanobelt is inserted in (b) to display the 
rectangle-like cross section of the belt. The belt-like shape is further verified by an enlargement of the 
boxed region in (c) as redisplayed in (d); the width-to-thickness ratio is ~5. (e) HRTEM image of a SnO2 
nanobelt showing that the nanobelt is single crystalline and free from dislocation and defects. (Inset) The 
corresponding electron diffraction pattern recorded with electron beam perpendicular to the long axis of a 
belt, showing the growth direction to be [101] (note the rutile structure of the sample). The SnO2 
nanobelts shown in (a), (b), and (e) were obtained from thermal evaporation of SnO2 powders at 1350ºC; 
the SnO2 nanobelts shown in (c) and (d) were at 1000ºC, but they preserve the same crystal structure and 
same growth morphology. Ref [22].  
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          The fabrication of a single nanobelt based FET requires a standard photolithography 

process and metal thin film deposition: First, the wool-like nanobelt bundles are transferred from 

the alumina substrate to a suspension by ultrasound agitation in an isopropyl alcohol solution. By 

dripping the suspension onto the substrate, they are then dispersed onto a substrate comprised of 

250 nm thermally grown insulating SiO2 layer on top of a degenerately doped Si(100) wafer. 

Post annealing is performed to remove the excess solvent and improve the nanobelt/SiO2 

interface. An individual nanobelt with desirable dimensions is then located. Photolithography is 

performed for defining the electrode patterns, followed by thermal evaporation of metal contacts 

(typically Cr/Au or Ti/Au) for a total thickness of at least 50 nm. Finally, a delicate lift-off 

process is performed to obtain the metal electrodes without disturbing the nanobelt.   

 

          In chapter 3 we have reviewed the basic operation principles behind a field-effect 

transistor and described an extensive and in-depth study of the SWNT-FETs, whose transport 

properties are controlled primarily by the contact resistance arising from the Schottky barrier 

between the SWNT and the metal electrode. For SnO2 nanobelt transistors this could also be the 

case, in which the large specific contact resistance could overwhelm the device signal from the 

channel. However, for quantitative and scalable sensing applications it is imperative that the 

electrical signals come predominantly from the modulation of the channel to which target 

molecules are attached rather than the contacts. Therefore, in this section we present a careful 

evaluation of the origins of the FET actions in various nanobelt devices and determine the 

necessary procedure for producing channel-limited devices for biosensing. 

 

          The four-terminal method is commonly used to eliminate the contact resistance from an 

electrical resistance measurement, and a comparison of four-terminal and two-terminal 

resistances yields the contact resistance. In the initial stages of this study, we always performed 

simultaneous four-terminal and two-terminal measurements on the same device to determine 

each device‟s contact resistance and channel resistance. Fig. 5.γ(aΨ shows the schematic view of 

the four-terminal setup, where a constant current is injected from electrode A to D and the 

voltmeter acquires the voltage drop between electrode B and C. Within this setup, there is no 

current flow from the nanobelt channel to either electrode B or C because of the large input 

impedance of the voltmeter, thus the measured potential difference between the two electrodes 
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reflects only the voltage drop in the bulk nanobelt channel. Therefore, we can determine whether 

the devices have Schottky contacts or low resistance Ohmic contact via a comparison of the 4-

probe and 2-probe I-V‟s. Figs. 5.γ(bΨ and (c) display such comparisons for one device with 

Ohmic contacts and another with Schottky contacts. The red curves represent the I-V between 

terminals B and C when the current is injected from terminal A to D. The green curves represent 

the I-V between B and C when the current is applied at the same terminals. The black curves are 

of the same configuration as the green curves except that the active terminals are A and D. Fig. 

5.3(b) shows the I-V measurements of a SnO2 nanobelt device with four RuO2/Au contacts as 

illustrated in the SEM image of the inset. The red and green curves both exhibit linear behavior 

and fall on-top of each other, indicating the contact resistances at terminal B and C are negligible. 

The ratio of the resistances between terminal BC and AD is similar to that of the active length 

between the corresponding terminals due to the negligible contact resistance and the uniformity 

in the channel conductivity of the nanobelt. In contrast, Fig. 5.3(c) shows the I-V measurement 

on a ZnO nanobelt with Ti/Au contacts that display high resistance Schottky contacts. The green 

and red curves in this situation do not have the same transport characteristics and the red curve 

obtained by the 4-probe measurement exhibit much higher conductivity than that of green curve, 

suggesting the present of Schottky contacts. The black curve indicates the least conductive 

configuration because of the contact resistance and larger channel resistance. Such measurements 

convincingly demonstrated that with proper procedure and choice of contact material, SnO2 

nanobelt FETs with low resistance Ohmic contact between the nanobelt and metal leads can be 

 

 

Figure 5.3 (a) Schematic circuit diagram for the standard four-probe I-V measurements on a FET device. 
(b) Two-probe and four-probe I-V curves for a SnO2 nanobelt with low resistance Ohmic contacts 
(RuO2/Au). The inset is the SEM image of the device. (c) The same measurement for a ZnO nanobelt 
with high resistance Schottky contacts (Ti/AuΨ. [Adapted from Dr. Yi Cheng‟s dissertation] 
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achieved. This is in fact a significant observation because the intrinsic channel-limited FETs can 

then function as biosensors via detection of binding of charged biomolecules on the nanobelt. 

We performed a thorough characterization of a channel-limited SnO2 nanobelt FET after 

confirming the device has negligible contact resistance. Fig. 5.4(a) shows the drain-source I-V 

curves at various gate voltages from -30 V to 30 V in steps of 1 V. In the ON-state the curves 

exhibit well-defined linear characteristics at low biases, and saturation at high biases. The 

saturation behavior is similar to the pinch-off effect observed in a conventional silicon MOSFET. 

Fig. 5.4(b) shows the transfer characteristics of the SnO2 nanobelt FET. The threshold voltage of 

-14 V indicates that the device operates as a n-channel depletion-mode FET likely due to the n-

doping from the oxygen deficiency in the bulk oxide nanobelt channel. The ON/OFF ratio of the 

device is as high as 107 and the subthreshold swing is about 1.02 V/decade.  

 

          In summary, SnO2 nanobelt FETs have been fabricated and characterized to be high 

performance n-channel depletion-mode FETs without significant contact resistance from any 

Schottky barrier. The large ”ON” current and ON/OFF ratio indicate that the SnO2 nanobelt 

devices hold great potential as building blocks for future nanoelectronics and for quantitative and 

scalable chemical/biological sensing applications.  

 

 

Figure 5.4 (a) Drain-source I-V characteristics of a SnO2 nanobelt FET at increasing gate voltages (-30 V 
to +30 V) in steps of 1 V from bottom to top. (b) Transfer characteristics of the SnO2 nanobelt FET at VDS 
= 1 V. Inset shows the linear plot of IDS-VGS and gD-VGS at VDS = 1 V. [Adapted from Dr. Yi Cheng‟s 
dissertation] 
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5.3 SnO2 nanobelt FETs as biosensors 

 

          The underlying mechanism of using a semiconductor nanobelt EFT for biomolecular 

detection is the field-effect response its channel conductance, which displays a rapid change in 

response to variations in an external electrical field or electrical potential at the surface [172,191]. 

For biosensing applications, the local electrical field generated from a charged or polar biological 

or chemical species is analog to the electric field applied from a gate electrode, namely, the 

presence of a protein with net positive/negative charge on the surface of a n-type FET will 

induce/deplete charges accumulated in the channel and thus increase/decrease the device 

conductance. One key advantage of nanobelt and nanowire devices over traditional planar FETs 

as electrochemical transducers is their Q1D morphology and intrinsic nano dimension. as the 

field modulation from the bound analyte can penetrate almost the entire cross section of the 

device, while the effect is typically limited to a thin region near the surface of a planar device. 

Hence, the same coverage of analyte binding is expected to result in a much greater response in 

device conductance for a nanobelt FET than a planar FET.  

 

          SnO2 nanobelt FETs can be adapted for biosensing by functionalization of the surface of 

the nanobelt with specific molecular receptors. As the biosensor is exposed to a solution that 

contains target biomolecules such as proteins, the receptors will immobilize the charged target 

proteins onto the nanobelt surface through specific binding, consequently inducing a change of 

the device conductance. Hence, one critical necessary step for constructing a SnO2 nanobelt 

biosensor is the effective functionalization of the nanobelt channel with the specific species of 

biological molecules complementary to the target entities of interest.  

