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Abstract 

Nanostructures are being intensely studied due to unusual material properties 

and simple scaling concerns in the microelectronics industry.  Fabricating useful nano-

scale structures and devices, either by arranging existing nanoparticles such as carbon 

nanotubes or by manipulating bulk materials into nanometer-scale geometries, is a 

challenging prospect.  One promising approach is to generate a nanometer-scale pattern 

and transfer that geometry into another material.  The research described in this 

dissertation concerns the fabrication of nanometer-scale patterns, by Atomic Force 

Microscope-based methods and Electron Beam Lithography, on planar surfaces and the 

transfer of those patterns into functional materials.  Differences in surface energy were 

used to guide the growth of bulk conducting polymer along predefined nano-scale 

patterns.  Carbon nanotubes were assembled into an ordered and continuous material 

with no guidance and used to lithographically write silicon oxide nanopatterns on a 

silicon surface.  Finally, the two previous projects were combined, and surface energy 

patterns were used to guide the deposition of dense carbon nanotube bundles along a 

planar substrate.  
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1. Generating and Adding Function to Nanoscale 
Surface Patterns Today 

1.1 Introduction 

Nanoscale structures and architectures have been the subject of intense interest 

and investigation in the last several years.  In addition to continuing the steady descent 

of microelectronics into smaller and smaller size ranges (with the associated rise in 

performance) nanoscale devices offer wholly new properties, as surface and quantum 

effects begin to take a more prominent role in determining the device behavior.  High-

performance electronic logic elements,1-3 photonic devices,4 accurate chemical sensors,5, 6 

and tools for biological7 and quantum mechanical8, 9 research are just some of the uses 

for nanostructures that have been explored so far, and many more are expected to be 

discovered as the field matures.  Many types of nanoparticles have been synthesized 

which demonstrate unique optical, semiconducting, magnetic, and thermal properties.  

Methods to create patterns with nanometer feature sizes have also proliferated, mainly 

applied to a flat planar substrate in analogue to current integrated circuit fabrication 

schemes.  In order to achieve the promise of nanotechnology, these two advantages of 

function and density will have to be combined – that is, methods to produce nanoscale 

structures with control over the material properties as well as the geometry must be 

developed.  However, not all materials can be patterned with equal resolution and 

accuracy, and it is not surprising that the set of materials with good patternability shares 
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little overlap with the set of materials with the most useful properties.  Creative 

techniques are required to take full advantage of both.  As a benchmark, current 

semiconductor manufacturing processes typically deposit the functional material over 

the entire substrate, and define the geometry by using another layer onto which the 

desired pattern can be defined.  The patterned layer resists either deposition or removal 

of the functional material. The protective layer is removed once its purpose has been 

served, and the cycle is repeated as necessary.  Patterning of the resistant layer is 

typically performed by exposing a light-sensitive polymer to UV rays, whereupon it 

undergoes a change in solubility in particular solvents.  This process, called 

photolithography, has a resolution limit determined by the wavelength of the light used 

to induce the chemical change in the resist layer.  The resolution attainable through 

photolithography has been pushed further and further, by increasingly extreme means,10 

but continuing with the photolithographic patterning scheme is expected to eventually 

become impractical.  Since industry is unlikely to become content with its 

manufacturing capabilities when this limit is reached, new patterning methods will be 

needed to create the next generation of devices.  As mentioned above, defining the 

geometry of a patternable material is useless unless it can be used to define the geometry 

of a functional material, and so these methods, too, need to be developed.  Fabrication of 

nanostructures in functional architectures will also allow basic research into the 

properties of low-dimensional matter.  Following the semiconductor model, we can 
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expect this to be most easily achieved by forming a pattern using one scheme, then 

transferring the geometry into another by making use of chemical reactions or physical 

interactions that are specific to the patterned region. 

This dissertation collects and summarizes several research projects performed 

during the years 2004-2008.  The common theme shared by these projects is an attempt 

to develop practical methods to pattern materials with useful properties into useful 

shapes.  This goal is pursued by forming patterns in one material, then chemically 

replacing the original material with another, more technologically interesting, material 

while retaining the patterned geometry.  This general scheme is accepted throughout 

science and industry for fabrication of microscopic features in functional materials.  To 

understand the goals and the significance of the projects described in later chapters, it is 

important to be familiar with the state of the art in the field.  Methods to form useful 

geometries in susceptible materials, methods to transfer those patterns into functional 

materials, and applications to which those functional patterns may be applied are 

reviewed fairly extensively in this chapter.  Many of the studies reviewed here use a 

micrometer-scaled pattern to demonstrate transfer from the first chemical scheme to the 

functional one.  These remain of interest as long as the pattern transfer is likely to be 

effective for nanoscale patterns as well. 

A discussion of the relative merits of different patterning methods will center 

around resolution.  Unfortunately, it is difficult to evaluate different patterning methods 
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based on the resolution of the resulting patterns because there are a large number of 

factors that influence the resolution and so must be taken into account.  Most critical is 

the chemical scheme used to create patterns, especially the substrate.  In general, metal 

substrates allow higher resolutions, but at the expense of utility in the final product.  The 

functionality of the metal is likely to dominate over that of any functional material 

formed from surface patterns.  Control over the conditions during patterning also can 

influence resolution significantly.  It would be misleading to directly compare the 

resolutions of patterns formed under ambient conditions to those on which more effort 

has been spent to optimize conditions. 

 

1.2 Methods of Surface Chemistry Patterning 

1.2.1 Self-Assembled Monolayers 

Not so much a surface patterning method as a motif, discussion of surface 

patterning is likely impossible without a working understanding of self-assembled 

monolayers.  Self-assembled monolayers, shortened to SAMs, are created by simply 

exposing the surface to be modified to a molecule that will bind to it in a predictable and 

regular manner.  A surface thoroughly coated with a SAM will have entirely different 

chemistry from the unmodified surface, as the molecule making up the monolayer will 

be presented to the chemical environment, while the original surface will be hidden. The 
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bulk electrical, optical, and mechanical properties of the substrate may be retained.  A 

familiar example is the modification of a glass automobile windshield with a 

hydrophobic silane, which dramatically reduces the adhesion of raindrops.  Many SAMs 

can be applied relatively easily and, importantly, can be patterned just as easily, by 

many different methods.  The most typical SAM/substrate schemes are alkanethiols on 

Gold. (Silver or Copper are also appropriate substrates.)  The gold/thiol system gives the 

best resolution and feature edge smoothness, and is usually chosen as a demonstration 

system for new techniques. However, it is often more useful to form patterns on a silicon 

oxide substrate, and for this trichloro- or trialkoxy-silanes are preferred.  Alkene/Alkyne 

grafting onto H-terminated silicon surfaces has also been achieved.11  Phosphate-

terminated molecules can form monolayers on the oxides of metals such as titanium or 

aluminum.12, 13  To generalize, the most common SAM molecules consist of an alkyl 

chain with two terminal endgroups of different chemistry, one for strong binding to the 

surface, the other to present the desired functionality to the environment.  Larger, more 

complex molecules may also be attached, with multiple surface binding groups for each 

functional group allowing precise orientation of the functional entity.   

To get predictable surface chemistry from a SAM, the monolayer must be well-

ordered, that is, only one of the endgroups should bind to the surface, and only the 

other should be presented to the environment.  This limits the surface chemistries 

available from SAM-forming molecules, as the desired functional endgroup may 
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competitively bind to the surface, resulting in an uncontrollable mixture of endgroups 

presented to the environment.  This is often a problem for carboxylic functionality, 

which offer attractive routes to further functionalization, but often bind competitively to 

the surface.  Many schemes have been developed to expand the range of chemistries 

available while retaining the nanoscale patternability of SAMs.  Indeed, such methods 

make up a bulk of this review’s subject material.  The chemistry of SAM patterns is 

expanded by some kind of selective reaction either at the SAM itself, or those areas of 

the surface not passivated by the monolayer.  In perhaps the simplest case, a SAM 

chemist will passivate the functional group at the molecule’s “tail” end with some 

protective group that does not bind to the surface, then remove or alter it in a 

subsequent reaction once the monolayer has formed.14, 15  In the reverse scheme, 

functional nanoparticles or chemical species are added to the end of a SAM molecule in a 

reaction that proceeds only upon the application of some externally applied stimulus 

such as UV light.15  Surface patterns can also be used to assemble precursors which will 

be made functional by a chemical reaction.  Some species assemble into monolayers or 

thin films that display useful patterns as-formed, with no top-down modification 

necessary.  For example, block copolymers (BCP) and S-Layer proteins self-assemble 

into crystalline arrays, with a regular periodicity which can be transferred to adsorbed 

arrays of nanoparticles.16, 17  Most often, however, SAMs are used as a substrate onto 

which patterns may be written.  Many methods to write these patterns exist, including 
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local decomposition by an electron or ion beam,18 decomposition by a local electric field, 

physical removal by a scanning probe, as well as local application, as with soft 

lithography.  Some selected patterning methods are reviewed in the following sections, 

with an emphasis on their applicability to SAM patterns.   

1.2.2 Scanning Probe Microscopy-Based Methods   

SPM, or scanning probe microscopy is used to investigate surface properties 

through some type of interaction between a sharp nanoscale “tip” and the substrate.  By 

increasing the intensity of these interactions, the surface properties being investigated 

can be altered as well.  Since the range of the tip-surface interactions is by necessity very 

small, SPM lithography (SPL) methods stand out in their ability to create extremely 

small surface patterns of arbitrary geometry.  The two main categories are divided by 

the signal used to gather information on the surface.  Scanning tunneling microscopy, 

developed in 198219, uses tunneling current between the tip and surface as the measured 

signal.  Atomic Force Microscopy (AFM), developed in 198620 uses instead the 

mechanical deflection of the tip, usually measured by reflecting a laser off the backside 

of the tip.  Here, the force applied to the tip can be determined through Hooke’s law, 

F=kx.  The spring constant of the cantilever, k, must be known accurately for each 

individual tip if fine control over the force is to be exercised.  To this end, several 

methods for calibrating the spring constants of cantilevers have been developed.21, 22  In 

addition to static deflection, the tip/surface force can also disturb an oscillating tip, and 
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more subtle or long range interactions can be so measured.  For lithography, the type of 

interaction being exploited determines the type of pattern created.  Surface material can 

be physically removed or deformed by increasing the contact force23 (nanoshaving), a 

mobile chemical ink can be transferred from the tip to the surface 24 (dip-pen, or DPN), 

or the surface can be electrochemically altered by a tip-applied electric field25-28 

(anodization lithography).  The great flexibility allowed by this range of exploitable 

interactions allows SPL to be used on many different substrates to form many different 

types of patterns, and represents possibly SPL’s greatest advantage.  This range has been 

continually developed since the introduction of SPL.   The environment surrounding the 

tip/surface system can vary greatly, from ambient conditions, to ultra-high vacuum, or 

any number of solutions containing any number of active species.  Many combinations 

and variations of the above mentioned techniques are available.  SPM technologies are 

accessible, can be used to gather data on the success or failure of patterning attempts, 

and are very flexible with regards to pattern geometry.  No expensive masks are needed.  

Also, since SPL methods are based on an imaging technology, the effects of surface 

patterning can be easily investigated or verified, and registration of multiple 

lithographical steps is possible.29  Since SPL methods have yet to take over small-scale 

fabrication, readers may anticipate a number of critical weaknesses.  These are that 

resolution may be inconsistent due to wear-induced changes in the tip geometry, and 

the limited throughput, due to the serial nature of the technique.  This latter problem has 
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been addressed by the use of several AFM tips in parallel for DPN applications,29 in 

ever-increasing numbers.30  Someday, SPL may be integrated into industrial fabrication 

systems, but in the meantime it still represents an important scientific tool for the study 

of nanoscale surface patterns.  The body of work exploring the possibilities of scanning 

probe lithography on SAMs is too large to describe completely here, but has been 

summarized nicely in a number of reviews.31, 32  SPL methods can be grouped roughly 

into three basic categories based on the nature of the surface modification being 

performed.  These groups, described briefly below, are: Additive, in which material is 

delivered to the pattern by the tip; Subtractive, in which material is removed from the 

substrate by the tip; and Transformative, in which the tip induces a localized change in 

the substrate to generate patterns. 

1.2.2.1 Dip-Pen 

AFM-based additive processes are referred to as Dip-Pen-Nanolithography, or 

DPN, due to their resemblance to the traditional quill/inkwell type of writing.  DPN was 

introduced in 1999, by Mirkin and co-workers.24  Briefly, an AFM tip is coated with a 

mobile chemical species – the “ink” which is transferred to the substrate where 

contacted by the tip.  The transport of ink molecules to the substrate depends critically 

on the formation of a nanoscale liquid meniscus between the tip and surface,33, 34 as 

illustrated in figure 1.  Earlier efforts to achieve tip/surface molecular transfer that did 

not take this phenomena into account yielded poor results.35  Feature size in most cases 
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is determined by the speed at which ink species travel from the tip and along the 

surface.  Experimental studies have led to a diffusion-based model that takes into 

account tip scan speed, relative humidity, surface chemistry and roughness, 

temperature, and ink mobility.36, 37  Density functional modeling of SAM generation by 

DPN predicts a different mechanism, however, with slightly different kinematics.38  This 

kind of direct writing is impossible for many materials, however.  In particular, solids 

are obviously not mobile enough to readily be transferred like an ink.  For some 

materials, simply using a heated tip is enough.39  For cases in which a high melting point 

makes this impractical, the desired material can be chemically generated in-situ with a 

reaction confined to the tip, usually within the liquid meniscus.  To get good results 

from this approach, the reaction at the tip must only proceed during writing, and so 

some method must be found to impose this control.  By coating the tip with two or more 

chemical reagents, at least one of which must combine with water before it can form the 

insoluble product, crystalline solid structures may be written, for example III-V 

semiconductors such as CdS.40  Electrochemical reactions requiring only one reagent, 

such as reduction of a metal salt,41 decomposition of organic solvents,42 or 

electropolymerization of a monomer43 may be preferred.  In this case, the reaction 

proceeds only when an externally controlled electrical bias is applied to the tip.  The tip 

will not write while imaging, which is convenient when the written structures should be 

registered with other preexisting structures.  The ink also need not be reacted during the 
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writing.  For example, DPN patterns of a sol-gel ink were produced that, upon heating, 

yielded solid inorganic magnetic structures.44  The range of materials that can be 

patterned by dip-pen nanolithography is too great to catalogue here exhaustively, but to 

give a general overview, alkanes,14, 45 polymers,43, 46 dendrimers,47 nanoparticles,48 

metals,41 semiconductors,40 DNA, 49, 50 and protein patterns46, 51, 52 could be considered an 

illustrative list of highlights.  Some examples of patterns generated by various DPN 

processes are shown in figure 2, and more are described in greater detail in a recent 

review.53  The resolution of DPN depends highly on the substrate and ink used.  