 

          Employing a similar strategy as the research into magnetic biodetection which we have 

discussed in Chapter 4, here the SnO2 nanobelt FETs are first functionalized to detect the well-

studied biotin-streptavidin model system, based on which the nanoscale surface functionalization 

as well as the detection mechanism are validated and optimized. After the SnO2 nanobelt FETs 

have been proven to be a viable platform for protein sensing, the focus is then shifted to 

experiments on detecting specific proteins of biomedical importance.  
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5.3.1 Detection of biotin-streptavidin binding 

 

          A necessary step toward using a SnO2 nanobelt FET specifically for detecting streptavidin 

is the selective functionalization of SnO2 nanobelt channel with biotin molecules. Fig. 5.5 

illustrates the schematic route of the device functionalization process. The oxide surface of the 

nanobelt is first assembled with a SAM of 3-aminopropyltriethoxysilane (APTES) through the 

silianization process [192]. The amine functional group of the APTES molecules are then 

adapted for covalently linking with D-biotin (C14H19N3O5S) to form a uniform layer of biotin 

molecules on the nanobelt surface. The process is generally referred to as biotinylation. After the 

surface of the nanobelt is biotinylated, streptavidin molecules can then be immobilized onto the  

           

 

Figure 5.5 Schematic diagram of device functionalization with APTES and D-biotin and subsequent 
binding of fluorescently labeled streptavidin onto biotinylated oxide surface. (For ease of illustration, the 
streptavidin shown here is in monomeric form, while the streptavidin molecules that we use for the 
experiment are tetrameric.) 
 

nanobelt through the high-affinity and specific biotin-streptavidin interaction. In order to 

visualize and (semi)quantify the efficiency, selectivity and specificity of our functionalization 
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process, we use fluorescently labeled streptavidin in the experiments and measure the 

fluorescence intensity from the microscopy images.  

 

          The detailed functionalization process is as follows: First, the Si3N4 wafer is passivated by 

the PEG-silane molecules by immersion in 1 % solution in ethanol for three hours, followed by 

thorough rinsing of ethanol and drying with a stream of pure nitrogen. In parallel, the nanobelts 

in suspension are functionalized with APTES molecules by exchanging the original solvent of 

isopropanol with 1% APTES solution, and incubating for six hours. The fluidic exchange 

process is done by repeating steps of centrifugation and pipeting out, with isopropanol and 

APTES solution, and ultrasound agitation. After the APTES treatment, the APTES solution is 

replaced by the N,N-Dimethylformamide (DMF) buffered D-biotin solution (5 mg in 0.5 ml) for 

another six hours for the biotinylation of the nanobelts. As the last step of functionalization, the 

biotinylated nanobelts are restocked and dispersed back in pure ethanol before use. Finally, the 

biotinylated nanobelts are dispersed onto the PEGylated Si3N4 substrate. After the whole sample 

is further reacted in fluorescently-tagged (Alexa-488) streptavidin solutions it is then observed 

under the fluorescence microscope. Fig. 5.6(a) is a fluorescence image indicating the selective 

binding of fluorescently labeled streptavidin onto the SnO2 nanobelt surface. The sharp contrast 

of fluorescent intensity between the nanobelt and passivated background clearly indicate the high 

selectivity of the biotinylation and subsequent streptavidin binding. For the fabrication of 

biotinylated SnO2 nanobelt field-effect transistors for streptavidin detection, the additional steps 

of photolithography, thermal evaporation of Cr/Au to define the source-drain electrodes, and 

sputtering of passivating SiO2 layer (80 nm) to cover the Au electrodes near the nanobelt are 

performed. Fig. 5.6(b) is a fluorescence image of labeled streptavidin attached to the D-biotin 

functionalized SnO2 nanobelt transistor. The white dotted lines depict the edges of the SiO2 

capped electrodes. The contrast of fluorescence intensity between the nanobelt and background 

surface in Fig. 5.6(b) is similar to that in Fig. 5.6(a), suggesting that the degradation of pre-

functionalized D-biotin is quite limited when going through the relatively harsh lithographic and 

vacuum deposition processes.  

 

          The real-time label-free sensing of streptavidin is carried out by monitoring the electrical 

responses of a biotinylated SnO2 nanobelt FET device to pure 10 mM PBS (phosphate buffered 
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Figure 5.6 Fluorescence images showing selective binding of fluorescently labeled streptavidin onto 
biotinylated SnO2 nanobelt (a) without and (b) with photolithography process and thermal deposition of 
Au. 
 

saline) and then streptavidin in the same buffer. The flow of the solution is introduced from a 

microfluidic channel integrated with the device, as schematically shown in Fig.5.7. The 

microfluidic channel, 100 μm wide and 80 μm high, connects two reservoirs each with an inlet or 

outlet. The microfluidic channel covers the exposed active portion of the SnO2 nanobelt and 

parts of the passivated source/drain electrodes. The liquid flow is driven by a syringe pump at a 

flow rate of about γ0 μL/min, so that small amount of analytes suspended in the buffer can be 

controllably delivered to the active sensing area of the device.  

 

          One critical factor that affects the outcome of such electrical sensing in an electrolyte is 

the isoeletric point (pI) of the target molecules. pI is a value of pH at which a particular 

biomolecule carries no net electrical charge. In other words, the net charge of a molecule is 

sensitively dependent on the pH value of its surrounding environment and can be either positive 

or negative due to the gain or loss of protons (H+). Consider streptavidin as an example, the pI 

value is ~6.5 indicated in Table 5.1. Therefore, one expects the FET response to streptavidin 

binding to have a sign change when the pH crosses the pI value.  When the streptavidin is 

buffered in a pH 9 electrolyte, the net surface charge of the molecule is ~ -3.2 mC/m2. 

Consequently, as shown in Fig. 5.8(a), upon the introduction of a streptavidin solution in pH 9,  
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Figure 5.7 Schematic 3D views of a SnO2 nanobelt FET integrated with a PDMS microfluidic channel 
for solution protein sensing.  
 

Table 5.1 Surface charge of streptavidin in solutions of different pH. Ref. [193] 

pH Charge (mC/m
2
) pH Charge (mC/m

2
) 

3.00 14.1 7.00 -0.6 

3.50 12.8 7.50 -1.1 

4.00 10.4 8.00 -1.6 

4.50 6.8 8.50 -2.2 

5.00 3.6 9.00 -3.2 

5.50 1.8 9.50 -5.3 

6.00 0.8 10.00 -9.0 

6.50 0.1   

 

the device conductance decreases sharply due to the negatively charged streptavidin molecules 

that deplete the electron carriers in the SnO2 nanobelt channel. When a streptavidin molecules 

that deplete the electron carriers in the SnO2 nanobelt channel. When a pure buffer is flown over 

the same device, the conductance does not show significant changes, indicating that the binding 

event is irreversible. On the other hand, at a buffer pH below pI, the positively charged 

streptavidin molecules (+10.4 mC/m2) should induce accumulation of electron carriers in the 

nanobelt channel and thus increase the device conductance. The experiment on a separate SnO2 
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FET at pH = 4 confirms the expectation, as shown in Fig. 5.8(b). The contrasting electrical 

responses of the device consistent with the charge states of the streptavidin in buffers of different 

pH values give strong support to the specificity of the sensing, namely, the electrical responses 

of the FETs indeed result from biotin-streptavidin binding. The picture is further confirmed by 

carrying out the sensing experiment at pH 7.2. The result is shown in Fig. 5.8(c), where the 

almost zero net surface charge of the streptavidin does not induce any significant change of 

device conductance. One common feature in Figs. 5.8(a) and (b) is that the time constants for the 

two devices are very similar and relative slow (~1000 s). The reason for the long saturation time 

is most likely the small concentration of the streptavidin solution (2 ng/ml) that limits the   

 

 

Figure 5.8 Time dependent plots of the conductance response of three biotinylated SnO2 nanobelt FET 
devices to pure PBS (1) and PBS buffered streptavidin solution (2) at (a) pH = 9; (b) pH = 4; (c) pH = 7.2. 
The streptavidin molecules are labeled with CdSe quantum dots. The insets of (a) and (b) show the 
fluorescence images of the two devices after electrical detection measurements.  
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number of streptavidin molecules at a given time to be close enough to the available biotinylated 

binding sites. The specificity of the sensing experiments is further validated using fluorescence 

on the same devices. Here semiconductor quantum dots (CdSe) instead of organic dyes are used 

as the fluorescent tag, in order to circumvent the photo bleaching problem. The insets of Figs. 