Features as small as 10-15 nm may be written with a gold/thiol system, while more 

functional inks such as proteins may not form features smaller than 100 nm.  The 

mobility of the ink and the specificity of its interaction with the surface appear to be the 

factors that dominate the variance in minimum feature size. 
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Figure 1: A schematic diagram of Dip-Pen Nanolithography (DPN). A scanning 

probe tip coated with an “ink” molecule deposits the ink through a condensed water 

meniscus to the substrate, where monolayer structures are formed along the scan 

direction. 
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Figure 2: AFM images of features created by DPN.  A) Lateral force image of 

Octadecanethiol dots on gold. Taken with permission from reference 24. B) Metal 

features created by etching a thin film locally protected by mercaptohexadecanoic 

acid SAMs patterned by DPN. 

1.2.2.2 Subtractive 

Subtractive lithography proceeds by applying either a large enough physical 

force with the tip that material at the surface is removed or deformed, or by applying an 

electric field of sufficient intensity to remove adsorbed material.  In the case of a surface 

coated uniformly with a SAM, a properly applied force will break bonds of the 

monolayer without deforming the underlying substrate, while a voltage applied by the 

tip to a conductive substrate will cause the monolayer to desorb (but may also start 
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unwanted reactions with the underlying substrate if not carefully controlled).  When a 

SAM is removed, the chemical affinity of the original surface is restored, so if subtractive 

lithography is performed in the presence of another viable SAM-forming molecule, the 

second will immediately replace the first in a process known as nanografting.27  Besides 

SAMs, 3-dimensional network passivating layers such as the native oxide of silicon or a 

thin polymer film on a more chemically active substrate can be used in this type of 

patterning.  Silicon, for example, allows the easy formation of a wide range of 

monolayers, and has a thin (<2 nm) native oxide which can be removed by a scanning 

probe.54  Compared to removal of a SAM, scratching of a solid typically involves much 

greater tip wear, and more roughly defined features.  Scratching also grants the ability to 

create topographic patterns, which are useful for a number of applications, but are not 

covered in this review.  Generally, features formed by scratching are typically much 

more irregular than those formed by DPN or transformative SPL methods.  In order to 

obtain continuous lines, scratched features typically must have linewidths 100 nm or 

over. 

1.2.2.3 Transformative 

Typically, the weakest bond in a SAM/substrate system is the bond that allows 

specific adsorption, and so subtractive lithography removes the adsorbed molecule in its 

entirety.  Alternately, a cleaving group can be inserted, allowing the monolayer to be 

controllably decomposed, exposing new chemical functionality to the environment.15  
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Monolayers can be electrochemically altered by a tip-applied field to create patterns of 

increased chemical activity for further addition.55-59  Depending on the substrate, the 

environment may need to be carefully controlled to prevent unwanted reactions 

(notably oxidation of the surface, expanded upon below) from overwhelming the 

desired product.  A scanning probe tip can be functionalized with a catalyst and 

describe patterns in a specialized surface layer by catalyzing chemical reactions where 

the tip contacts the surface.  Ink diffusion effects are avoided in this case, and there is no 

need to re-ink the tip.  This technique has been used to localize hydrolysis of azides60 

and ethers,61 Suzuki coupling reactions,62  addition to terminal alkenes,60 and reduction 

of imines.63  

Direct electrochemical transformation of the bulk substrate itself is possible for 

some materials.  Anodic oxidation of the substrate by a tip-applied voltage is one of the 

oldest known SPL methods.25  Silicon, passivated by hydrogen-termination, methyl-

termination64 or a native oxide, represents the most studied substrate for this type of 

lithography, along with aluminum,65 or other bulk conductors or semiconductors.  Using 

a heterostructure as the substrate, such as a gallium arsenide-based 2-D electron gas, 

allows the direct writing of sophisticated devices.9  Oxidation of the substrate can be 

controlled more precisely than any other SPM-mediated reaction, and can be used to 

create impressive microscopic images such as the one shown in figure 3.  A liquid 

meniscus, as with DPN, is found to influence the oxidation reaction.  A SAM can 
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influence lithography of the underlying substrate, either by influencing the condensed 

meniscus through the functional group,66 or by serving as a dielectric resist.67  As 

understood, hydroxyl groups generated by the electric field attack the surface to 

generate the oxide.68, 69    In water, the formation of H3O+ among other processes causes 

the reaction rate to drop off rapidly. The use of an ethanol solvent bridge, generated 

from vapors in the same way as a typical water meniscus, avoided this and allowed 

accelerated oxide generation.70  In another study, use of dry ethanol resulted in the 

transformation of silicon to silicon carbide, as verified by X-ray photoemission 

spectroscopy.71  Growth kinetics of the electrochemically formed structures was found to 

vary for different organic solvents.72  Octane gave structures that resisted HF etching, 

suggesting that they too may have been silicon carbide.  In addition to a bulk substrate, 

nanowires or nanotubes can be altered by tip-induced oxidation, yielding devices with 

entirely new electronic properties.73  In the cited study, oxidizing species were brought 

to the site as in DPN and induced to react by the applied field.  Heated tips can be used 

to induce topological change in thermoplastic substrates.74  Theoretically, local heating 

could be used to control chemical reactions as well. 

Oxidative lithography has excellent resolution and throughput. (for an SPL 

process)  This must be measured against the limitations in substrates on which it can be 

used.  The electrochemical nature of the process requires that substrates be conductive.  
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Other transformative SPL processes vary too widely in their resolutions to summarize 

here. 

 

Figure 3: This portrait of Zhores Alferov on a thin film of Ti demonstrates the 

control and precision available with SPM oxidation.  Reproduced with permission 

from NT-MDT’s scan gallery. 

1.2.3 Microcontact Printing 

First developed by Whitesides and coworkers in 1993,75 microcontact printing, or 

µCP, uses physical contact between the substrate and a patterned elastomeric “stamp”.  

The stamp is coated with a chemical species that is sufficiently mobile and will adsorb to 

the sample, called the “ink”, much like DPN.  However, if DPN is analogous to writing 

with a pen, µCP is a printing press.  This analogy also describes fairly accurately the 

differences between the two techniques in effort required to describe the first pattern 

and in throughput.  Like a printing press, the stamp is brought into contact with the 
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substrate and ink is transferred between them.  Typically, the stamp is patterned 

topologically, so the ink is transferred to the substrate only in areas where the contours 

of the stamp allow contact with the substrate, thus reproducing the pattern of the stamp 

on the substrate (figure 4).  A less common approach uses a flat stamp with patterned 

surface chemistry which enables selective transfer of ink.76  Microcontact printing is 

usually used with relatively simple repeating patterns such as parallel lines or arrays of 

circles.  While, in theory, complex functional patterns can be made as well, fine 

registration with previously defined features is difficult, which limits their utility.  

Due to its accessibility, ease of use, and high throughput, Microcontact printing 

is by far the most frequently used method for generating surface chemistry patterns in 

studies demonstrating pattern transfer.  As most commonly used, µCP’s resolution is 

limited by material properties of the stamp to a few micron pitch, which means that 

patterns so generated are not technically “nanopatterns”.  The chemical patterns that 

result from this method, however, have very distinct borders, if made with good 

procedure, and so are assumed to be analogous to truly nanoscale patterns using the 

same chemical motif.  Microcontact printing is also quite versatile in the types of ink it 

can pattern, from simple alkanethiols,75 alkylsilanes,77 and proteins,78 to nanoparticles79 

and polymer thin films.80 
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Figure 4: A schematic diagram of soft lithography.  Liquid PDMS mixed with a 

cross-linking agent is poured over a relief patterned master and allowed to cure.  The 

solid stamp is then removed, and the relief pattern is duplicated.  Chemical ink is 

applied to the stamp, and ink is transferred to a substrate.  In the standard procedure, 

after the stamp is removed, chemical patterns of the same size as the relief patterns 

are produced.  “Edge stamping” occurs when enough contact force is applied to the 

elastomeric stamp to cause deformation. 

Resolution limits of conventional stamps arise when the relief features are so 

small, they cannot support the weight of the stamp, and  the  recessed areas collapse or 
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the raised features buckle.81  By using a composite stamp with the relief features 

patterned in a hard, thin layer of silicone supported by a more flexible layer, this can be 

avoided down to much smaller sizes.82  Truly nanoscale relief patterns can be made 

using different polymers for the stamp material and nanostructures such as carbon 

nanotubes as casting templates.53  More sophisticated techniques can also be used to 

overcome the limitations on feature size and pitch of microcontact printed patterns 

without the use of more exotic materials.  “Edge stamping” involves applying a large 

normal force to the elastomer stamp, causing the recessed “negative” portion of the 

stamp, which does not ordinarily touch the surface, to buckle downward.  The stamp 

will then contact the substrate nearly everywhere, with gaps only present at the edge of 

the raised “positive” features.  The molecular ink to be printed will be forced into these 

gaps by the pressure (figure 4).  Similar patterns can be prepared by a technique with a 

similar name.  Edge transfer lithography uses a standard relief-patterned elastomer 

stamp with surface chemistry such that the ink dewets from the stamp in the areas that 

contact the substrate, possibly due to chemical modification of the surface.83  The ink will 

then not attach to the areas contacted by the stamp, and will instead be transferred to the 

substrate along the edge of the relief features rather than at the planar contact area.  Like 

edge stamping, this allows much smaller feature sizes, and line pitch can be cut in half. 

However, it is incompatible with some inks, such as alkanethiols, that can travel through 

the material of the stamp.  This limitation has been overcome by modification of the 
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stamp with an anisotropic process rendering the horizontal surfaces that contact the 

substrate impermeable to the ink, while the sidewalls remain permeable.84  Using such 

stamps, ink can only pattern the substrate by diffusing from the stamp edges, and is 

repelled from the areas where the stamp contacts the substrate.   Diffusion of the ink 

away from the stamp in more general soft lithography is usually a problem that limits 

the feature edge resolution, but can be taken advantage of to create otherwise 

inaccessible features such as concentration gradients.85  Many other methods exist to 

improve the capabilities of microcontact printing.86 

Microcontact printing is of interest because it can pattern large areas in parallel 

and can be used to pattern a wide range of materials and substrates.  While the 

resolution of the standard procedure is not impressive, many methods to improve this 

resolution are in development.  Each of these methods appear to limit the chemical 

palette of patternable materials, however.  An evaluation of these resolution-extending 

techniques is not possible at this point, so µCP should be considered a low-resolution 

process, at least in the context of nanotechnology. 

1.2.4 Other SAM Patterning Methods 

1.2.4.1 Nanoimprint Lithography 

Similar to microcontact printing, nanoimprint lithography uses a relief-patterned 

stamp to impress patterns upon a substrate.87  The stamps in this case are typically 
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created by deposition of nanometers-thick layers of two or more materials that can be 

etched at different speeds, followed by cleavage of the stack and etching to create the 

relief.  These stamps can then be used to create relief structures in a photo- or thermo- 

cureable low-viscocity polymer, which can in turn be transferred to a more functional 

scheme.  The resolution can be extended to less than 10 nm, the throughput is quite 

good, and the stamp can be re-used, but producing a useful stamp is very labor-

intensive and expensive compared to other methods reviewed. 

1.2.4.2 Parallel Local Oxidation 

Oxidation or decomposition of a SAM can be performed serially with an SPM 

tip, but to modify a larger area, larger cathodes, such as a TEM grid can be used.88  Relief 

patterns in the cathode will result in electric field concentration differences when a 

voltage is applied, and the pattern will be transferred to any material that respond 

electrochemically to the field.  The submicrometer resolution capabilities of this 

technique have been demonstrated, if for direct oxidation of silicon rather than using a 

SAM.89  As with SPL, the formation of a water bridge between the cathode and anode 

was believed to enhance the oxidation.  As such, hydrophilic/hydrophobic patterns 

formed with a relief-patterned cathode were able to be used in turn as a cathode for the 

patterning of another SAM-coated substrate, by guiding the formation of the water layer 

through which oxidation occurs.90 
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1.2.4.3 Photolithography 

Photolithography, mentioned earlier as the state-of-the-art in nanopatterning, is 

inducing chemical changes in a surface by selective exposure to electromagnetic 

radiation. Generally, light from a lamp is passed through a “mask”, or a transparent 

plate patterned with an opaque layer, so the underlying substrate under the opaque 

pattern is selectively shielded from the light, and a pattern in surface chemistry results.  

This method is of interest mainly due to its wide application in industry, which in turn 

stems from its ability to pattern numerous features simultaneously.  If used to pattern 

SAMs, this technique requires that the patterned molecules include some photosensitive 

moiety.  Enhanced-resolution photolithographies include near field optical, evanescent 

near-field, near field interference, and phase shifting mask lithographies.91  All can give 

feature sizes well below the wavelength of light used, but all impose some limitations in 

either throughput or pattern geometry.  Surface Plasmon manipulation can be used to 

achieve good transmittance of light through sub-wavelength apertures in an opaque 

(metal) mask, which can be used to generate nanoscale features.92   

1.2.4.4 Electron or Atomic Beams 

Scanning electron microscopy can be used to selectively decompose or alter local 

regions of a SAM by bombarding them with high-energy electrons.93  This potentially 

has very high resolution, but may leave behind a carbonaceous residue which hampers 

efforts to further functionalize patterned areas.  Beams of ions or neutral atoms94 have 
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also been used to generate high-resolution patterns in SAMs, as well as thin films of 

bulk material.95  Lower-energy ion beams may be used to add material to a SAM, 

providing a direct route to chemical contrast.96  Unfocused ion streams can also be 

focused locally by so-called Einzel lenses.97  This provides a method for high-resolution 

parallel pattern definition if used with an array of lenses that can be moved with respect 

to the substrate.98 

1.2.5 Methods to Directly Modify the Substrate 

1.2.5.1 Local Oxidation 

 A hydrogen-terminated silicon surface will, under ambient conditions, 

spontaneously develop a thin oxide layer after a few hours.  In the meantime, this oxide 

formation can be locally accelerated by lasers99, 100 or SPL-applied electric field,26, 28 to 

form patterns of oxide.  While the methods listed are serial, particularly field-induced 

oxidation using a probe, they also work in parallel if arrays of field enhancing asperities 

are used.  As an example, submicron oxide patterns were formed using a DVD as a 

cathode.89  Once this locally patterned oxide is formed, besides providing function in 

itself, it provides a starting point for chemical functionalization with potentially very 

high resolution.100  The most serious drawback to forming patterns on a conducting 

substrate such as silicon is that the structures formed are not electrically isolated from 
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one another, as they would be on an insulating substrate such as silica.  This rules out 

most electronic applications, but uses may still be found in sensors or assays. 

1.2.5.2 Ferroelectric Polarization 

Ferroelectric perovskite materials such as PbTiO3 exhibit a stable electric dipole 

moment, organized into discrete domains of similar polarization.  The orientation of 

these polarization domains can be changed to align with a local electric field - applied by 

using low-energy electron beam to induce a surface charge, or directly with a biased 

scanning probe.101  The polarization of these domains is stable over time, and their 

boundaries are distinct over 0.5-1 nm, giving these materials great potential for data 

storage. The electronic band structure at the surface of these domains is bent, and 

photogenerated hole-electron pairs will be separated, presenting charge carriers at the 

surface dependent on the domain polarization.  In the presence of the appropriate 

reagents, oxidation or reduction reactions will occur selectively at the surface of 

domains of only one polarization state. Thin films of ferroelectric oxides therefore 

present an ideal system for nanofabrication – their local properties can be controlled, 

and these properties can be used for selective deposition of other materials. For example, 

metal nanoparticles can be locally reduced from ions in aqueous solution, yielding metal 

nanostructures that reproduce the polarization pattern.102   
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1.2.5.3 Stress Patterning 

The surface chemistry of solids has been shown to change with mechanical 

strain.  Oxygen adsorption on a Ru surface was found to be enhanced at sites of tensile 

strain, and depleted at sites of compression.103  In addition to adsorption, covalent bond 

formation can be encouraged by strain of the substrate.  This selectivity lends itself 

naturally to nanopatterning.  Oxidation of Si surfaces, for example, has been shown to 

occur preferentially at sites of induced strain.104  The typical scheme for investigation of 

this effect begins with a hard surface bombarded with gas ions.  The substrate is 

annealed to heal the damage caused by the ion sputterning, and during this process the 

gas diffuses together to form small subsurface bubbles which push up causing nanoscale 

bulges, or blisters.  Surface strain is tensile at the center of these blisters but compressive 

at the rim, and these regions display divergent surface chemistries. 

1.2.5.4 Pattern Formation on Particles 

The vast majority of nanoscale surface modification has focused on planar 

substrates.  Particles as the substrate for chemical patterns offer their own set of 

advantages.  Assembling functional nanoparticles directly into complex 2- and 3-D 

patterns could open the door to entirely new classes of material and make many optic, 

optronic, and microwave applications possible.  This type of controlled self-assembly 

into multiscale assemblies by site-specific binding has been demonstrated using DNA 

fragments.105  For these assemblies to be useful, however, particles of useful material 
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must be assembled, either by attachment to specific sites in pre-formed assemblies, as 

with the DNA “tiles”, or directly, by somehow allowing selective binding.  Toward this 

goal, some groups have developed methods to produce chemically distinct patterns on 

the surface of submicrometer-scale particles.  For particles which may be smaller than 

the wavelength of light, photolithographic methods are not useful.  Nanoparticle surface 

modification, therefore, has relied on bombardment with larger species.  Controlled 

metal deposition can easily coat one side of a spherical particle with a thin film of metal, 

which opens a route to chemical functionalization, as described previously.106  Further, 

thermal annealing can induce a predictable rearrangement in the deposited metal.107  

Alternately, nanoparticles assembled at a phase boundary may be inhomogenously 

functionalized by a reactant only mobile in one of the two phases.108  Greater spatial 

control over metal deposition can be achieved using colloidal crystal multilayers for a 

shadow mask effect in which the top layer or layers block deposition of metal to the 

lower layers.  Since the layers of a colloidal crystal are aligned precisely with respect to 

one another, the deposited patches of metal film are positioned regularly over a large 

number of particles at once.109 
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1.3 Methods of Adding Function to Patterns 

1.3.1 Metal Patterning 

The patterning of thin films of metal on a ceramic substrate is used most 

frequently in the field of nanotechnology to create appropriately small electrodes for 

probing the electrical properties of a nanostructure of interest.  These metallization 

processes are central to the semiconductor industry and, as a result, an expansive body 

of knowledge exists pertaining to the deposition and patterning of such films as well as 

their properties.  Such a well understood, commonly available scheme makes a natural 

starting point for surface chemistry patterning on the nanoscale.  Metal surfaces, after 

all, are very different from the inorganic oxide surfaces on which they are usually 

deposited.  By far the most common example of chemical patterning through metal 

deposition involves evaporation onto silicon dioxide of a chromium or titanium 

adhesion layer followed by gold.  Metal structures can also be written directly by DPN 

methods.41  The metallized regions are then usually functionalized by some alkanethiol 

or alkanephosphate to avoid unpredictable surface chemistry from contamination of the 

high-surface energy gold.  Metal patterning may be seen as merely another route to 

pattern SAMs in this context, but patterning methods that rely on the surface chemistry 

of the metal or its oxide without going through a SAM intermediate also exist.3  Metal 

film structures can also be chemically converted into the corresponding metal oxide or 
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sulfide110 to make use of their electronic and optical properties while retaining the 

patterning. 

1.3.2 Specific Recognition/Reaction 

Multi-step reactions can occur for molecules bound to a surface just as in 

solution.  This is illustrated by familiar examples such as solid phase peptide 

synthesis,111 or polymer brushes, in both of which very large molecules may be created 

from relatively small immobilized initiators.  This approach is very useful for the 

creation of functional nanopatterns.  Once the original pattern is defined, it can be 

modified through a number of subsequent reactions to give complex products bound to 

the surface with good spatial definition.  These surface reaction processes are 

advantageous in that the reaction product can easily be isolated, simply by washing the 

surface.  However, any alternate products of side-reactions with the surface-attached 

molecules will be impossible to separate from the desired product, so only highly 

specific reactions are appropriate.  The original surface patterning should display great 

contrast in chemical activity to maintain the integrity of the patterns throughout the 

post-patterning reactions.  Use of a highly reactive monolayer as a starting point 

provides an easy route to functionalization,55, 58 but is unlikely to give well-defined or 

high resolution patterns.  Electrochemical oxidation of a methyl-terminated alkane has 

been shown to provide an attractive scheme, if performed on a highly robust monolayer.  

The resulting carboxylic groups allowed a wide range of subsequent functionalization, 
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while the remaining methyl groups were sufficiently neutral to prevent reactions 

outside the patterned area.57  This provides a general scheme for further reaction at the 

pattern, but for multifunctional patterns, a greater degree of specificity will be required.  

That is, patterned areas must accept one particular reagent, but resist functionalization 

with reagents meant for other patterned areas.   

Biomolecular recognition using surface immobilized peptides or oligonucleotides 

provides a route to extremely selective pattern functionalization.  The ability of a DNA 

sequence to accurately recognize its complementary sequence, with such fortunate 

consequences for life on Earth, is particularly well known.  It would be surprising if this 

specificity had not been utilized in surface pattern reactions.  In a work demonstrative of 

the potential for multifunctional pattern assembly by the Mirkin group, two different 

sizes of nanoparticle were modified with specific sequences of DNA and captured by 

surface patterns displaying the two complimentary sequences.50  The original surface 

pattern in this case was created by using Dip-Pen to deposit thiol- or silane- modified 

oligonucleotides onto a gold or oxide surface, respectively.  DNA fragments with other 

active terminal groups can be immobilized by a corresponding SAM.112  The patterned 

oligonucleotides were then used to “tell” the nanoparticles to which region they should 

adsorb.  The same technique was used to specifically immobilize nanoparticles bridging 

the gap between two electrodes to form a functional device.113  Theoretically, the 

technique can be used to direct the assembly of a much larger variety of nanoparticles in 
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a single deposition step.  Besides providing a route to add function to patterns, this 

specific recognition can also be a function in itself, as will be described in the section on 

genomics and proteomics. 

Proteins and peptide fragments can express affinity which, while not quite as 

specific as DNA, can recognize a much greater range of target materials.  The uses of 

these protein patterns for specific adsorption are described in detail later in this section 

as well as with the end applications of functional nanopatterns.  Briefly, surface-bound 

peptides have been used for the localization of other proteins,114 nucleic acids, small 

molecules,115 and inorganic nanoparticles.16, 17  The creation of these high-specificity 

patterns typically proceeds from addition to more general patterns by adsorption of a 

peptide to appropriately active groups on a neutral background.  Carboxylic acid groups 

on a methyl-terminated background was one of the first motifs to demonstrate such 

patterning,116  while an amino-terminated SAM against a poly- or oligo-ethylene glycol 

(PEG, OEG) background gives somewhat better pattern definition.117  These processes 

use non-specific adhesion, and thus will not selectively capture one particular peptide 

over another.  Protein arrays with feature sizes from 100 to 350 nm that displayed 

virtually no nonspecific binding were created by the Mirkin group.118  Besides ethylene 

glycol passivation, sulfobetaine119 and phosphorocholine120 groups can very effectively 

block protein adsorption.  To create a multifunctional array displaying areas of different 

functionality, each desired protein would need to be immobilized serially, which would 
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be prohibitively time-consuming for most of the potential uses for immobilized protein 

patterns.  Targeting chemical residues which are not present on all proteins with a 

specific linker, such as the thiol in cysteine with maleimide groups, allows for some 

degree of selectivity for multifunctional patterns.121, 122  These groups can be added to 

proteins by genetic manipulation.123, 124  Insertion of larger groups into the patterned 

monolayer and target can allow perhaps more specific attachment, at the cost of greater 

deviation from the wild type.  By functionalizing both the immobilized species and the 

protein to be attached with biotin and using streptavidin as a linker, a general scheme to 

create peptide patterns was demonstrated.114  Yet another route to specific 

immobilization method relies on electrodeposition of the amino polysaccharide chitosan 

on patterned thin film electrodes.  By applying a bias to an electrode in water, the local 

H+ concentration can be decreased, which causes chitosan to become insoluble and 

adsorb to the surface.125  To make this process generally useful, chitosan is hybridized 

with functional molecules or a selective binding agent such as DNA.  Because the initial 

chitosan immobilization step is dependent on an externally applied voltage, one 

electrode out of an array may be functionalized with no deposition on the others.  By 

serially dipping into solutions of differently functionalized chitosans, multifunctional 

structures can be created.126  These patterns retain their selective capture abilities 

through several cycles of target capture by the bound DNA followed by denaturing and 

removal of the target.127  To increase the binding activity of nanoscale peptide patterns, a 
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high surface-area support such as a zeolite128 or a dendrimer129 can be used to achieve 

higher density of functional groups.  A problem for selective capture using an 

immobilized group is that undesired species that do not bind specifically may still be 

captured through nonspecific adsorption, since the immobilized molecule is chemically 

distinct from its background.  This can be prevented by patterning with mixed SAM 

patterns containing a small amount of capture molecules diluted with more neutral 

molecules to present a tunable density of functional groups to their environment.122  This 

allows specific binding while retaining the nonspecific surface chemistry of the more 

abundant molecule. 

Synthetic molecules, while perhaps not as selective as oligonucleotides or 

peptides, offer a wide range of interactions and specificity, tunable to the task.  Further, 

they allow the patterns to be exposed to conditions in which biomolecules denature, 

which can greatly improve the ease of use.  While most sensor applications require 

highly selective receptors, device assembly typically deals with purified reagents, and 

simpler molecules will suffice.  The ability of β-cyclodextrins (CD) to capture 

hydrophobic species within their ring structure has been used as a selective 

nanopatterning substrate.  Adamantyl guest groups were used to bind fluorescent 

markers to the CD SAM.130, 131  Multivalent binding, that is, large molecules 

functionalized with several adamantyl guests, was used to achieve controlled 

orientation.  These patterns could be removed by rinsing with CD. 
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Proteins, in their function as natural factories, are responsible for the synthesis of 

a vast number of materials.  In addition to recognizing and binding to materials already 

present, patterned biomolecules can be used as initiators of new reactions and 

generators of new products that may also be immobilized.  Patches of immobilized 

enzymes were used to provide a source for thiocholine, which was captured by a nearby 

trap of exposed gold.115  This is particularly interesting because it is an example of 

surface patterns being functionalized by other surface patterns.  The same group also 

demonstrated a method to functionalize a surface with patterns of several different 

proteins in which enzyme patches retain their activity.132  It is possible to imagine a more 

complex system of such active patches and traps, perhaps combined with a network of 

nanofluidic channels, operating as a versatile molecular factory to produce and deliver 

small volumes of reagents.  Alternately, this type of pattern suggests considerable utility 

in biomolecular micro or nanoarrays, to be discussed later.  Surface bound proteins are 

capable of producing more than just simple molecules.  In nature, numerous examples 

exist of proteins with binding affinity for, or the ability to nucleate and crystallize, 

inorganic materials.  The shells of invertebrates and the bones of vertebrates are created 

by mineralization processes controlled by these specialty proteins.  Making use of this 

capability in surface patterns, inorganic particles can be assembled, or crystallized from 

solution in controllable geometries by immobilizing the appropriate peptide, either 

directly, or as expressed on the surface of a virus capsid shell.133 The extent of materials 
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available for selective protein adsorption is limited by nature to those used in biological 

systems, but this can be expanded to include other technologically interesting materials 

by artificial selection using phage display libraries.134 In this case, the peptide sequences 

displayed on the surface of the phage along with the coat protein interact with a metal 

oxide surface rather than one coated with a target protein.  Phages that display an oxide-

binding protein will adhere to the surface and not be washed away with the rest of the 

library.  The DNA sequence for this protein can be extracted and amplified from the 

bound phages.  Selective binding to or crystallization of RuO, FeO, ZnO,135 GaAs,134 Al, 

and Steel136 has been developed in this way.   