5.8(a) and (b) shows the fluorescence images of quantum-dot labeled streptavidin molecules 

which have assembled exclusively onto the biotinylated nanobelt surface. Along with the pH 

dependence of the electrical detection results, this is a solid proof that the streptavidin binding is 

confined to the nanobelt and it is the biotin-streptavidin binding that causes the electrical 

conductance changes. 

 

5.3.2 Detection of antibody-antigen binding: cardiac troponin 

 

          With the unambiguous demonstration of the efficacy of electrical detection of specific 

biotin-streptavidin binding, the platform of functionalized SnO2 nanobelt FETs is utilized to 

detect the cardiac protein biomarkers, cardiac troponin (cTn), which have been observed to be 

released from damaged cells of heart muscles into the blood circulation upon trauma to the heart. 

Troponin comprises of three regulatory proteins (TnC, TnI, and TnT) that is integral to the 

muscle contraction in skeletal and cardiac muscles. Specifically, cardiac troponin (cTnI) has 

been considered the most promising biomedical marker for myocardial infraction (heart attack) 

[194-196] among the three elements of the troponin complex, because the cTnI level in the body 

circulation of a patient who suffers myocardial infraction can provide useful information for 

rapid diagnosis and assessment of the patient‟s cardiac risk and for the timely choice of 

appropriate treatment [194-196].  

 

          In analogy to the mechanism that utilizes the biotinylated SnO2 nanobelt transistor  to 

detect streptavidin molecules, to sense the presence of cTnI proteins we functionalize the 

nanobelt with the type of antibodies specifically complementary to the cTnI, so that the target 

cTnI proteins will be trapped onto the surface of the nanobelt through high affinity and high 

specificity antigen-antibody interaction. The affinity constant (K) that defines the strength of 

such interaction is in the following form: 
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                                                                              (5.1) 

 

 

The K value for cTnI proteins and their complementary antibodies is about 109-1010 mol-1 [198]. 

With such a high binding affinity, a significant and irreversible conductance change would be 

expected upon the binding of target cTnI proteins onto the antibody functionalized SnO2 

nanobelt FET.   

 

          To realize the functionalization of nanobelt surface with the antibodies, we utilize the 

following steps as schematically illustrated in Fig. 5.9. First, a biotinylated SnO2 nanobelt FET is 

fabricated as described in the previous section (biotinylation of SnO2 nanobelts, surface 

passivation of Si3N4 with PEG-silane monolayer, and lithographic definition of the FET). Second, 

the biotinylated FET is then exposed to a PBS buffered streptavidin suspension (10 μg/ml in 10 

mM PBS), where streptavidin molecules are assembled onto the biotinylated nanobelt surface. 

Because each streptavidin molecule has four binding sites for biotin, biotinylated antibodies can 

then be immobilized onto the nanobelt through the biotin-streptavidin linkage. As the final step 

of functionalization, the biotinylated antibody (anti-rabbit IgG) in PBS (0.38 mg/ml) is 

introduced to the streptavidin-coated nanobelt for the assembly of the antibodies selectively onto 

the nanobelt channel surface.   

 

 

Figure 5.9 Schematic (not to scale) of functionalization of a nanobelt FET and detection of the biomarker, 
human cTnI.  
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          Once the functionalization of nanobelt FETs with anti-cTnI IgG is ready, the cTnI protein 

sensing experiment can be conducted, preceded by a set of control experiments. One key element 

for determining the functionality of a biosensor is its specificity to the target entity, that is, it is 

imperative to demonstrate that the sensing signal originates exclusively from the biomolecules of 

interest due to the specific receptor-target molecule binding. Therefore, for the cTnI detection 

experiment, before introducing the cTnI solution to the antibody-modified nanobelt FET, we first 

flow solutions containing increasing concentrations of control proteins, including tropomyosin 

and bovine serum albumin (BSA), to the device. Tropomyosin is an actin-binding protein that 

along with troponin controls the muscle contraction. BSA is a serum albumin protein that is 

widely used for ELISAs, immunoblots, and immunohistochemistry for its stability and inertness 

in many biochemical reactions. The result of the control experiment is shown with the black 

curve in Fig. 5.10(a). Number 1 represents the 10 mM PBS in pH of 7.5. Letters A-C represent 

5.75, 11.5 and 23 nM tropomyosin in 10 mM PBS. Letters D-H represent 1.56, 6.25, 25, 400 nM 

BSA in 10 mM PBS. As indicated by the black curve, the antibody-functionalized SnO2 nanobelt 

FET does not have any measurable response to those control proteins at all concentrations. On 

the other hand, upon the introduction of 25 nM cTn complex in 1 mM PBS, as represented by 

Number 2 (blue curve), we observe a significant decrease in conductance. When we 

subsequently switch the solution flow between pure PBS and cTn complex several times, the 

device conductance shows minimal changes, indicating that the initial conductance decrease is 

due to the irreversible binding of negatively charged cTn complex with the antibody-

functionalized SnO2 nanobelt surface. The minor fluctuation of the curve during the switching of 

pure buffer and cTn complex solution is likely due to the slight binding and unbinding of the cTn 

complex with the antibodies because the binding affinity of the antigen-antibody interaction for 

cTnI is on the order of 109-1010 M-1, which is about 5 orders smaller than the biotin-streptavidin 

bond. Another control experiment, whose results are shown in Fig. 5.10(b), is based on a 

nanobelt without surface functionalization. When the three types of proteins, including cTnI, are 

introduced to the unfunctionalized device, no measurable change in nanobelt conductance is 

observed in any case. In other words, the presence of cTnI antibodies is a pre-requisite for having 

an electrical signal in response to cTnI antigens. These results combine to demonstrate the 

excellent specificity of this biosensing platform in the case of detecting and discriminating 

purified protein markers. For clinical applications, the abilities of the devices to selectively and 
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specifically sense particular protein markers in a realistic physiological environment (e.g., in 

human blood) need to be demonstrated. 

  

 

Figure 5.10 (a) Detection of cTnI and control proteins with a surface modified SnO2 nanobelt device. 
Blue and black curves show the antibody-modified nanobelt FET sensor conductance response (vs time) 
to various concentrations of control proteins: tropomyosin and BSA (black curve) and cardiac Tn 
complex that contains cTnI (blue curve). (b) Conductance responses (vs time) of an unmodified SnO2 
nanobelt FET device to cTn complex, tropomyosin, and BSA at different concentrations. Letters A-E 
represent 1.56, 6.25, 25, 100, 400 nM of cardiac troponin complex in 1 mM PBS. Letters F-G represent 
5.75 and 23 nM tropomyosin in 10 mM PBS. Letters H-L represent 1.56, 6.25, 25, 100 and 400 nM BSA 
in 10 mM PBS.  
 

5.4 Optimization of the nanobelt FET biosensing platform 

 

          We have presented a highly versatile biodetection platform based on the functionalized 

SnO2 nanobelt field-effect transistors. We demonstrated its capabilities through the sensing of 

two different types of biological species, a model ligand-receptor pair and a biomedically 

significant protein marker. The results show the potential of this platform for rapid, on-site 

sensing of biomolecules in a realistic biological sample such as blood. The detection technique is 

also general enough that it should be applicable for wide variety of receptor molecules for 

fundamental research on basic biological and medical science as well as clinical use for rapid 

disease diagnostics and possibly the discovery of new drugs. In this section, we describe our 

efforts for optimizing the device fabrication procedures, which greatly improve the fabrication 

yield and facilitate a systematic study of the devices. We verify that the modified fabrication 

procedures retain the same functionality by performing the detection of biotin-streptavidin 
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binding. Finally, we functionalize the nanobelts with nucleic acid aptamers that specifically bind 

with thrombin proteins and observe the electrical signal induced by the specific binding.  

 

5.4.1 Modified fabrication procedures 

 

          One formidable task for constructing a highly functional electrical biosensor is to ensure 

that the device operates as a channel-limited field-effect transistor, which requires the low-

resistance Ohmic contacts at the source and drain electrodes. However, the optimal protocol that 

we have utilized to functionalize the SnO2 nanobelts has the unintended effect of low yield in 

producing low-resistance Ohmic contacts in comparison to the FETs fabricated with pristine 

nanobelts. This is likely due to the molecular layer from the surface functionalization with 

APTES and D-biotin molecules. One straightforward way to circumvent the problem is to carry 

out the functionalization after the metal contacts are defined, so that Au contacts can be 

evaporated directly on a fresh nanobelt surface. This of course presents a different challenge, 

namely, how does one selectively functionalize the nanobelt and maintain the inertness of the 

substrate? In the previous scheme, we separately pre-functionalize the nanobelts via exchanging 

the original solvent with APTES and biotin solution and passivate the blank Si3N4 substrate with 

PEG-silane molecules, so that Si3N4 and SnO2 nanobelts can be treated with different silane 

molecules without interfering with each other. However, to functionalize the SnO2 nanobelts 

which have already been dispersed on a PEGylated Si3N4 surface can be much trickier because 

the APTES molecules may exchange part of PEG-silane molecules that are already assembled on 

the Si3N4 surface. Therefore, when we carry out the experiment, we first optimize the formation 

of PEG-silane SAM so that the undesirable effect from the exchanging of APTES molecules can 

be minimized. The modified PEGylation procedure is described in the following: The Si3N4 

substrate is first treated with oxygen plasma to create more hydroxyl groups on the surface. The 

PEG-silane solution is prepared by dissolving 80 μl PEG-silane molecules in 50 ml anhydrous 

toluene. β0 μl of hydrochloride acid is added to the solution to assist the silanization process. The 

sample is then rinsed with pure anhydrous toluene and submerged in the PEG-silane solution for 

three hours under dry nitrogen environment. After the Si3N4 substrate is removed from the 

solution, it is immediately transferred to pure toluene and rinsed thoroughly with toluene, ethanol, 
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and DI water. Finally, the Si3N4 substrate is baked at 110 ºC for 1 hour to help the PEG-silane 

molecules cross-link to form a better passivation layer.  

   

          After the PEGylation process for the Si3N4 substrate, a drop of the SnO2 nanobelt 

suspension is then dripped onto the substrate to disperse the SnO2 nanobelt. After the suspension 

solvent dries out, we immerse the entire passivated Si3N4 substrate along with the dispersed 

nanobelts into an APTES solution in anhydrous toluene at a volume ratio of 40 μl to β0 ml for 1 

hour. It has been shown that APTES molecules can form multilayered structure on an oxide 

surface when the reaction time is kept too long and 1 hour has been suggested to be sufficiently 

long to form a high quality single layer [192]. After the sample is removed from the APTES 

solution and rinsed thoroughly with toluene, ethanol, and DI water, the nanobelt is biotinylated  

 

 

Figure 5.11 Fluorescence image of a biotinylated SnO2 nanobelt after binding of fluorescently labeled 
streptavidin located on a PEGylated Si3N4 substrate near the edge. The PEGylated Si3N4 is as dark as 
fluorescence-free background area, indicating the negligible presence of fluorescently labeled streptavidin 
onto the PEGylated surface. 
 

by immersion of the entire sample in a D-biotin solution for six hours. The D-biotin solution is 

prepared by first dissolving 1 mg of D-biotin molecules in 1 ml of DMF. The solution is then 

mixed with 10 ml of 0.1× PBS. After the biotinylation process, the sample is rinsed thoroughly 
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with DMF or DMSO and subsequently with DI water. It should be noted that because D-biotin is 

not water soluable, to completely remove excess D-biotin molecules on the surface rinsing the 

sample with DMF or DMSO is necessary; otherwise the excess D-biotin molecules left on the 

surface will induce undesired non-specific bindings of streptavidin regardless of the passivation 

layer of PEG-silane. Fig. 5.11 is a fluorescence image showing the highly selective binding of 

fluorescently labeled streptavidin molecules exclusively on a biotinylated SnO2 nanobelt. The 

large contrast of the fluorescence intensity between the biotinylated SnO 2 nanobelt and 

PEGylated Si3N4 surface indicate excellent specificity of the functionalization of the nanobelt 

and passivation of the Si3N4. In addition, when comparing the background area outside the 

substrate and the PEGylated surface, there is no noticeable difference in terms of the 

fluorescence intensity, indicating the negligible presence of streptavidin on the passivated Si3N4 

surface. Some dot-shape fluorescence signals near the nanobelt are likely from the biotinylated 

SnO2 particles. After achieving the excellent specificity for the functionalization of dispersed 

SnO2 nanobelts, we tried to incorporate the new functionalization scheme into the full device 

fabrication process. The Si3N4 substrate was first treated with PEG-silane molecules and the 

unfunctionalized nanobelts were subsequently dispersed onto the substrate. Photolithography, 

metal deposition, and liftoff were performed for defining the Au contacts onto the SnO2 nanobelt. 

The SnO2 nanobelt was then functionalized with APTES molecules by immersing the entire 

substrate into an APTES solution as described before. After binding with fluorescently labeled 

streptavidin, the result, however, was not nearly as ideal as that in Fig. 5.11. As shown in Fig. 

5.12, there is significant fluorescence from the substrate, resulting likely from nonspecific 

binding of the labeled streptavidin molecules. The contradicting results between Fig. 5.11 and 

5.12 suggest that the photolithography process may have contaminated the PEG-silane 

monolayer and enable the APTES molecules to attach to the contaminated substrate. Therefore, 

it appears necessary that the APTES functionalization and biotinylation be performed before the 

photolithography. We were compelled to take the middle ground between the two procedures 

described above: We functionalize the SnO2 nanobelts with APTES and D-biotin after they are 

dispersed on a PEGylated Si3N4 substrate, but before the photolithography and deposition of the 

electrodes and passivation SiO2 layer. The fluorescence image shown in the Fig. 5.13(a) is from 

a device made this way and indicates high degree of specificity for the biotinylation of the  
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Figure 5.12 Fluorescence image after the assembly of labeled streptavidin onto a biotinylated SnO2 
nanobelt FET device with on-substrate post-lithography functionalization. The nonspecific bindings of 
streptavidin suggest poor passivation for the Si3N4 surface. 
 

nanobelt, which is much improved over the result from post-lithography functionalization (Fig. 

5.12) and comparable with the result obtained via in-vial functionalization (Fig. 5.6). Fig. 5.13(b) 

is the bright-field optical image of another biotinylated SnO2 nanobelt FET made and 

functionalized in a similar fashion, just before the introduction of the streptavidin molecules. The 

figure shows very clean surfaces of the nanobelt, Au electrodes, and passivated substrate. In 

contrast, the inset shows the sample made with the original in-vial pre-lithography 

functionalization procedure, which has many residues of biotin molecules attaching to the 

nanobelt. After verifying that on-substrate functionalization can lead to selective and clean 

biotinylation of the SnO2 nanobelt, we tested the contact resistance on such samples and found 

that the yield for achieving low-resistance Ohmic contacts improved substantially from ~20% to 

70%. We attribute the improvement to the modified functionalization procedure for SnO2 

nanobelts; it ensures that a thin and uniform monolayer of APTES molecules are assembled onto 

the nanobelt surface and excess biotin molecules are removed by DMSO or DMF completely 

after the biotinylation process. These two important factors are harder to achieve when the 

nanobelts are functionalized in a small vial because the frequent exchanges of solvents inherent 
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in that process cannot guarantee complete removal of each solvent and elimination of cross 

contamination.  

 

 

Figure 5.13 (a) Fluorescence image of a SnO2 nanobelt FET after on-substrate pre-lithography 
biotinylation and subsequent binding with fluorescently labeled streptavidin. (b) Bright-field optical 
image of a SnO2 nanobelt FET with on-substrate pre-lithography biotinylation, which shows very clean 
surfaces of the nanobelt, Au electrodes and passivated substrate. The inset, in contrast, shows significant 
amount of residues on the nanobelt and electrode surfaces for a SnO2 nanobelt FET with in-vial pre-
lithography biotinylation.   
        