In addition to their ability to capture and assemble synthetic nanoparticles, 

viruses can themselves be used as building blocks with tunable properties for nanoscale 

architectures.  These viral assemblies are expected to provide a convenient route to 

selective biomolecular binding for use in sensors and proteomics.  Toward this goal, 

M13 viruses have been assembled into 2-D arrays by a pattern of holes in a thin layer of 

adsorbtion-blocking PEG.137  Genetically modified cowpea mosaic viruses were 

assembled into 30-50 nm lines by an SPM patterned alkanethiol functionalized to 

covalently bond with the virus.138  The complimentary group on the virus for chemical 

linking to the surface was introduced by the same route expected to add useful features 

to the virus, that is, genetic engineering.  This is also the case for phage selectively 

adsorbed on GaAs nanostructures on a SiO2 background.134 
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Nanomaterials displaying very useful properties have been synthesized in great 

varieties recently.  However, the difficulty of integrating such objects into multiscale 

architectures and complex circuits has so far limited their technological impact.  Their 

large size (on a molecular scale) prevents the use of material deposition methods such as 

thermal evaporation or sputtering which are normally used in fabrication of such 

systems.  One way to localize nanoparticles is to grow them in place using precisely 

positioned catalysts, and so create patterns or structures.  As mentioned, SAM patterns 

of proteins can nucleate inorganic materials,139 as can other functional SAMs,59, 140-143 or 

the interface between two differently functioned regions.  Nanoparticles themselves can 

serve as catalysts for other nanoparticles, particularly rods or tubes or other quasi-1-

dimensional structures.144  These 1-D structures are considered ideal for some electronic 

applications.   It has already been shown that they can be grown with a controlled 

orientation;145 if this can be combined with a known origin of growth, the 2-D position 

can be completely known, making integration into more traditional circuits much easier.  

Examples of this growth from patterned catalysts include growth of lines of vertically 

aligned nanorods,80 lithographically defined thin films of carbon nanotubes (CNTs),146 

and 3-dimensional structures.147  (Figure 5) 

Alternately, nanoparticles, nanowires, and nanotubes often can be synthesized 

first, then captured and immobilized from suspension onto a surface by binding to a 

particular functional group.148, 149  For example, the preferential adsorption of CNTs on 
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an amine-terminated surface has been demonstrated.150-152  This preferential adsorption 

on surfaces can be used to deposit individual nanoparticles in controlled locations as 

active elements in useful devices such as sensors and field-effect transistors, or in well 

defined aggregates such as colloidal crystals for optronics applications.153  Nanoscale 

chemical gradients have the potential to align nanoparticles with much greater spatial 

control than abrupt-edged features.85  Nanoparticles experience a lateral force due to the 

chemical gradient and are guided to its center, allowing very precise placement.  The 

selectivity of SAM/nanoparticle adsorption can be enhanced or expanded to arrange 

distinct types of nanoparticle on a single pattern by adding complimentary functionality 

to the nanoparticles themselves.154  One shortcoming of these assembly methods should 

be obvious if one considers the nature of nanoparticles’ unusual properties.  Due to their 

extremely large surface areas, the properties of nanoparticles are heavily influenced by 

the surface properties.  These interactions can be useful in some cases,152 but in others, 

making use of surface binding to bring nanoparticles into useful arrangements 

paradoxically can strip them of the electronic or optical properties that make them of 

interest in the first place!  One way to avoid this self-defeat is to use a selective binding 

scheme that can be reversed or removed once the particles have been successfully 

arranged.  This was demonstrated by Phaedon Avouris and colleagues with the high-

performance carbon nanotube field-effect transistors created by the selective adsorption 

of functionalized CNTs on metal oxides followed by annealing to remove the CNT 
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functionalization.3  The CNTs were functionalized by aryldiazonium salts with a 

hydroxamic group known to bind strongly to metal oxides.  The CNT-diazonium 

reaction does not disrupt the lattice structure of the nanotube, and the effect on 

electronic properties has been shown to be reversible.155 

 

Figure 5: a) Vertical Si nanowires grown from Au nanoparticles patterned by 

dip-coating.  From reference 84. b)  Three-dimensional structure of vertically aligned 

multiwalled CNTs grown from a microcontact printed surface pattern of regularly 

spaced catalyst nanoparticles.  From reference 152. 
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Figure 6: An example of sequential reactions at a chemically patterned surface, 

in which spatial information is transferred from a simple, easily patterned scheme 

into more functional materials. From reference 61. 

Surface reactions as described so far are reactions between a solute and an 

immobilized species occurring at the boundary between a fluid phase and a solid.  More 

complex chemistry is possible at the junction between two surface phases.  Adjacent 

domains of monolayers displaying complimentary functional groups were able to mimic 

the enzymatic production of metal oxides at low temperatures.156  Imidazole- and 

hydroxyl-terminated SAMs together were able to form Gallium oxide from an aqueous 

solution of Gallium nitrate.  Neither functional group by itself synthesized oxide.  If the 

reaction proceeded only briefly, oxide nanoparticles were found at the interface between 

the two functional domains in much greater concentration than in either domain.  If the 
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localization of the synthesized nanoparticles can be improved, this method could be a 

very simple route to the creation of complex nanoparticle-based electronic systems. 

Sequential reactions or chemical synthesis at a surface can be used to create 

patterns of large functional molecules with greater control over the orientation and 

density than would be available by attempts to immobilize the finished product.  

Conjugated polymers, for example, have many useful properties for microelectronics, 

sensors, and luminescent devices.  There are many ways to deposit pre-synthesized 

polymer from the solution or melt, but these, in addition to imposing limits on the 

material properties of the polymer to be patterned, typically have poor resolution.  

Another method is to localize a reaction initiator on a surface, and grow the desired 

functional polymer in place by bulk reactions.119, 157-160  This has been achieved using an 

initiator embedded in the matrix of a cross-linked patternable polymer to create 

optically active polyfluorene brushes in 100 nm patterns.161   

Simple electrostatic interaction can be used to build up surface structures 

through layer by layer deposition on a patterned surface of polyelectrolytes, or proteins.  

These multilayer patterns are formed through serial deposition of alternating cationic 

and anionic species, up to arbitrary feature heights.  An example system is biotinylated 

horseradish peroxidase and avidin.162  These multilayer structures will have the surface 

chemistry of the last layer deposited and can be transferred to another substrate in 

multilayer transfer printing, possibly assisted by an applied bias.163  Layer by layer 
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deposition has been used to produce electrically conductive,164  ionically conductive,165 

luminescent,166 electrochromic,167 photovoltaic,168 and biologically active169 thin films. 

More chemical reactions using a SAM as a reactant have been developed, and are 

summarized in these reviews.170, 171 

1.3.3 Wetting/Dewetting 

One of the most versatile routes to functional nanostructures begins with 

patterning the wettability of a surface.  Patterns in the hydrophilicity/hydrophobicity, or 

more generally the surface energy, can determine adsorption of molecules, growth of 

cells, or perhaps most powerfully the wetting and dewetting behavior of a solvent or 

mixture of solvents172.  If wetting behavior can be locally controlled, a wide range of 

materials can be deposited through selective condensation, guiding dip-coating 

deposition, or constraining droplet spreading.  Many methods to achieve a 

hydrophobic/hydrophilic switch have been developed, including electrostatic173, 174, 

electrochemical175, and photochemical176, 177 modification, either permanent or reversible, 

of surface layers, in addition to the many methods of patterning SAMs described earlier.  

Direct patterning of a silica surface is also possible, by dehydrogenating the silanol 

groups with high-intensity UV light or high local temperatures.178  This change is 

reversed upon immersion in water, however, and appears to be useful only for guiding 

condensation. 
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Our own work with polymer growth demonstrates the possibility of forming 

functional structures by guiding the condensation of a solvent and producing insoluble 

reactants.  In this work, hydrophilic patterns were formed on an otherwise hydrophobic 

surface.  These patterns condensed small amounts of water to form tiny reaction vessels 

into which vapor-phase reactants could diffuse.  The condensed water layer faithfully 

reproduced the shape of the original hydrophilic patterns, as did the final structures: 

conducting polymer nanowires.179  Hydrophobic hexamethyldisilazane monolayers were 

removed by physical scratching with an AFM tip, and guided the co-condensation of 

water and pyrrole monomer.  Patterns formed between two gold film electrodes allowed 

electrochemical polymerization of the condensed monomer to form polypyrrole 

nanowires.  AFM imaging revealed increased order in the hydrophilically templated 

samples as compared to unconstrained growth of polypyrrole on an unmodified silica 

substrate.  A similar effect was seen for sexithienyl thin film deposition on 

nanopatterned oxide templates.180  It is not clear exactly how the template imparts order 

in these cases.  It is also not clear by what mechanism the presence of a condensed water 

layer determines growth.  Electrochemical polymerization of pyrrole has been shown to 

proceed in highly anhydrous environments.  For our surface growth experiments, 

however, growth of pPy at low humidity or on strongly hydrophobic substrates is 

practically nonexistent (except at the edge of the gold electrodes, where condensation is 

enhanced). 
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Figure 7: A conducting polypyrrole nanostructure was electrochemically 

grown in the layer of water selectively condensed on hydrophilic silica exposed by 

removing a hydrophobic SAM with AFM lithography. 

Conducting polymer structures from a selectively condensed precursor were also 

prepared using a photochemical process.181  2,5-diiodothiophene was selectively 

condensed from the vapor onto thiophene-terminated SAM spots surrounded by CH3 or 

OH-terminated SAM.  A methyl-terminated background was found to have better 

wettability contrast than OH termination, and this led to better pattern reproduction. 

After irradiation with UV light, the condensed monomer polymerized to form 

polythiophene.  Small polymer islands were found outside the thiophene patterned 

regions for samples with greater separation between thiophene-terminated regions.  

This was interpreted as an effect of the spinodal length, characteristic of dewetting 

systems.  This suggests that the physics of condensation onto heterogenous substrates 

are similar to those of dewetting on heterogenous substrates.  Water can also be 

selectively condensed and used to localize reactions at defects on a highly oriented 
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pyrolytic graphite substrate.  Amorphous silica nanowires were grown from SiCl4 vapor 

in this way.182 

Alternately, depositing a liquid-phase reagent to a patterned substrate can result 

in the liquid dewetting from one of the surface domains, reproducing the patterns.  By 

subsequent reaction, the liquid can be changed to a functional material.  For example, 

magnetite (Fe3O4) rings have been synthesized from an iron (III) acetylacetonate 

(Fe(acac)3) precursor dewetted from a microcontacted surface.  In this work, hydrophilic 

circles on a hydrophobic background were created by printing 16-

mercaptohexadecanoic acid on a thin gold film with a PDMS stamp, and passivating the 

remaining gold with hexadecylthiol.  Water droplets were condensed on the hydrophilic 

regions from a saturated N2 stream.  The reagent was introduced by dip coating the 

substrate in a chloroform solution.  As the chloroform evaporated, a second dewetting 

event occurred, this time into rings around the water droplets.  The Fe(acac)3 was left in 

well-defined rings if its concentration in the original chloroform solution was below a 

critical value.  After heating in air, the rings were converted to magnetite and had a 

thickness of 400-800 nm.  This method had previously been used to produce polystyrene 

(PS) rings.183   

Droplets deposited on a surface chemistry-patterned substrate may also change 

shape to conform to the patterning.  This can be used to improve resolution of inkjet 

printing184 or to create narrow features in colloidal crystals.185  Nanoparticles can also be 
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created with controlled location and size by the evaporation of solvent droplets finely 

positioned by surface energy patterns.186  In this case, the surface patterning is used to 

measure out discrete volumes of reagent.  The direction of withdrawing from solution 

and the orientation with respect to gravity of the substrate during evaporation, also play 

a crucial role in the size and shape of the droplets formed. 

While the shape of droplets left behind gives some spatial control over 

deposition of material, the dynamic dewetting of a substrate can be used to gain still 

greater control.  Surface tension at the solid-liquid-vapor line has been seen to be a 

powerful tool for guiding the self assembly of nanoparticle structures.  Nanoparticles 

suspended at the liquid-air surface can be assembled on a uniform flat substrate into 

structures by solvent evaporation or dewetting, with pattern features determined by 

surface tension, dewetting speed, and particle concentration80, 159, 187.  In these cases, the 

nanoparticles are assembled into aggregates by distortions in the contact line, which 

spontaneously arise according to the parameters mentioned above.  These distortions in 

the contact line can alternately be created and guided by differences in the wettability of 

the surface.  This allows the controlled deposition of micro- or nanostructured 

aggregates of nanoparticles such as carbon nanotubes by a dip-coating process.188, 189  A 

controlled contact line can also be used to align nanoparticles already deposited on a 

surface with random orientations into more useful aggregates, with alignments either 

parallel or perpendicular to the direction of withdrawal.190 
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Figure 8: Nanoparticles localized by surface chemistry patterns:  (a) DNA-

funtionalized Au nanoparticles integrated into a circuit by electrode-immobilized 

complimentary DNA fragments.  Reproduced with permisison from reference 118. (b) 

Growth of calcite on carboxylic-/methyl-terminated alkanethiol patterns on a gold 

substrate.  From reference 145. (c) High density pattern of CNTs selectively dip-coated 

on a hydrophilic patterned region.  From reference 193. 
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1.3.4 Block Copolymers 

A Block copolymer (BCP) is composed of two or more covalently connected 

lengths of polymer, or “blocks”, each made of different repeating monomer units.  