5.4.2 Protein sensing: Streptavidin and Thrombin 

 

          After details of the new functionalization scheme are worked out, the improved yield for 

functional SnO2 nanobelt FETs with low-resistance Ohmic contacts is verified, and the high 

specificity of streptavidin assembly onto the biotinylated nanobelt channel is confirmed optically, 

we are ready to test whether the SnO2 nanobelt FET devices made this way can function properly 

as streptavidin sensors. Fig. 5.14(a) and (b) show the detection of the streptavidin at a 

concentration of 400 ng/ml in pH 9 and pH 4 PBS respectively. The pH dependent conductance 

changes consistent with the charge states of streptavidin at the corresponding pHs are observed, 

in resemblance of what we observed in Fig. 5.8. One noticeable difference between the two sets 

of real-time conductance curves is the response time: at the low concentration (2 ng/ml, Fig. 5.8) 

the saturation time is at the order of 1000 s, and the higher concentration (400 ng/ml, Fig. 5.14) 
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results in approximately 10 times faster saturation time. Another objective of this research 

activity is to demonstrate the versatility of the detection scheme based on functionalized SnO2  

 

 

Figure 5.14 Time dependent plot of the conductance response of two biotinylated SnO2 nanobelt FET 
devices to PBS buffered streptavidin at (a) pH = 9; (b) pH = 4. Both devices were made with on-substrate 
pre-lithography biotinylation. 
 

nanobelt FETs. We entered into another collaboration with the Strouse group in the chemistry 

department, and attempted to assemble hairpin-shaped nucleic acid aptamers onto the nanobelt in 

order to detect thrombin molecules using the SnO2 nanobelt FET platform. Aptamers are nucleic 

acid species with certain sequences that are repeatedly extracted from a large random sequence 

pool. Nucleic acid aptamers are particularly useful for sensing and therapeutic technologies 

because they provide broad range of molecular recognition properties similar to antibodies. In 

the Strouse lab, the selected aptamers that are complementary to the thrombin molecules are first 

biotinylated. In analogy to how we have functionalized the nanobelt surface with biotinylated 

antibodies, we performed the hierarchical assembly of APTES, biotin, streptavidin, and 

biotinylated nucleic acid aptamer to decorate the SnO2 nanobelt FETs with the aptamers. Before 

performing real-time electrical sensing of thrombin, we first optically verified the specificity of 

the functionalization of the nanobelts by the fluorescently labeled nucleic acid aptamers of 

interest. The result is shown in Fig. 5.15. The left column contains the overlaying differential 

interference contrast (DIC) and fluorescein isothiocyanate (FITC) images that clearly show the 

features on the substrate, including a long nanobelt in the top image. The middle column has two 
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FITC images taken at the same places. Although based on the raw images it is very hard to 

observe any fluorescence signals, from the FITC intensities displayed in the right column, the top 

figure shows a clear fluorescence signal as the line scan goes over an aptamer functionalized 

nanobelt. On the other hand, the line scan that does not cross any nanobelt has very low and flat 

background intensity. From the comparison of the line scans with and without a nanobelt, it is 

evident that the fluorescent tagged nucleic acid aptamers are successfully assembled onto the 

nanobelt surface with high specificity.  

 

 

Figure 5.15 The confocal microscopy images of SnO2 nanobelt functionalized with fluorescently tagged 
nucleic acid aptamers. The left column are the DIC & FITC wide-field overlay images for a spot that has 
a nanobelt and another one without any nanobelt. The middle column shows the corresponding FITC 
images, in which the white arrows indicate where the fluorescent intensity line scans are performed. The 
right column shows the plots of the fluorescence intensity of an aptamer functionalized SnO2 nanobelt 
and that of the background. 
 

Finally, we carry out real-time electrical sensing of the thrombin molecules at a concentration of 

50 nM at pH 8.5. Because the isoelectric point of the thrombin molecules is about ~7.1, when the 

pH value of the PBS is 8.5, they are negatively charged. In Fig. 5.16, as expected, the 

conductance of the aptamer functionalized SnO2 nanobelt FET shows a drastic reduction when 
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the negatively charged thrombin molecules are localized on the surface of the n-type nanobelt 

channel as a result of the specific aptamer-protein binding. 

 

 

Figure 5.16 Real-time detection of thrombin proteins with nuclei acid aptamer functionalized SnO2 
nanobelt FET device. The device conductance drops drastically after the 50 nM thrombin solution in pH 
8.5 PBS is introduced.   

 

5.5 Conclusion 

 

          In this chapter, we have introduced a class of quasi-one-dimensional semiconducting nano-

materials: the oxide semiconductor nanobelts synthesized by catalyst-free physical vapor 

deposition. When SnO2 nanobelts are structured into FETs, intrinsic n-type channel-limited 

electrical characteristics can be obtained with proper fabrication procedure and material choices. 

Owing to their large surface-to-volume ratio, the channel conductance of the SnO2 nanobelts can 

be extremely sensitive to slight perturbation near the surface, giving rise to their high potential 

for sensing applications. As an initial step towards the realization of high sensitivity and 

specificity biosensor based on the SnO2 nanobelt FETs, appropriate strategies for selective 

biomolecular functionalization were explored and optimized. Through careful and systematic 

experimentation with surface chemistry and thorough verification with fluorescence microscopy, 

several sets of bottom-up hierarchical molecular assembly processes have been established for 

functionalization with different biomolecules. The detection of nano molar streptavidin was 
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demonstrated and used as a validation of the efficacy of the sensing scheme. The pronounced 

changes of channel conductance of the n-type SnO2 nanobelt FETs in response to streptavidin 

binding onto biotinylated nanobelt channel were found to be consistent with the charge states of 

the streptavidin at different pH values. The same platform was further utilized to detect a 

biomedically significant protein marker, cTnI. The consistent electrical response of the antibody-

functionalized SnO2 nanobelt FET to the binding of the cTnI and a set of control experiments 

suggested the detection was highly specific. We then further extended our studies in two 

directions: one is to improve the yield of obtaining optimal devices with low-resistance ohmic 

contacts and the other is to try to attach nucleic acid aptamers to the nanobelt surface to extend 

the applicability of the sensing scheme to an even broader class of detectable biomolecules. We 

successfully demonstrated the ability in functionalizing the nanobelts with the nucleic acid 

aptamers and in electrically detecting the bindings of the thrombin molecules to the nucleic acid 

aptamers functionalized SnO2 nanobelt FETs.     
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CHAPTER SIX 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Conclusions 

 

          The overarching theme of this thesis is to explore novel physical properties and device 

functionalities of hybrid devices comprised of organic/biological molecules and semiconductor 

nanostructures. With the utilization of an array of molecular assembly techniques, various solid-

state surfaces are selectively patterned with organic molecules which can tailor the properties of 

the surfaces or facilitate further complex hierarchical assembly of diverse biomolecules or 

nanostructures to realize functional hybrid devices. The capabilities of integrating soft and hard 

materials to obtain hybrid devices hold great promise for engendering new paradigms for 

nanoelectronics, chemical/biological sensing, medical diagnosis, and new avenues for 

fundamental studies of physics, chemistry, and biology at nanoscale.  

 

          In this thesis, the formation mechanisms and properties of self-assembled monolayers of 

organic molecules, as well as micro- and nanoscale patterning of the SAMs by μCP and DPN 

was described. μCP was used to fabricate large arrays of microscale molecular patterns. This 

convenient method was used extensively to test the optimal surface chemistry to decorate the 

substrate surface with appropriate adsorbate molecules because its rapid parallel capability 

readily generates sufficient statistical data for evaluating the quality and yield of any assembly 

process; it proves particularly useful in exploring and optimizing protocols for complex 

hierarchical assemblies. On the other hand, DPN employs a rather slow serial patterning 

technique that utilizes a molecule-coated AFM tip to generate nanoscale molecular patterns on 

solid surfaces. Because the shape and location of the patterns are fully dependent on the 

trajectory of the AFM tip, the DPN technique inherently provides much better patterning 

flexibility, size resolution and spatial registry than μCP. In this thesis work, DPN was 

extensively used to produce molecular patterns within specific regions of a device surface with 
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nanoscale precision. This method was indispensible to generating molecular SAMs with desired 

alignment with micro- and nanostructures on a prefabricated semiconductor device.  

 

          Although single-walled carbon nanotube field-effect transistors have been demonstrated to 

have excellent electronic characteristics that can surpass those of state-of-the-art Si-MOSFETs, 

one key roadblock remains, which has prevented them from being incorporated into modern 

electronic devices: a lack of effective means for large scale integration of CNTs into a 

sophisticated circuit with individually addressable CNT devices. Towards this goal, we exploited 

the demonstrated scheme of molecular template directed assembly for well aligned regular arrays 

of CNTs on a substrate. We focused on the bottom-up assembly of functional SWNT devices and 

elucidating the effects of the molecular layers on the electronic characteristics of the hybrid 

devices. Through directed assembly of SWNTs onto pre-defined electrodes and selective 

electrical breakdown of metallic SWNTs, we obtained high performance SWNT-FETs with large 

ON-current and ON/OFF ratio, and small subthreshold swing. More importantly, the 

incorporation of the OTS SAM into the device structure resulted in great suppression, even 

complete elimination, of the gate hysteresis common in SWNT-FETs with open architecture. 

This important observation inspired us to pursue more in-depth and systematic investigation of 

possible modifications of the electrical characteristics of SWNT-FETs through the insertion of an 

organic SAM between the SWNT and the source/drain electrode. The first set of experiments 

was on comparison of the transfer characteristics of the same SWNT-FET with and without an 

MHA SAM at one of the SWNT/Au contacts: The MHA SAM was deposited onto one of the 

electrodes by DPN and later removed by thermal desorption of the molecules. Measurements 

before and after the thermal annealing revealed pronounced differences in transfer characteristics 

resulted from the molecular interface, including improvement of the ON/OFF ratio and 

subthreshold swing. In order to unambiguously elucidate the role of the organic molecules in the 

SWNT/molecule/metal junction, we designed and fabricated a three-electrode device geometry, 

resulting in one (regular) unmodified SWNT-FET and one molecularly-modified SWNT-FET 

based on the same SWNT. Because the two FETs share the same SWNT, any differences in the 

electrical properties between the two FETs can be attributed exclusively to the molecular 

modification by the SAM. We conducted two separate experiments using either MHA or ODT to 

decorate one of the electrodes and the direct comparison between the unmodified and 
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MHA/ODT-modified SWNT-FETs indicated significant modifications of the transfer 

characteristics in ON/OFF ratio, subthreshold swing, and threshold voltage. The observations can 

be consistently explained by the alteration of the electronic bands in the Au electrode and the 

SWNT and the resulting changes in the effective Schottky barrier height/thickness, by the 

ordered and well-aligned molecular SAM. Furthermore, using the same fabrication scheme and 

device structure, we explored the use of metallic SWNTs as a gentle nanoprobe for contacting 

the organic molecules in molecular tunnel junctions. From the analysis of the I-V measurements 

based on the Simmons model, we observed a distinct transition of the transport mechanism from 

direct tunneling to field emission, as well as length dependence and temperature independence of 

junction conductance consistent with quantum tunneling in the molecular tunnel junctions. 

 

          In the other major part of the dissertation research, we have investigated two different 

types of biosensors based on semiconductor devices using either magnetic or electrical detection, 

with potential for future point-of-care (POC) applications. POC systems have recently received 

increasing interest for their capabilities to provide rapid pathogenic diagnosis at the patient sites, 

giving rise to informed and timely decision making for patient treatment and thus resulting in 

improvement of patient survival rate, reduction of emergency room visits, and  to optimal use of 

professional time.  

 

          The first sensing platform is based on InAs quantum well μ-Hall magnetometers. The 

magnetic detection of specific protein bindings using InAs μ-Hall sensors was first demonstrated 

by the immobilization of sub-micron superparamagnetic beads onto the active regions of a Hall 

device through the streptavidin-biotin linkage. The surface chemistry, molecular linkage scheme, 

and specificity of the assembly of the biologically tagged superparamagnetic beads on 

functionalized substrate surface were first tested and confirmed by carrying out the assembly 

experiments with large scale arrays of molecular patterns generated by µCP. After the optimal 

surface chemistry and biological assembly were worked out, we utilized the DPN technique to 

deposit sub-micron molecular patterns right at the center of micrometer size active Hall crosses. 

Immobilization of small number of, even a single, streptavidin-coated superparamagnetic beads 

on the biotinylated Hall crosses were detected by Hall magnetometry and verified by SEM 

imaging. The Hall measurement indicated a large signal-to-noise ratio sufficient for the detection 
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of a single 160 nm superparamagnetic bead located at the center of a Hall cross. A similar 

scheme based on the InAs μ-Hall platform was developed to demonstrate the detection of DNA 

hybridization. The target ss-DNA of 35 base pairs, without any magnetic label, were detected 

through a triplex hybridization scheme: two probe DNA strands (15‟ and β0‟Ψ are used, one on 

the Hall sensor and one on the magnetic beads, each complementary to a section of the γ5‟. The 

hybridization of the γ5‟ with the two probe DNAs leads to the immobilization of magnetic 

bead(s) on the Hall sensor. Fluorescence microscopy and SEM imaging provided independent 

confirmation of the bead assembly and validation of the Hall sensing. The optical studies further 

indicated that the triplex strategy can unambiguously discriminate the target ss-DNA at a 

concentration of 36 pM and at < 10 ppm in the presence of extraneous DNAs.  

 

          A second electrical biosensing platform is based on SnO2 nanobelt FETs. The biotin-

streptavidin models system was first used to demonstrate the efficacy of the sensing scheme, 

including its sensitivity and specificity. The platform was then used for the detection of a 

biomedically important protein marker, cardiac troponin I, which is considered to be a ”gold 

standard” indicator of myocardial infraction. The detection of streptavidin was demonstrated by 

the localization of the target proteins onto the biotinylated nanobelt surface. The specificity of 

the electrical detection was verified by the pH dependence of the electrical signals induced by 

the surface charges of the streptavidin and by the subsequent fluorescence microscopy. For cTnI 

detection, the SnO2 nanobelt FETs were labeled with cTnI-antibody, and clear changes in FET 

channel conductance were observed when the cTnI antigens were bound to the antibody-

functionalized nanobelt. A set of control experiments were carried out to confirm that the electric 

signals were due specifically to the binding of the antibody and antigen. To further improve the 

fabrication procedure to achieve high yield of functioning devices, while retaining the high 

device sensitivity and specificity, we experimented with a large number of possible combinations 

of various fabrication steps, and eventually came up with an optimal protocol for the nanobelt 

FET passivation, functionalization, and fabrication which ensures low contact resistance between 

the nanobelt channel and metal contacts. The viability for biosensing of the devices fabricated in 

the new protocol was demonstrated through detection of streptavidin binding and measurement 

of the pH dependence of the electrical signals. The results were found to be fully consistent with 

the expected charge states of streptavidin and with observations from the previous setup. We 
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finally utilized the same functionalization method to link DNA aptamers to the nanobelt surface 

in the FET and successfully detected the thrombin proteins that are complementary to the 

aptamer. These results, taken together, have provided a convincing demonstration of the 

potential of the functionalized SnO2 FETs as a general platform for rapid on-site detection of a 

broad variety of biomolecules. 

 

6.2 Future Directions 

 

          A common theme that has threaded the disparate activities in this thesis research is to the 

fabrication of hybrid nano-devices through combination of top-down lithography and bottom-up 

molecular assembly, and to explore novel device functionalities resulting from the integration of 

hard and soft materials. We have successfully fabricated SWNT-FETs with molecular interface, 

InAs μ-Hall devices for DNA sensing and SnO2 nanobelt FETs for protein detection.  

 

          The directed assembly of CNTs via dielectrophoresis and molecular template can be used 

not only to make FET structures, but also as a general strategy for creating disparate 

unconventional quasi-one dimensional structures, for example, superconducting nanowires. A 

semiconducting CNT can serve as a template on which superconducting materials can be 

deposited for studying the underlying physics of one-dimensional superconductivity. The Q1D 

template can be realized by assembling a s-SWNT onto the ends of two electrodes separated by a 

submicron trench with a deep undercut. As a superconducting material is evaporated onto the 

template, the material will form a Q1D nanowire connecting the two ends of the electrodes. 