Below an order/disorder transition temperature, the blocks of like chemical affinity 

aggregate together to form nanometer-scale domains whose size, geometry, and spacing 

are highly regular and determined by the lengths and properties of the different blocks.  

These materials allow the generation of useful patterns, capable of being transferred to 

other more functional materials, with a combination of resolution and range that is 

difficult to access with “top-down” methods such as photolithography.191  While control 

over the periodic spacing of domains is relatively straightforward to achieve, alignment 

of the pattern with other architectures will likely be necessary to use BCPs in functional 

devices.  Wettability surface chemical contrast patterns can again be used, by describing 

regions with chemical affinity and spacing analogous to that found in the bulk of the 

ordered polymer.  The registration of the surface patterns will continue into the polymer 

domains in a form of epitaxy.192   

Wettability patterns can also localize bubbles193 which may serve as resists for 

etching194 or other chemical processes. 

Perhaps more than other methods of functionalizing nanopatterns, wetting-

based methods will require serious theoretical work to be accessible for adoption in 

industrial processes.  Theoretical and experimental investigations of wetting phenomena 
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have for the most part not included systems of nanoscale patterns on planar substrates.  

Wagner and coworkers have quantitatively described the behavior of solvents dewetting 

from a substrate of patterned wettability in a dip-coating context.195  Although they only 

considered example systems down to several tens of microns, the trends observed - 

decreasing thickness of films wetting hydrophilic stripes with decreasing stripe width 

and increasing separation of adjacent stripes - were shown in experiment to hold for 

smaller systems.  However, the surface energy patterns that can be created with e-beam 

or SPL methods, for example, are smaller still.  Guiding a surface contact line with 

surface wettability patterns on the order of 20 nm has yet to be attempted, although such 

patterns are certainly accessible, with DPN of alkanethiols on gold, for example.  Fluid 

mechanics so close to a solid surface are dominated by entirely different phenomena 

than in more classical systems, and so dewetting behavior is likely to change 

dramatically from the micron to the nanometer regime.196  For cases in which 

manipulation of particles is the goal, the system becomes even more complex and 

requires more theoretical explanation.197 

1.4 Applications 

1.4.1 Power Generation 
Quantum dots have been shown to have great potential for solar power 

collection.198, 199  By allowing collection of photon energies greater than the bandgap, they 

allow an increase in the theoretical maximum collection efficiency from about 31% to 
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66%.  Higher efficiencies than those currently available will be necessary for the large 

scale utilization of solar power, but arranging quantum dots into architectures which 

allow the collection and use of the generated current has yet to be achieved.  Self-

assembly from solution-phase offers an attractive route to such organization.  Similarly, 

low dimensional materials have an advantage in thermoelectric applications, allowing 

the creation of systems for much more efficient thermal energy harvesting than those 

based on bulk materials.200 

1.4.2 Nanoelectronics 

Nanowires, nanotubes, and quantum dots exhibit remarkable electronic 

properties due to their low-dimensional nature.  Integrated into microelectronic circuits, 

these nanoparticles have made up the functional elements in high performance 

transistors1-3, single electron devices,201-203 and nonvolatile memory.204  Production of 

single-particle devices for research and evaluation purposes currently relies on flexible 

serial methods such as e-beam lithography, by which individual nanowires or 

nanotubes may be located and electrodes fabricated to contact them.  Other devices are 

produced by blind deposition of electrodes on a thin film of as-grown or as-deposited 

nanoparticles.205, 206  These latter devices are much easier to make, and the method can be 

scaled up, but the performance may be less than is desired.  This is particularly true for 

carbon nanotubes, which will be present in both semiconducting and metallic forms in 

any thin film.  A method for large-scale controlled creation of single-particle devices 
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involves selective deposition of nanoparticles either across pre-existing electrodes or in a 

known location over which electrodes may easily be deposited.  Surface chemistry 

patterning can achieve this controlled deposition, and has been demonstrated to 

produce useful devices.3, 113, 149 (Figure 9) 

 

Figure 9: SEM image of a CNT field-effect transistor.  Functionalized CNTs 

were assembled by their chemical affinity for the Al2O3 gate oxide, then contacted 

with evaporated gold source and drain electrodes.  From reference 3. 

1.4.3 Quantum Mechanics 

Quantum mechanical effects, observable in certain nanoscale systems, are 

interesting for basic physical research and for the creation of a new type of computer 

capable of solving otherwise intractable problems.207, 208  Many schemes to perform the 
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required operations have been developed, but solid-state methods are the most relevant 

here.  Some relatively simple devices to measure quantum effects have been made by 

conventional lithography or SPM oxidation on specially prepared substrates.9  These 

quantum electronic systems are eventually expected to be integrated into future 

computing systems which would perform operations on quantum bits (qubits) which 

may be a superposition of the basis states.  Systems capable of useful quantum 

computation will require much better theoretical understanding and fabrication 

methods to become a reality.  In order to fabricate systems that can take advantage of 

quantum computing, nanopatterning methods will need to meet new requirements and 

challenges.  Quantum information must be transported, operations must be performed, 

and measurements must be made, all without decoherence of the system.  Quantum 

information transfer has been shown to be possible in quantum-dot arrays,209  and gating 

of qubits at defect sites in similar arrays has also been predicted.210  Superconducting 

quantum interference devices (SQUIDS), which are used for extremely sensitive 

magnetic field detection, can be fashioned through patterning a thin film of niobium.8 

1.4.4 Integrated Optics 

Another alternate computing regime has been proposed using photons rather 

than electrons for transmission of information and logic operations.  Some basic 

components have been demonstrated, including waveguides as transmission lines,211 

structures to perform operations on the signal,212, 213 and optical data storage.214  In these 
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proposed systems, photonic crystals seem to be the analogue of inorganic crystalline 

semiconductors in electronic systems, with the periodicity of differently refractive 

nanoscale domains taking the place of an atomic lattice.4  Although the critical properties 

are determined by nanoscale patterning, the inherently three-dimensional nature of full-

bandgap photonic crystals215 seems to limit the utility of surface chemistry 

nanopatterning in addressing the needs.  The demonstrated ability of surface chemistry 

to align periodic arrays of block copolymers, however, has some potential.  Also, planar 

optical systems, while limited by out-of-plane losses, can still be useful.  These systems 

have a more immediate use in sensors, in which output from optically active sensing 

elements, such as surface plasmon resonance devices can be made accessible to readout 

systems.216, 217 

1.4.5 Memory 

In addition to logic-element-based memory systems such as CMOS RAM, surface 

patterning may have use in mass storage devices, such as hard drives.  Data density, that 

is, the number of bits of information that can be stored on a given area, is a crucial 

parameter, with tremendous effort put into its optimization.  In a 2002 vintage hard 

drive, the bits are spaced at a density of about 1 billion per square inch, for an average 

pitch of 800nm - well within the range of conventional patterning methods.  In the 

future, however, demand for greater storage density will make the nanopatterning 

methods discussed above attractive options for fabrication of lithographically defined 
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bits.  Current hard disk technology uses deposited nanoparticles as the magnetic 

elements for data storage, and their miniaturization is limited by the superparamagnetic 

effect to sizes for which magnetic alignment is stable against thermal fluctuations.  Using 

larger particles while retaining a high surface density can be achieved by vertical 

alignment of nanowires.  Methods to arrange nanoparticles with a high degree of spatial 

control are therefore needed.  In an entirely different approach, AFM-based probes can 

be used to write data directly to an appropriate substrate,74 with a large number of 

read/write probes operating in parallel to correct for their comparatively low speed.218  

Such storage media have demonstrated a data density of 641 GBits per in2, with a 

theoretical density over 1 TBit/in2 for an optimized system.219   

1.4.6 Sensors 

Fast and accurate chemical sensing has long been desired, and is becoming more 

prevalent in many fields, from medical, to industrial, to defense.  Sensors transform 

changes in their chemical environment into a corresponding change in a property that 

can be queried by human observers or automated systems.  To illustrate, litmus paper, a 

pH sensor, changes color based on its chemical environment.  For most methods, the 

analyte, presumably dissolved in a liquid or gas, will interface with the sensor element 

at its surface.  In order to increase the sensitivity, a high surface area to volume ratio is 

required, and can be supplied by structures such as carbon nanotubes,220-222 silicon223 or 

metal oxide224 nanowires,6 or nanopatterned conducting polymer.221  Single-walled 
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carbon nanotubes are theoretically the ideal material for sensors, as all of the atoms of 

the nanotube are exposed to the environment.  One-dimensional semiconducting 

materials also provide a very simple route to query the sensor.  Changes at the surface 

will influence the conductivity of the device, which can in turn be easily measured by 

monitoring the current through a circuit containing the sensing wire.  Other nanosensor 

motifs include mechanical deflection, using “diving board”-style cantilevers with 

differently functionalized sides.  Adsorption events on one side lead to uneven strain, 

which causes deflection, which is monitored in real time as in an AFM.225 In order to 

make these signals specific to a particular analyte or set of analytes, the surface 

chemistry must be tuned while retaining the semiconducting properties of the bulk 

material.  This leads us again to SAMs, which allow tailoring of the chemical groups 

presented to the environment at a surface.  Multiplexed arrays of nanowire sensors can 

be functionalized with different sensing affinities using microspotting methods used in 

biomolecular microarrays, or by DPN for higher-density systems.  Surface patterning 

can also be used to assemble the nanoparticle arrays themselves, as discussed 

previously.  Nanosensors have already demonstrated rapid detection of metal ions,226 

gases,5 biomolecules,6 temperature,227, 228 and mechanical strain.229 

1.4.7 Genomics/Proteomics 

The study of genetics, notably the recent deciphering of the human genome, has 

experienced dramatic progress, due in no small part to the development of high 
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throughput analytical methods involving surface-bound patches of DNA fragments.  

Now, these techniques have begun to be applied to the study of proteomics, that is, the 

study of molecular interactions involving the set of proteins present in the cells of a 

human, or any other organism.230  This task is much more difficult, however, due to the 

wide range of chemistry present in the proteome as compared to the genome, as well as 

the large differences in concentrations among proteins as found in vivo.  Immobilizing 

proteins on a surface without disrupting their activity presents new challenges, which 

have been met by a variety of protein immobilization schemes, as discussed above.231  

These schemes must also be compatible with patterning methods, with significant 

advantages for higher resolution, not least of which is a reduction in the amount of 

protein required to form the arrays.   

Proteins can also be patterned directly onto an appropriately functionalized 

surface by microcontact printing78 or DPN.46, 51  Regardless of how surface-bound 

biomolecules were immobilized, their surface arrays can exhibit selective capture of 

individual proteins from a mixture such as serum.232  This can be used for basic research, 

to discover and define the interactions that make up biological processes,233 for detection 

of disease-specific markers for diagnostic purposes,232 or for purification.  An example of 

capture of different target proteins by an array of surface bound proteins is shown in 

Figure 10.  If capture proteins are patterned on an appropriate substrate, the selectively 

bound target proteins can be transferred to another substrate by microcontact printing.234  
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This provides a simple route to create surface arrays of different proteins without time-

consuming separation or purification processes. 

As the size of biologically active regions of a nanoarray decreases, the number of 

proteins available to react on each spot decreases proportionally, and so their 

attachment to the surface must be carefully controlled in order to ensure active sites are 

presented to the surroundings, and not passivated by the surface or other attached 

structures.  Systems to characterize these patterned arrays in terms of chemical activity 

have been explored, including AFM height mode characterization.  It is expected that, 

even without special steps to enhance the activity of surface-bound proteins, they will 

exhibit binding and affinity behavior more closely analagous to that in vivo when 

patterned on a surface in regions on the same length scale as that of the protein itself 

than when immobilized in micrometer spots.  Recent results using a large (110 – 130 nm 

long) extracellular matrix protein laminin found that the immobilized protein displayed 

binding activity apparently greater (as measured by quartz crystal microbalance 

monitoring of mono- and polyclonal anti-laminin protein binding) after nonspecific 

adhesion to methylated gold disks of 124 nm diameter than for an unpatterned surface.7 

A critical process for making use of the biological arrays described above is 

actually querying the array after any reactions have taken place, to get the desired 

information out.  Many methods to do just that have been applied, including fluorescent 

labeling of targets, Laser Desorption/Ionization mass spectroscopy, ellipsometry, AFM 
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height imaging, and surface plasmon resonance.  Due to the high-throughput demands 

put on these arrays, the ease of measurement and time required is critical.  Integrating 

measurement systems, such as the multiplexed sensor arrays described above, into these 

chemical affinity arrays offers a potential leap forward in analysis speed without 

requiring expensive equipment.  This has been demonstrated with a working device 

made from vertically aligned carbon nanotube electrodes.235 

1.4.8 Lab on a Chip Applications 

Microspotted arrays of surface-immobilized oligonucleotides and peptides have 

produced huge volumes of data by allowing a large number of experiments to be 

performed simultaneously.  There is interest in expanding this principle to investigate 

non biological chemical reactions in so-called labs on a chip.  Most of the work done in 

this direction has involved enclosed microfluidic channels and other three-dimensional 

structures,15 but there is a place for systems created mainly or entirely by surface 

chemistry patterns.  One of the simplest ways to do this is to create an array of solvent 

droplets confined on a surface by hydrophobic “corrals”.  These droplets become 

microreactors, analogous to reagent-confinement systems used for the creation of 

nanoparticles.186, 236  Surface adsorption kinetics of gold nanoparticles have been 

investigated using such a system.237  Proper patterning of hydrophilic/hydrophobic 

regions allows the creation of open-air microchannels,238 which may lead to more 

sophisticated systems, although their ability to handle pressure-driven flow is suspect. 
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Surface patterns on a silicon wafer or other planar substrate can serve as combinatorial 

libraries to help optimize catalyst properties for synthesis,239 material composition for 

mechanical or electrical properties,240, 241 and many other processes by allowing a large 

variable space to be explored without performing each experiment individually.  These 

libraries in essence study the effect of a global environment on many surface-bound 

patches, each displaying different chemistry.  The proteomic and genomic arrays 

previously discussed could be considered a subset of such libraries.  Combinatorial 

libraries have typically been patterned in the micrometer range, but increasing the 

density of separate analytes will eventually require nanopatterning techniques. 

1.4.9 Other Applications 

Finally, miscellaneous other applications include a biologically-inspired method 

to harvest water using patterns with extreme wetting contrast,242 and surface chemistry-

guided self assembly of capsules for drug delivery.243  All of these applications have 

been held back by the inability to control the geometry of the appropriate materials with 

sufficient resolution.  Guided self-assembly, in particular, shows great potential for 

integrating highly functional nano-materials into well-defined architectures that can be 

used in the listed applications. 
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1.5 Concluding Summary 

A vast range of technologies stand to benefit greatly from enhancing the 

resolution of fabrication methods, as well as from expanding the palette of functional 

materials that can be formed.  Pattern transfer from a facile material to a less tractable 

functional one has been well established as a route to create useful devices.  By using the 

surface itself as the patterned substrate, material waste and energy required to define 

the patterns can be reduced.  Furthermore, most methods described to chemically 

transfer the pattern to new materials should be less expensive than the vacuum-based 

methods predominant today.  More work must be done before surface chemistry 

functionalization can enter the mainstream of small-scale fabrication, but much work 

has already been done, and shows great promise for the future. 



 

60 

2. Guided Growth of Conducting Polymer 

Nanostructures 

2.1 Introduction 

This first project involves the functionalization of surface patterns with a 

conducting polymer, polypyrrole.  Later projects will use much more complex 

aggregations of anisotropic nanoparticles, but first a foundation must be laid with a 

relatively simple yet functional bulk material.  Conducting polymers (CPs) fulfill this 

role quite well, as they have demonstrated very useful properties for electroluminescent 

devices244, field effect transistors245, and chemical sensors246.  These electronic properties 

are tunable by modification of the chemical structure of the monomer units, allowing the 

broad knowledge of organic chemistry to be applied to bandgap engineering.  The 

impact of CPs in electronics applications is expected to be great due to this versatility, 

their mechanical flexibility, relatively low cost of the materials, and the potential for 

extremely low cost.247, 248  Inorganic semiconductor devices, which CP devices are 

expected to supplement or replace, can have their properties radically altered by 

impurities in even tiny concentrations.  This requirement of extreme environment 

control is responsible for a large proportion of the cost of microelectronics.  CP devices 

are much less sensitive to impurities, and so can avoid these costs.  The other major 

contributor to the cost of microelectronics is the expensive, multistep methods needed to 
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pattern them.  CP devices, in contrast, can be patterned by inkjet printing, a process that 

is much simpler and less costly. However, this also imposes the restriction that 

patterned polymers be solution- or melt-processable.  As a class of compounds, CPs in 

their conducting state tend to be insoluble and intractable in general.  Functionalization 

of the polymer with moieties to increase solubility, such as in Poly(3,4-

ethylenedioxythiophene), is effective for achieving processability, but these substituents 

have a strong effect on the electronic properties, which may be undesirable.   

Furthermore, inkjet printing as a circuit patterning method offers poor 

performance compared to existing inorganic semiconductor patterning methods.  A 

comparison of feature resolution in photolithography (<65nm) and inkjet printing (20-50 

µm) is particularly telling.  More sophisticated inkjet printing methods allow field-effect 

transistors with much shorter channel lengths245, 249, but to keep charging times short, 

low device volumes, and therefore high resolution in three dimensions, are required.  

Three-dimensionally nanoscale CP structures have been obtained by several types of  

template polymerization250-252 and scanning probe methods43, 253, but all of these suffer 

from complicated mask fabrication, registration, and alignment  processes; or are not 

compatible with integrated circuit parallel fabrication techniques.  Overly complex or 

low-throughput processes will fail to make full use of CPs’ potential for low cost.   

The work described in this chapter used surface chemical growth to selectively 

guide the deposition of conducting polymer from the vapor phase.  Gaseous polymer 
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precursors condensed on higher surface energy patterns between printed electrodes, 

where they were electrochemically polymerized.  Earlier efforts by other groups have 

used surface energy patterning184, and even selective condensation181 to pattern a final 

CP structure, but this is to our knowledge the first time such patterning has been used to 

directly grow devices in the submicron range. 

This work was inspired by a previous result in which dendritic polymer 

structures were electrochemically grown between micropatterned electrodes from a 

monomer vapor254.  The growth was shown to depend on the relative humidity during 

growth, suggesting that a condensed layer of water on the surface of the sample is 

critical for the growth.   The accepted mechanism for polymerization of heterocycles 

such as pyrrole and thiophene involves elimination of protons, and electrochemical 

studies have found that the presence of some amount of protic solvent is helpful for 

growth of high-quality polymer.255  Solvent condensation on a surface is dependent on 

the affinity of the surface for that solvent, which in turn is dependent on the surface 

functionalization.  At ambient temperatures and humidities, a small amount of water 

will be absorbed on a hydrophilic region of a substrate, but not on the adjacent 

hydrophobic regions.  Many systems and techniques for patterning the 

hydrophobic/hydrophilic structures on a surface exist256, 257, including techniques that are 

compatible with well-developed methods in the semiconductor industry.  Thus, the 

creation CP nanostructures using the reported method can benefit from ultra-high 



 

63 

resolution techniques such as e-beam or AFM lithography (<10nm feature size) and 

highly parallel methods such as photolithography (wafer-scale patterning in a single 

step). 

 

2.2 Experimental Section 

2.2.1 Sample Preparation 

All experiments were carried out on highly doped silicon wafers with a 1000nm 

thermally grown oxide layer.  (Silicon Inc., Boise, Idaho) Gold electrodes were thermally 

evaporated to a thickness of 40nm, with a 5nm adhesion-promoting layer of Chromium 

and were patterned by a standard photolithography/lift-off procedure using Shipley 

1813 photoresist.  Surface affinity patterning was performed on a hexamethyldisilazane 

(HMDS) self-assembled monolayer (SAM) applied in the vapor phase.  After application 

of the HMDS SAM, samples were washed with chloroform or isopropanol and sonicated 

for five minutes.  Hydrophilic patterns were formed in the SAM by contact-mode AFM 

lithography using a Digital Instruments MultiMode AFM connected to a Nanoscope IIIa 

controller.  The electrode gaps to be modified were first imaged with a relatively low 

contact force.  When the appropriate area for scanning was located, the force setpoint 

was increased by about 2.5µN and scan speed was reduced to six µm/s.  For narrow 

features, the slow scan axis was disabled, and scanning stopped after ten passes.  For 

less confined, lower resistance devices, the slow scan axis remained enabled, and the 
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modified area was scanned three times.  Successful affinity modification was verified by 

friction-mode imaging of the sample using the same tip.  (Figure 10) 

 

Figure 10: Contact mode AFM height (a) and friction (b) images of a typical 

gap between gold electrodes after hydrophilic patterning of a thin line.  Scale bars are 

one micron. 

2.2.2 Polymer Growth.  

Samples were wire bonded to a surface-mounting board with gold wire using a 

Kulicke & Soffa wire bonder.  The boards were then inserted into an electrical socket in a 

home-built chamber in which a small vial of pyrrole monomer had been placed, and 

through which water or dopant vapors could be pumped.  Voltage was applied to the 

appropriate electrodes with a Keithley 2400 sourcemeter controlled by LabView 

software.  Applied voltages were varied between 5.0 and 10.0 V.  Relative humididty 

was monitored, when the presence of hostile dopant vapors did not prevent it, with a 

Honeywell HIH 3610 humidity sensor, also monitored through a sourcemeter and 

LabView.  Resistance of the circuit was simultaneously monitored.  Time of growth 
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varied from 0.5 to 12 hours.  After growth had been stopped, the sample was checked 

for the presence of polymer structures by tapping-mode AFM. 

2.2.3 Electrical Characterization.   

Gate voltage dependencies of the polymer structures were measured by 

scratching away the insulating oxide layer on a corner of the substrate, and contacting 

the exposed silicon with one probe of a probe station.  The current across the polymer 

channel for a fixed source-drain voltage was monitored by a sourcemeter and plotted 

against the voltage applied to the silicon back-gate. 

2.3 Results and Discussion 

2.3.1 Polymer Growth. 

 Polymer growth across an electrode gap on bare silica was widespread, and not 

confined to the smallest electrode gap.   Hydrophilic surface patterning was successful 

in confining polymer growth to a small area.  (Figure 11) Polymer grown in the 

patterned region was fibrillar, with individual chains 10 to 30 nm thick, as measured by 

AFM.  The fibril density increased with growth time, but very thin films (no more than 

20nm thick) were almost always grown.  It was found that anionic dopants, introduced 

intentionally, or present as impurities, were necessary to grow conductive structures.  

Structures grown with only surface impurities exhibited low conductivities and poor 

reproducibility.  Thus, a controlled method to provide dopant species was needed.  HCl 
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is mobile in the vapor phase, and dissociates in water to give Cl- ions, which have been 

shown to dope polypyrrole.258 We therefore repeated the growth procedure in the 

presence of 6M HCl.  Polypyrrole structures grown in this way displayed much higher 

growth rates, more ordered structures, and conductivities more than three orders of 

magnitude higher than those of comparable samples doped only by impurities.  Growth 

progress was monitored through measurement of electric resistance across the 

electrodes.  Resistance dropped steadily in most cases, but suddenly for some highly-

doped samples.  A steady decrease suggests a slow increase in the diameter of poorly 

conducting, very thin polymer fibers, while a sudden drop suggests a thicker fiber has 

just bridged the electrode gap. 

 

Figure 11: SEM micrographs of polypyrrole fibers grown from monomer vapor 

on (a) a bare silica surface and (b) a hydrophilically nanopatterned surface.   The gold 

electrodes are visible in both images.  Scale bars are both five microns. 

The restriction of polymer growth to a confined area also affected the orientation 

and order of the chains.  Polymer grown on a bare silica surface was dendritic, and 

showed very little long-range order.  In contrast, fibers grown in a confined region of 

hydrophilic surface functionalization were relatively well ordered and parallel (Figure 
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12).  Because conducting polymers are quasi 1-dimensional conductors259, a high degree 

of alignment greatly improves electrical transport. 260, 261 

 

Figure 12: Tapping-mode AFM images of polypyrrole fibers as grown on (a) an 

unmodified silica surface and (b) a hydrophilic rectangle scraped from an HMDS 

SAM.  While the unrestrained sample has some short-range order owing to chain 

rigidity and a common branching angle of 60o, long-range order is essentially absent.  

The confined sample shows good alignment with the direction of electrical transport 

in the device.   Scale bars in (a) and (b) are 2000 and 500 nm, respectively. 

In addition to simple rectangular and straight line structures, the direct growth 

method also provide us the capability to grow more complex nanostructures  The 

versatility of the patterning method is demonstrated by the structure shown in Figure 

13a.  The ability of the grown structures to follow patterning around a 90 degree angle 

suggests complex circuits can be created using this method.  It was also found that 

synthesis of structures could be halted before the growth bridged the gap (Figure 13b), 

then restarted with a later growth step.  This suggests that, using different polymer 

precursors with different electronic structures for two growth steps, heterojunction 

devices can be created. 
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Figure 13: Polypyrrole growth can be guided to create complex patterns (a) and 

structures that do not cross the gap completely. (b)  In figure (b), the scraped line is 

visible as well as the polymer.  Both images are tapping-mode AFM. 

 

2.3.2 Electronic Measurements 

For electronic transport in conducting polymers, charge carrier availability and 

carrier delocalization are both required.  Charge carriers are introduced to the polymer 

structures by oxidation of monomer units within the polymer chain.  Typically, this 

oxidation proceeds up to a maximum percent doping, where a fraction of the total 

number of monomer units has been oxidized.  When this maximum is reached, the 

polymer will conduct as a metal, and will display no gate dependence.  However, at 

doping levels with low carrier concentrations, an external electric field can introduce 

charge carriers, and control polymer conductivity.  Thus, the growth method can be 

used to create both metallic and semiconducting structures. In the case of lightly-doped 

polypyrrole, the electric-field sensitivity is that of a p-type semiconductor.  Gate 

dependences seen in the samples doped only by impurities, however, were weak.  This 

is due to the relatively poor charge delocalization of the samples grown at low doping 



 

69 

levels. Conductivities for these samples were usually in the range of 0.0001 S/cm, even 

after post-growth doping.  Semiconducting samples of higher quality produced from 

highly doped samples grown in the presence of HCl have conductivities around 0.1 

S/cm. These samples were then electrochemically reduced, and the Cl- dopants 

removed, reducing the available charge for transport, while retaining the carrier 

delocalization properties.  After this, the samples gave well-defined gate curves, as 

shown in figure 5. 
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Figure 14: Gate-voltage dependence of source-drain current is shown for a 

polypyrrole device grown in the presence of 6M HCl on a 1 micron gate oxide layer.  

Source-drain voltage is 10 V.  The device tested was 5 microns long and 680 nm wide 

in cross section, with an average vertical thickness of 15 nm at the narrowest region. 

 

2.4 Conclusion 

We have demonstrated a versatile method for patterning polypyrrole with high 

resolution, complex geometry, control over electrical properties, and superior 

orientation compared to other synthesis methods.  Because the growth is confined to a 

surface pattern, semiconductor devices with relatively high performance can 
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theoretically be made, without requiring any high-cost processes.  Further, the polymer 

fibers are grown in alignment with the direction of electrical transport, something which 

is impossible for all other CP device fabrication methods.  Future experiments exerting 

more control over the electrochemical environment of the polymerization reaction are 

expected to yield structures with better conjugation, improving properties in both the 

metallic and semiconductor modes.  If this is realized, guided growth can have great 

potential for fabrication of CP electronics. 
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3. Dielectrophoretic Assembly of Carbon Nanotubes 

3.1 Introduction 

Before nanoparticles can be assembled controllably in patterns on a surface, it is 

necessary to determine how they assemble under more forgiving circumstances.  In this 

project, high-aspect ratio nanoparticles were assembled into dense parallel bundles on 

the end of sharp tips.  The particular type of nanoparticle chosen is Carbon Nanotubes, 

or CNTs.  CNTs are possible the most technologically significant nanoparticle, and have 

received a large share of the funding and attention given to the field.  This attention is 

due to a number of impressive mechanical and electrical properties combined with 

chemical stability. CNTs have demonstrated elastic modulus values over 1TPa, 262 150 

GPa tensile strength,263 ballistic conduction, extremely high thermal conductivity, gate 

switching, and a high capacity for electrical current. 264 The chemical structure of CNTs 

is all sp2 carbon, analogous to a rolled-up cylinder of graphite.  Like graphite, the high 

density of strong carbon-carbon bonds makes for a very strong, stiff material.  Also like 

graphite, this strength and stiffness are highly anisotropic.  Where graphene sheets are 

2-D, CNTs are effectively 1-D.  This anisotropy extends to the electrical properties as 

well, and in nanotubes has an important effect.  Based on how the graphene is “rolled” 

in the tube, a CNT may appear metallic, insulating, or semiconducting along its length.  