Because of the undercut, the deposited materials will not short-circuit the two electrodes. 

Because the contribution of the electrical conductance from the s-SWNT is expected to be 

negligible at low temperatures, the electrical resistance of the superconducting nanowire is 

readily isolated and measured. One key benefit of the CNT template for the study Q1D 

superconductivity is that the diameter of the superconducting nanowire is controlled by that of 

the s-SWNT, which can be as small as 1 nm, putting it in the true 1D limit, whereas from the 

top-down approach to fabricate the nanowire of the same dimension would be extremely difficult, 

if not impossible.  
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          We have demonstrated the sensing of triplex ss-DNA hybridization through the magnetic 

detection of localized 250 nm superparamagnetic beads using InAs μ-Hall sensors.  When the 

Hall devices are further miniaturized to a few hundreds of nanometers, higher magnetic 

sensitivity is expected, so that even smaller magnetic particles can be detected. With further 

reduction of the size of the active Hall crosses, the spatial registry of the molecular 

functionalization has to be improved accordingly. In Fig. 2.7, we have demonstrated that we can 

pattern MHA molecules well within a 300 nm by 300 nm mimic Hall cross with an offset of only 

50 nm, the spatial precision of the DPN technique is therefore sufficient for functionalizing a 

nano-Hall sensor. Further, direct writing of thiolated DNA onto Au surface has been 

demonstrated, patterning multiple active regions of Hall devices with different ss-DNA using 

DPN can lead to multiplexed sensing based on a single Hall device. Another component that 

limits the sensitivity of the Hall device is the 1/f noise. With the operation of the Hall device at 

higher frequency (of the order of 100 kHz), the 1/f noise can be drastically reduced and leaving 

the thermal noise as the restricting factor. Hence, with smaller Hall crosses operating at high 

frequency, the magnetic field sensitivity of the InAs Hall devices is expected to increase by an 

order of magnitude and thus enable the detection of a single Fe3O4 nanoparticle of less than 20 

nm in diameter [199]. When Fe3O4 nanoparticles of such size are used as magnetic labels, the 

vastly reduced size of the nanoparticles may facilitate the real-time detection of the 

immobilization of moving nanoparticles. In other words, real-time sensing of DNA hybridization 

or protein bindings can be realized through the integration of microfluidics with nano-Hall 

devices. 

 

          The extensive studies of the functionalized SnO2 nanobelt FETs have shown the versatility 

of such devices for detecting broad variety of biomolecules. The change of the device 

conductance is the primary indicator for the presence of the target entities. However, often times 

the purpose of sensing is not only to verify whether certain target molecules are present in the 

tested sample, but also to determine the concentration of the molecules. The experimental data 

we have collected are strongly suggestive that the response time of the biotinylated SnO2 

nanobelt FETs to streptavidin depends greatly on the streptavidin concentration. Hence, a 

systematic study of how the response time can be correlated with the concentration of target 

molecules at certain solution flow rate could potentially lead to a useful strategy for quantitative 
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biosensing and fundamental studies of biological binding mechanism in fluidic environment. 

Another direction for the research based on SnO2 nanobelt FET biosensor is to build an 

extended-gate biosensor based on the Q1D nanobelt, which is extremely sensitive to the gate 

electrical field. One immediate advantage of utilizing this type of device for sensing application 

is that the receptor molecules are not directly patterned onto the nanobelt surface but on the 

surface of the extended gate [200], making it possible to exploit the ubiquitous thiol-Au 

chemistry as the basis for the assembly of receptor molecules. Another prospect of utilizing such 

devices is the possible amplification of the signal because the extended gate electrode surface 

can be made many orders of magnitude larger than the surface area of the nanobelt channel.  
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APPENDIX A  

PHOTOLITHOGRAPHY 

 

          Photolithography was majorly utilized for generating micro-scale lithographic patterns for 

the sample fabrications in this dissertation work, such as the μ-Hall sensors, electrodes for 

carbon nanotube and SnO2 nanobelt field-effect transistors, and master mold for fabricating 

microfluidic channel and elastomeric stamps. The technique uses ultraviolet (UV) light to 

transfer pre-defined patterns from photomask to a light-sensitive polymer coated on a flat 

substrate. The actual process of the photolithography can be described in the following steps: 

 

1. The substrate is first cleaned by ultrasonication in acetone and isopropanol for 3 minutes 

followed by thorough rinsing in isopropanol and drying with stream of pure nitrogen gas. 

2. The sample is then placed on top of a 120ºC hot plate for 10 minutes to remove the 

excess solvent and water on the substrate surface. 

3. Photoresist (AZ5206E) is spin-coated on the sample at 5.5K/rpm for 30 seconds to 

achieve a uniform layer of photoresist with thickness about 350 nm.  

4. The sample is prebaked in an oven at 96ºC for 30 minutes to remove the solvent and help 

the resist polymer to cross-link.  

5. The sample is then placed on a stage of a mask aligner, and a photomask with a desired 

pattern is brought in contact with the sample. The photoresist is selectively exposed to the 

UV light for 4 to 6 seconds. Normally, the appropriate exposure time is dependent on the 

type and thickness of the coated photoresist as well as the ratio between the exposed and 

unexposed area. When large area is exposed, leaving a small isolated unexposed area 

(smaller than 10 μm in one dimensionΨ, the exposure time has to be adjusted 1 or 2 

seconds shorter.  

6. The sample is submerged into a commercially available developer, AZ351, to develop the 

exposed resist. The developing time is dependent on the thickness of the photoresist and 

the exposure time. In the case of 350 nm thick AZ5206E with exposure time of 4 seconds, 

the appropriate developing time is about 25 to 30 seconds.  
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7. After development, the sample is immediately rinsed with DI water and dried with 

nitrogen gas. 

8. Finally, the sample is transferred to thin film deposition facilities for the deposition of 

desired materials and subsequently immersed in acetone for 30 minutes to initiate the lift-

off process. The following sonication in acetone and isopropanol is performed to 

completely remove the photoresist and unwanted thin film overlying on top of the 

photoresist.  

9. If the following sample fabrication processes require the assembly of organic monolayer, 

oxygen plasma or piranha cleaning is needed to remove the contamination caused by the 

photoresist. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



159 
 

 

APPENDIX B 

ELECTRON-BEAM LITHOGRAPHY 

 

          With the same purpose as photolithography, the electron-beam lithography (e-beam 

lithography) is to create sub-micrometer structures in the resist that can be subsequently 

transferred to the substrate materials by etching or deposited materials by thin film deposition. E-

beam lithography is the use of scanning a beam of electrons in a patterned fashion across a 

surface covered with a thin layer of electron-beam sensitive resist, which can be selectively 

removed or retained through the developing process. The primary advantage of e-beam 

lithography is that the dimension of the achievable features is not restricted by the diffraction 

limit of the light and thus makes it possible to generate nanometer structures. In this dissertation 

work, the fabrication of mimic Hall cross arrays and nano-electrodes for SWNT-FETs utilized 

the e-beam lithography, whose operation steps are described in the following: 

 

1. The substrate is first cleaned by ultrasonication in acetone and isopropanol for 3 minutes 

followed by thorough rinsing in isopropanol and drying with stream of pure nitrogen gas. 

2. The sample is then placed on top of a 120ºC hot plate for 10 minutes to remove the 

excess solvent and water on the substrate surface. 

3. 2 % of PMMA solution dissolved in chlorobenzene is spin-coated onto the substrate at 

5K/rpm for 30 seconds to yield a uniform layer of PMMA with thickness of 70 nm.  

4. The PMMA-coated substrate is then baked on a hotplate at 150ºC for 30 minutes to 

remove the excess solvent. 

5. The substrate is transferred to the vacuum chamber of the e-beam lithography system and 

wait until the pressure of the chamber is pumped to 3×10-6 Torr.  

6. The desirable patterns are designed with the specific software (Raith) that coverts the 

conventional SEM system to an e-beam lithography system. The design of the patterns 

consists of great amount of details and thus is not discussed here. 