So CNTs can be used both as passive conducting wires and as active elements such as 
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transistors or diodes. Their mechanical properties have suggested possible uses as 

inclusions in high performance composites and in micro-electro-mechanical systems 

(MEMS).  Another range of potential applications of CNTs is based around their high 

surface area, such as electrodes in batteries,265 chemical sensors,266, 267 photovoltaic 

materials,268 and fuel cells.269 

3.1.1 Discovery of CNT 

While Sumio Iijima’s 1991 paper is often cited as the discovery of CNTs, 

transmission electron microscope (TEM) images of nanometer-scale tubular carbon had 

been taken as early as 1952.270  While certainly not nanotubes, growth of graphitic 

filaments by thermal decomposition of methane for use in lightbulbs was reported as 

early as 1889, 219 years ago!  More recently, the growth of tubes by high-temperature 

decomposition of benzene vapors, including tubes which could consist of a single wall 

of graphene, was reported in 1976.271  Iijima’s paper was the first to present CNTs to a 

wide audience of scientists from many different disciplines.  Association with the 

exciting buckminster fullerenes, which were the hot topic of the day, increased the 

impact of CNTs.  These early discoveries concerning CNTs have been described in detail 

in an editorial in the journal Carbon.272  
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3.1.2 Varieties and Characteristics of CNT  

One of the first properties of CNTs that was noticed is that the graphitic shells 

that make them up are frequently nested concentrically.  Tubes composed of multiple 

walls of carbon, being larger, were the first discovered, and are known as multi-walled 

carbon nanotubes, or MWCNTs.  If a transition metal is present during synthesis, tubes 

can be produced with only one wall of carbon.  These single-walled carbon nanotubes 

(SWCNTs) are of greater interest to the pure research community, as they allow the 

properties of the tubular graphene shell itself to be isolated from the properties arising 

from unknown interactions between the different shells.  As mentioned earlier, there is 

another significant division of CNTs into different types, and that is between metallic 

and semiconducting tubes.  This electronic difference (which is actually a large number 

of differences, as the semiconducting tubes vary in the gap in band energies they posses) 

arises from different arrangements of carbon atoms and bonds within the tube.  The 

“rolled-up graphite” model frequently used to describe the structure of CNTs is useful 

to explain these structural differences.  A sheet can be rolled up along an infinite number 

of directions, and the number of rolling directions that correspond to 

thermodynamically stable CNTs is also quite large.  This “rolling direction” describes 

the chemical chirality of the CNT, and is given numerically as a vector (n,m).  If n-m is 

divisible by three, the tube will have metallic conduction properties, all others are 

semiconducting. 
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3.1.3 Synthesis of CNT    

The synthesis of nanotubes has been vigorously investigated by many groups, 

but is still not well understood.  Three of the most common synthesis methods are arc-

discharge, laser ablation, and chemical vapor deposition (CVD).  Arc discharge methods 

use a high-current (~100 Amps) electrical discharge across graphite electrodes to 

sublimate carbon, which then reforms, in part, as nanotubes.  Similarly, laser ablation 

methods vaporize carbon from a graphite target, using a laser instead of electrical 

discharge.  In both of these methods, a transition metal may be added to the graphite 

target to aid the formation of SWCNTs.  Chemical vapor deposition is fundamentally 

different from the other two methods in that the carbon source is a carbon-containing 

gas, rather than graphite.  At high temperatures, the gas decomposes on the surface of 

the metal catalyst, and carbon diffuses into the metal.  It is believed that as the catalyst 

becomes supersaturated with dissolved carbon, it precipitates out in the form of a CNT.  

More exotic methods exist, such as sonochemical synthesis 273 and growth in 

supercritical fluids. 274  Soot from flames has been shown to contain CNTs under certain 

conditions, and this has been explored for industrial uses.275  Fullerenes have been found 

to be formed in such everyday places as a candle flame.  Flame synthesis is highly 

irregular and difficult to control compared to the other methods.  Among CVD methods 

there are many variations.  The type of catalyst used, the growth temperature, the 

carbon-containing gas used, and other carrier gases are process variables that are 
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frequently used to “tune” the growth and preferentially produce a particular type of 

CNT.276, 277  The diameter of CNTs produced is known to depend in part on the size of 

the metal catalysts used.  As such, producing monodisperse catalyst particles is a 

sought-after goal.  The rate at which carbon is fed into the catalyst is another critical 

parameter.  If the rate at which carbon is fed into the particle by decomposing precursor 

gases exceeds the rate at which carbon precipitates out of the particle as a nanotube, the 

excess carbon will surround the particle in a shell of amorphous carbon, effectively 

halting its activity.  It has been proposed that a set of reaction parameters (temperature, 

type of gases used, etc.) will provide the right balance of reactions to efficiently grow 

CNT for only a narrow range of catalyst sizes.  Therefore, controlling the diameter of 

CNTs while using a wide distribution of catalyst sizes is possible by controlling the 

carbon feeding rate.  The method used to produce CNTs has a huge impact on the 

properties of the CNTs produced, and these properties in turn affect the procedures 

required to process the tubes for applications. 

3.1.4 Rigidity and Bundles 

While CNTs are frequently described as stiff or rigid, individually they are 

extremely flexible, due to their extremely low diameter.  Some multi-walled CNTs have 

diameters in the tens of nanometers and thus can resist bending forces well enough.  For 

single-walled, (SWCNTs) double-walled, or multi-walled tubes with relatively small 

diameters and therefore relatively few carbon shells, (FWCNTs) several tubes bundled 
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together are necessary to maintain rigidity over micrometer-scale distances.  This is 

important as rigidity over this length scale is important for several applications.  High-

aspect ratio structures, including CNTs can be used for field emission of electrons, 

which is useful for producing X-rays and in display technology.  In the familiar cathode 

ray tube (CRT) displays which until recently dominated the field, a beam of electrons is 

used to excite a phosphorescent screen to produce light.  The beam is 

electromagnetically manipulated to address individual pixels in the display.  Another 

type of display, known as surface-conduction electron-emitter display (SED) has been 

developed recently that uses many electron beam sources, one for each pixel.  CNTs 

have been proposed for this application due to their superior field emission properties.  

These same properties make CNTs promising candidates for new X-ray technologies.278  

X-rays are typically produced by a high-energy beam of electrons impacting a solid 

target and being decelerated.  So, the intensity of the X-ray source at any time depends 

on the intensity of the electron beam.  In practical applications, the imaging capability of 

an X-ray system is determined by the temporal resolution as well as the spatial 

resolution.  CNT field emission sources are able to switch between an emitting “on” 

state and a non-emitting “off” state much more rapidly than traditional thermionic 

sources.  Furthermore, similar to the system described in SED displays, multiple field 

emission sources can be used.  This has been proposed to allow computed axial 

tomography (CAT scan) images to be taken much more quickly, as X-ray sources 
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surrounding the target can be illuminated in rapid succession rather than slowly 

rotating a heavy conventional source around.  Another use of CNTs where the rigidity at 

longer lengths provided by bundling the tubes is necessary is for high-aspect ratio AFM 

imaging.  Conventional AFM tips are pyramidal, and cannot accurately image anything 

that makes an angle with the surface greater than the angle of the tip itself.  For many 

technologically important structures formed by lithography, this means that normal 

AFM tips cannot measure important process parameters.  By adding a much higher-

aspect ratio asperity to the end of the tip, the AFM system is able to “see into” narrow 

trenches or the bases of tall pillars.  Depending on the structures to be imaged, such an 

asperity might need to be several microns long.  Such structures have been successfully 

imaged by CNT bundles attached to the end of AFM tips by a method known as 

dielectrophoresis.279 

 3.1.5 Dielectrophoresis of CNT 

Dielectrophoresis is a variation on electrophoresis, a method of inducing motion 

in charged particles or molecules through a fluid using an electric field, in which a 

nonuniform field is used.  This nonuniformity allows charge-neutral particles to be 

affected, as long as they are polarizable.  The net force on a particle is dependent on the 

strength of the electric field gradient, the polarizability of the particle, and the dielectric 

constant of the medium.  Since polarizability and dielectric constant are complex values 

that vary with the frequency of the applied field, the balance of forces can be changed by 
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using different frequencies.  Particles that would be attracted to the source of the field at 

lower frequencies might be repelled from it at higher frequencies.  Dielectrophoresis is 

frequently used in the biological sciences, as many cells and organisms can be separated 

and sorted due to having different frequencies at which the force reverses.  The 

frequency-dependent dielectric behaviour of metallic and semiconducting CNTs are 

different, so it is expected that they can be sorted by dielectrophoresis as well.  This 

appears to have been borne out experimentally.280  Dielectrophoresis has recently been 

used for the manipulation of CNTs in the creation of thin films,281 single-tube devices, 282 

and bundled wires for AFM or field emission, as mentioned earlier.  These latter two 

applications are most relevant for this chapter, as the method used is employed in the 

works that are the subject of this chapter.   

3.1.6 AFM Anodization Lithography 

Atomic Force Microscope-based lithography was reviewed briefly in chapter 

one.  As it is the subject of some of the work described in this chapter, a more detailed 

look is presented here.  Among the many patterning schemes using an AFM probe to 

“write” onto a substrate, the process of interest in this research is local oxidation of a 

conducting silicon substrate by an AFM tip.  This leaves a chemically and 

topographically distinct SiO2 on Si structure that can be modified or transferred into 

many other schemes.  The topographic features can serve as a master from which 

elastomeric stamps can be cast for use in micro-contact printing, as described in chapter 
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1.  The topography of raised oxide features can easily be reversed into low trenches by 

etching with HF.  Alternately, the topographic contrast can be enhanced by using a Si-

selective etch such as KOH.  Since the oxide features are also chemically distinct from 

the Si background, self-assembled monolayer-forming treatments can be used to 

functionalize the patterns with a wide range of end-groups.  The utility of these final 

patterns depends, however, on the resolution and reproducibility of the first oxidation 

step, and it is this step which is addressed in this chapter. 

The AFM probe oxidation process at its most basic level involves an 

electrochemical transformation of the substrate initiated by an intense electric field 

applied by a sharp scanning probe.  Some mediating solvent, usually water, is ionized 

by the field and the radicals so formed attack and oxidize the substrate. In general, it is 

desired that features written on the substrate should have the smallest width possible 

and, less importantly, the largest height possible.  These properties of the written 

features are determined by the geometry of the electric field, the geometry of the solvent 

bridge between the tip and the substrate, the voltage applied, how long it is applied, and 

of course the chemistry of the substrate itself.  There is significant interrelation between 

these factors, for example, the shape of the electric field is mostly determined by the 

shape and position of the scanning probe, but the shape of the solvent bridge, itself an 

important parameter, also influences the electric field due to the different dielectric 

properties from the surrounding air.  The shape of the solvent bridge is in turn 
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determined by the tip shape and surface chemistry.  The mode of AFM operation used 

during operation also affects the patterns formed, 69, 283 and Scanning Tunneling 

Microscopy-like feedback can be implemented to maintain a constant tip-substrate 

current, which gives more regular features.284  While so many parameters interact to 

determine the result of lithography, in most practical situations, one stands out as 

having the most pronounced effect, and that is the shape of the scanning probe used in 

writing.  A sharper, higher aspect ratio tip gives a more concentrated electric field and a 

narrower solvent meniscus, both of which result in narrower features.  Unfortunately, 

due to the relatively high-wear conditions present during AFM lithography and the 

fragility inherent in extremely sharp objects, it is difficult to maintain a consistent 

geometry during writing.  Generally a pyramidal tip will gradually lose material from 

its apex, increase its radius of curvature, but occasionally brittle fracture of the tip may 

occur, causing the tip to suddenly become sharper.  The superior wear properties of 

CNTs, coupled with the constant diameter of the cylindrical bundles were hoped to 

relieve these problems and give consistent lithographic features. 

3.1.7 Introduction Summary 

This chapter covers efforts to use dielectrophoresis to create nanotube bundles.  

Once formed, these bundles were used for AFM oxidation lithography in an effort to 

determine if they could improve the practicality of the technique, and as samples to 

determine the electrical properties of CNT bundles.  Assembling bundles at the end of 
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AFM tips was the earlier of the two works, and explored the effects of the many 

operational parameters involved in bundle assembly.  As drawn, bundles were not 

appropriate for use in lithography, and so methods to gain finer control over the 

morphology of the bundles were developed.  The effects of using these CNT bundles in 

lithography are presented in this chapter.  The later work in measuring the electronic 

properties of the CNT bundles is the more refined work.  Bundles were assembled on a 

sharp tip but then deposited onto a flat substrate, where they were integrated into 

circuits and tested. 

3.2 Experimental Section – AFM Lithography 

3.2.1 Suspension Preparation 

CNT suspensions were prepared from SWCNTs grown by laser ablation.  

Treatment of the tubes to reduce their lengths and increase solubility in water was done 

by adding the tubes to a mixture of concentrated nitric and sulfuric acids in a 1:3 ratio 

for 3, 6, and 12 hours.  The treated tubes were vacuum filtered through a polymeric 

membrane with 2 micron pores, then resuspended in water.  CNT suspensions in 

dimethyl formamide (DMF), both functionalized and as grown, were also prepared and 

used in dielectrophoresis experiments. 
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3.2.2 Dielectrophoresis 

Bundles were assembled using a system in Otto Zhou’s laboratory at the 

University of North Carolina in Chapel Hill.  The system consisted of a stage to which 

an AFM tip could be taped, a metal cup which held a drop of CNT suspension, 

micromanipulators to control the relative positions of the two, a Mitutoyo optical 

microscope to monitor this positioning, and a function generator to apply an electrical 

signal.   