7. After the e-beam lithography system is enabled, the filament current is increased to the 

value that just saturates the emission current of the electron beam to preserve the life time 
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of the tungsten filament. The knobs of shift and tilt are tuned to maximize the emission 

current to stabilize the intensity of the electron beam. 

8. The system is then used as a conventional SEM to locate the coordinates of the samples, 

based on which the center area of the sample can be calculated. 

9. The fine focus of the electron beam is identified by focusing on a burnt dot of PMMA 

resist. While trying to find the best focus of the electron beam, in most cases the 

stigmation has also to be optimized, so that the size and shape of the burnt dot would be 

the smallest and close to a circle.  

10. The center of the sample is moved right beneath the electron-beam, while the electron-

beam is temporarily blocked by the beam blanker to prevent the undesired exposure of 

the PMMA resist.  

11. Execute the electron beam scanning program and expose the PMMA resist with desired 

patterns.  

12. Turn off the beam current and acceleration voltage. 

13. Take out the sample from the chamber of the system. 

14. Develop the sample with the homemade developer at 19ºC for 15 seconds, followed by 

gentle rinsing with isopropanol and drying with pure nitrogen. 

15. Finally, the sample is transferred to thin film deposition facilities for the deposition of 

desired materials and subsequently immersed in acetone for 30 minutes to initiate the lift-

off process. The following sonication in acetone and isopropanol is performed to 

completely remove the photoresist and unwanted thin film overlying on top of the 

photoresist.  

16. If the following sample fabrication processes require the assembly of organic monolayer, 

oxygen plasma or piranha cleaning is needed to remove the contamination caused by the 

PMMA. 
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APPENDIX C 

BI-LAYER LITHOGRAPHY 

 

          Bi-layer lithography is a technique that utilizes two layers of different types of resists to 

create an undercut structure of the resists that are not exposed. The undercut gives rise to clean 

lift-off of the deposited thin film, preventing sharp spikes at the edges of lithographic patterns. 

The well-defined and smooth edge of Au electrodes are critical for the assembly of carbon 

nanotube on top of the nano-electrodes because the size of the nanotube can be much smaller 

than the typical sharp spikes at the Au electrodes and thus they can hardly be assembled onto the 

electrodes. The bi-layer technique can be incorporated into both photolithography and e-beam 

lithography. The detailed resist coating and developing procedures are described here for both 

two types of lithography. Since the bi-layer lithography does not require any change in exposure 

parameters, the steps related to exposing process are not included.  

 

1. The sample cleaning and pre-baking processes are performed in the same way as 

described in appendix A and B 

2. The PMGI SF6 resist is spin-coated on the substrate at 5K/rpm for 40 seconds, followed 

hotplate baking at 250ºC for 90 seconds.  

3. The second layer of resist (either AZ or PMMA) is then spin-coated on top of the PMGI-

coated substrate and baked in the same way as previously described. 

4. Expose the samples and develop the top layer in the same way.  

5. For PMMA, the PMGI resist is developed in a 19ºC 101A developer purchased from 

Microchem for 120 seconds. (The temperature control is extremely important and can 

largely affect the appropriate developing time ) For AZ photoresist, the sample is first 

baked at hotplate at 115ºC for 3 minutes to harden the photoresist and then developed in a 

5% tetramethylammonium hydroxide (TMAH) solution in DI water for 55 seconds. 

Finally, the sample is rinsed thoroughly with DI water and dried with pure nitrogen. 

6. Perform thin film deposition 
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7. Lift-off processes comprise of two steps. The top layer of AZ photoresist or PMMA is 

removed by acetone as described in appendix A and B. The bottom PMGI layer is 

removed by soaking the sample in 20% TMAH for 3 minutes, followed by thorough 

rinsing of water and drying with pure nitrogen. If the sample needs to be further 

functionalized with organic SAM, the soaking of TMAH has to be performed three times 

in three separated TMAH solution to make sure the PMGI residues are removed 

completely. Before being transferred from one TMAH solution to another, the sample is 

thoroughly rinsed with DI water. After taking out the sample from the last TMAH 

solution, the sample has to be flushed with DI water for at least 1 minute to completely 

remove the metallic ions contained in TMAH solution.                                                                                      
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APPENDIX D 

 

DIP-PEN NANOLITHOGRAPHY WITH PRECISE ALIGNMENT 

 

          Dip-pen nanolithography has been extensively used as a major technique for fabricating 

the molecularly modified hybrid devices in this dissertation work. In most cases, the molecular 

patterns generated by the DPN are required to align well with the existing structures on a 

substrate for the purpose of selective functionalization. The detailed procedure to align the MHA 

pattern to the center of a mimic Hall cross is described here for a general guidance.  

 

1. Along with the definition of the mimic Hall cross through the e-beam lithography, 

alignment marks outside the area of the interest of the device are made in such a way that 

the center points of the numbers of alignment marks can precisely determine the relative 

coordinates of the center points of each mimic Hall cross to those alignment marks. 

2. When performing the DPN, the MHA-coated AFM tip is first dropped in contact with the 

surface of the device close to one of the alignment marks. The AFM tip is then used to 

image a reasonably large area that can include the alignment mark.  

3. After finishing the imaging, import the image to the scanning screen so that the scanning 

area can be projected onto the imported image. Reduce the scanning area sufficiently, 

such as 50nm, and drag the scanning area to the center of the imported image.  

4. Write down the coordinate of the AFM tip when the scanning area is placed right at the 

center of the imported image. 

5. Without lifting the AFM tip, move the AFM tip close to other alignment mark and repeat 

step 2, 3, and 4.  

6. When the coordinates of two alignment marks are acquired, calculate the relative 

coordinate of the center of the mimic Hall cross. 

7. Without lifting the AFM tip, move the AFM tip further away from Hall crosses and 

perform a stationary DPN writing of MHA and subsequent scanning of the pattern to 

determine the diffusion rate of the molecules. 



164 
 

8. Finally, directly move the tip to the center point of the Hall cross and pattern the 

molecular SAM with appropriate deposition time. 

9. Repeat the steps 2-8 until all mimic Hall crosses are patterned with MHA SAM. 
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APPENDIX E 

POLY-DIMETHYLSILOXANE MICROFLUIDICS 

 

          For most biological detection with solid-state sensor, one of the primary problems is the 

compatibility of the device to aqueous environment. Hence, it is desirable that sample solution is 

introduced to only the active region of the device without shorting to other circuits. To the end, 

the integration of microfluidic channel to the solid-state biosensor can confine the flow of the 

liquid in channels having cross-sectional dimension on the order of 1-100 μm, thus giving rise to 

flexibility in designing what, where, and when sample solution should be introduced to the 

sensors. The most popular material of choice to date for fabricating microfluidics is the flexible 

and biologically compatible poly-dimethysiloxane (PDMS). The PDMS replica is solid but 

relatively soft and its surface is adhesive. Thus, when it is integrated to a surface of substrate 

with topographical features, the deformable nature of the PDMS can still result in good channel 

sealing. Since the design of the microfluidic channel based on PDMS is highly flexible, the 

procedure described below is specifically for fabricating the microfluidics used in chapter 5. 

 

1. A master is fabricated by photolithography with thick photoresist, such as SU-8 from a 

Si/SiO2 substrate, which defines the circuit channels and reservoirs. 

2. Millimeter wires can then be mounted and connected to the reservoir to define the access 

holes for the channels.  

3. The PDMS product we use contains a base and curing agent, which are mixed upon use 

with the weight ratio of 7:1. If softer replica is preferred for certain circumstances, the 

ratio can be modified to 10:1 without significant degradation of the material properties. 

After the base and curing agent are mixed well, bring the mixture to a vacuum container 

to completely remove the air bubbles.  

4. Pour the mixture onto the mold prepared by the photolithography and bake at 65ºC in air 

for 6 -10 hours.  
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5. Remove the mold from the PDMS replica and sonicate the PDMS replica in DI water to 

clean up the surface of the replica. Avoid Sonication in any organic solvents because they 

will greatly reduce the adhesiveness of the PDMS surface 

6. Attach the PDMS replica to the device surface and align the channel to the active region 

of the device through optical microscope. 
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