During a typical assembly experiment, an electrical signal of 10 Volts, peak-to-

peak, was applied at 1 MHz between the AFM tip and the metal cup holding the CNT 

suspension.  The tip was attached to the stage pointing downward, and the drop of 

suspension was held below it.  The tip was lowered until it could be observed to just 

touch the drop.  If the stage was lowered too much, or if a shorter tip was used, capillary 

force would draw the suspension up to the cantilever itself.  If this happened it would be 

impossible to remove the tip slowly from the suspension, and so bundles could not be 

formed.  The withdrawal of the tip from the drop was performed manually, and so was 

not reproducible or controllable on any fine scale.  Still, trials were separated in part by 

their withdrawal speed, categorized as “slow”, “fast”, and “medium”.  Dwell time of the 

tip in the drop before withdrawal was another operational parameter, as well as voltage, 

frequency, and number of dips.  Larger bundles could be seen in the optical microscope 

used to monitor the positioning of the tip and drop, but the presence of smaller bundles 
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could not be so easily determined.  In either case, the small-scale morphology of the tip 

was investigated by Scanning Electron Microscope (SEM) imaging.  AFM tips were 

mounted sideways on conductive copper tape, allowing them to be viewed in profile. 

3.2.3 Modification of Bundles 

Bundles were nearly always much longer than what was needed, and frequently 

bent or curved in ways that made them useless for AFM imaging or lithography.  When 

mounted in an AFM and used to engage a surface, the bundle would lie down parallel to 

the surface for some fraction of its length and stick.  This could be observed indirectly by 

taking “force curves”, approaching the surface and plotting amplitude of the tips 

oscillation against tip-surface separation.  For practical use, the bundle must only contact 

the substrate perpendicularly to its surface.  Well-made bundles, for which all the 

parameters had been balanced, and for which a clean, aggregate-free suspension was 

used, would be straight and rigid even at long lengths and would not likely lie down on 

the surface in this way.  Still, it would still be advantageous to have precise control over 

the length of the bundle, and so a method was sought to “cut” long bundles.   

Electrically heating until the CNTs burn was used to trim excessively long 

bundles.  Tips were mounted in a Digital Instruments MultiMode AFM and engaged 

onto a conductive surface, then a large (>50 V) voltage was applied between the tip and 

surface.  The attached signal access module allows an external source to be connected to 

the conductive tip holder.  A Kiethley current source was used to apply voltages over 
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the AFM controller’s limit of 12V.  Very high current carrying capacities and good 

thermal and chemical stability are often touted as advantages of CNTs, but in this case 

they represent challenges to processing.  Choosing a conductive substrate that would 

not be destroyed by current densities capable of cutting the bundle was difficult.  A 

conductive silicon substrate was quickly passivated by an insulating oxide layer.  Thin 

films of gold or other metals were blasted apart by rapid heating.  In the end, a highly 

polished 1 mm thick plate of Molybdenum was used.  The high melting point of 

molybdenum, as well as the thermal mass and mechanical strength of a thick plate, was 

needed to withstand the CNT bundle cutting procedure.  The plate needed to be highly 

polished because an extremely smooth surface is necessary to reproducibly make contact 

using an AFM.  Successful cutting and shaping of the bundle was also determined using 

the AFM, by taking force curves and imaging the surface with the bundle.  More precise 

measurements of the cut bundles’ lengths and morphologies were made by SEM 

imaging. 

3.2.4 Oxidation Lithography 

AFM tips with cut bundles were mounted in the AFM and engaged on a 

hydrogen-terminated silicon surface or a silicon surface passivated by a native oxide 

layer.  Under normal atmospheric conditions, a bare silicon surface will be oxidized to 

form a layer of SiO2.  This layer continues to grow as long as oxygen species are able to 

diffuse through to the Si/SiO2 boundary.  This typically results in a layer about 1.6 nm 
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thick.  By dipping the sample in a 5% solution of HF, the native oxide can be stripped 

away and a surface terminated in Si-H bonds is prepared.  This hydrogen-terminated 

surface is fairly stable; the native oxide requires about 24 hours to reform to its full 

thickness.  Alternately, the surface can be protected from oxidation for longer periods by 

passivation with some protecting monolayer which will be destroyed or removed 

during lithography.  Oxidation lithography on a hydrogen-terminated surface requires 

lower voltages and writes higher features than on a native oxide surface or on protected 

by some monolayer, but all these surfaces can be written upon.  Before writing, a sample 

surface was imaged in tapping mode, to help avoid particles or other irregularities.  To 

begin writing, the tip oscillation amplitude was reduced, tip speed across the surface 

was reduced, and a voltage was applied to the tip using the AFM controller and 

software.   

To monitor the long-term stability of CNT bundle tips’ oxidative writing 

properties, solid squares and zig-zag features were written.  Solid squares were written 

by simply imaging while writing conditions were in effect.  Zig-zag patterns were 

defined by the NanoScript scripting software included in the AFM control software.  

Solid squares allowed the study of writing stability over longer writing distances, while 

zig-zag patterns showed stronger contrast in shorter-scale fluctuations of the writing 

properties.  Oxidation patterns were evaluated by imaging with the same tip used to 

write them. 
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3.3 Experimental Section – RF Testing 

3.3.1 Suspension Preparation 

Two different suspensions were used for the preparation of CNT bundles.  The 

first used FWCNTs treated with KMnO4.  These tubes were found to be typically around 

400 nm long and well dispersed by TEM imaging of a support grid dipped in the 

suspension.  The second suspension was prepared using the nitric acid-based method 

mentioned earlier.  The average length of tubes in this suspension was found to be about 

5 microns.  These tubes were more aggregated than those oxidized by KMnO4, but had 

less amorphous carbon coating them.  These suspensions were often sonicated to 

improve dispersion and centrifuged to precipitate out aggregates before 

dielectrophoresis.  Because the sidewalls of the CNTs are functionalized with carboxylic 

groups to allow their suspension in water, the solubility-enhancing effect can be 

increased by increasing the pH of the suspension.  Under more basic conditions, the 

chemical equilibrium is shifted toward dissociation, increasing solubility.  The presence 

of ions in the suspension can interfere with DEP by screening the electric field, but this 

has been reported to only be a problem at lower frequencies than those used in this 

project. 
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3.3.2 Tip Preparation 

CNT bundles formed by dielectrophoresis are usually firmly bonded to the tip 

on which they are assembled.  For this project it was necessary to deposit them on 

another substrate, so special tips which would facilitate the removal of CNT bundles 

formed on their ends needed to be prepared.  Thermal desorption of the bundles by 

melting the tip was chosen for the general approach.  Indium metal, with a melting point 

of 157oC, can be easily drawn from a melt into a point sharp enough for assembly of 

CNT bundles.  Unfortunately, in atmospheric conditions the temperature necessary to 

melt the tip, while relatively mild, is enough to oxidize very small features.  In order to 

reliably release the bundles, a thin layer of gallium metal, which melts at 30oC, must be 

coated on the tip.  To give a good, continuous layer by thermal evaporation, the layer 

must form at half or less of the melting point of the material, in Kelvin scale.  An 

Edwards 306E thermal evaporation system was modified to allow liquid nitrogen 

cooling of the sample holding stage.  The coated tips were inspected by SEM before 

being used for bundle assembly. 

3.3.3 Dielectrophoresis 

A new setup was constructed for these experiments.  While similar to the 

previous system, in that it involves a signal generator, microscope, and manipulators, 

the new system introduced computer-controlled piezoelectric manipulators as well as 

manual screw-operated ones.  Using computer-controlled motion during bundle 
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assembly greatly improves the reproducibility of the technique.  Another difference is 

that the signal generator used in this system is capable of producing signals at 

frequencies up to 100 MHz.  The stage used to hold drops of suspension for this system 

was made of Teflon, which is very hydrophobic.  This provided a droplet shape that was 

conducive to bundle assembly.  A sharpened tungsten wire was inserted through the 

walls of the Teflon cup to act as a counterelectrode during DEP. 

Non-aqueous suspensions of CNTs functionalized to be more soluble in organic 

solvents such as DMF were used in DEP experiments as well, to investigate the effects of 

reduced dielectric constant of the medium and lower surface tension would have on the 

resulting bundle morphologies.  This data is presented later, but these bundles were not 

used in later parts of the research. 

A typical DEP experiment proceeded by first aligning the tip and suspension 

drop using micromanipulators and visual feedback from the microscope.  Once aligned, 

the computer-control was activated, and the drop was brought closer to the drop.  This 

step was broken into a high-speed “coarse approach” phase and a slower “fine 

approach” phase, to allow the approach to be stopped after contact with precise 

positioning, without taking too long.  The automation script was prompted to cycle 

through the different phases by user input.  After contact was made, the script held the 

tip and droplet stationary for a previously determined “dwell time”, typically between 0 

and 10 seconds.  Long dwell times were impractical because evaporation of water from 
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the suspension caused the droplet to slowly retreat from the tip on its own, without 

motion of the micromanipulators.  For more volatile solvents, this evaporative retreat of 

the droplet was quite fast, and prohibited precise control of the experimental parameters 

during DEP assembly under normal conditions.  At the end of the designated waiting 

time, the droplet was withdrawn at a low speed for some distance.  After either the user-

defined length was reached, or the “phase-terminate” command was given, the voltage 

applied to the tip was cut and the withdrawal speed was greatly increased.  With this, 

the bundle assembly stopped.  

3.3.4 Bundle Deposition 

Target substrates for CNT bundle deposition and testing were mounted in a 

custom-made heating stage.  This stage is a small (1 cm2 on the heating face) aluminum 

block through which a resistive heating element had been inserted.  The inactive faces of 

the heated block were covered with an insulating fabric, and the block was mounted on 

four ceramic posts at a 45 degree angle.  The design of the stage kept movement of 

samples mounted on it due to thermal expansion to a few tens of microns.  Quartz 

samples were mounted at an angle so that features printed on them could be viewed at 

the same time as the CNT bundle and tip.  With proper lighting, the reflection of the tip 

and bundle were visible, which was a great help to accurate positioning.  Once the end 

of the bundle had been positioned on the surface of the sample, the stage was moved 

relative to the tip both vertically and laterally.  In this way the bundle could controllably 
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be laid down with a specific alignment.  When positioning was complete, current was 

applied to the heating element in the stage until the gallium coating on the tip melted, 

releasing the bundle.  The exact position of the bundle was determined by SEM imaging, 

and electrodes for AC testing were printed on top of it. 

3.3.5 AC Testing 

Electrode fabrication and high-frequency testing of the CNT bundle was done by 

Alexander Tselev, a postdoc in our group.  For the sake of context, however, an 

overview is given in this dissertation.  Contact is made to the printed electrodes by a 

Cascade Microtech RF probe station.  The probes are Infinity GSG (ground-source-

ground) probes with 100 micron spacing.  The probe station carries signals to and from 

the sample and an Agilent E8361 A vector network analyzer (VNA).  The VNA operates 

by sending a signal to the test structure and recording phase and amplitude information 

from both the reflected and transmitted signal.  The frequency of the signal used to 

probe the structure is swept over a large range, from 10 MHz to 67 GHz in our case.  

From this, detailed information about the electrical character of the test structure can be 

gained.  Separating the contribution of the bundle from that of the printed electrodes 

requires the properties of the electrodes to be known, so a number of “dummy 

structures” are printed on the sample substrate at the same time as the test structure and 

are probed by the VNA.  Their contribution can then be mathematically removed and 

the CNT bundle’s contribution extracted.  Enough data is gathered by this process to 
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describe the electrical properties of the bundle itself in detail, as well as the contribution 

to electrical impedance of the bundle-electrode contacts.  By comparing the properties of 

the bundle to the theoretical values of a single CNT, the number of nanotubes in a 

bundle that actively participate in conduction.  This is expected to be low, since not all of 

the tubes are in direct contact with the metal electrodes. 

3.4 Results – Bundles in Lithography 

3.4.1 Assembly 

Observations of bundle width, length, and structure as a function of suspension 

concentration, voltage, dwell time, and withdrawal speed led to a tentative model for 

DEP assembly.  In this model, the diameter of the bundle is determined by the local 

concentration of CNTs at the tip, and the taper – the rate at which diameter changes 

along the axis of the bundle – is determined by the rate at which the bundle is drawn 

compared to the rate at which the local concentration is replenished.  During DEP, CNTs 

are attracted to the tip by a force which is proportional to the electric field gradient, in 

turn determined primarily by the voltage applied to the tip.  The local concentration will 

increase until eventually equilibrium is reached between migration of tubes toward the 

tip due to the dielectrophoretic force and diffusion away from the tip along the 

concentration gradient.  This equilibrium local concentration at the tip depends on the 

voltage and base concentration of the suspension, but is never reached in any typical 
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experiment.  The dwell time experimental parameter determines how close the local 

concentration gets to its equilibrium state before bundle assembly begins.  During 

bundle assembly, the local concentration of tubes is being reduced as CNTs leave the 

suspension to join the bundle.  If the dielectrophoretic force is strong enough to increase 

the local concentration of CNTs as fast as they are withdrawn, a cylindrical bundle of 

arbitrary length can be withdrawn.  If the bundle is withdrawn faster, however, the local 

concentration will be depleted, and the bundle diameter will decrease until it reaches 

zero, effectively terminating assembly.  This model is far from perfect; it neglects 

electrical resistance in the bundle and the effect of tip shape on the diameter (and 

therefore length) of the bundle, both of which are important effects.  As such, no attempt 

was made to develop the model enough to make quantitative predictions, but it was 

useful as a qualitative guide during assembly experiments. 

The structure of many of the bundles formed in DEP experiments was far from 

the ideal of clean, straight, cylindrical bundles with a constant diameter.  While taper 

due to lack of optimization of the process parameters discussed earlier was one problem, 

impurities and aggregation in the CNT suspension was much more important.  Tubes 

which are not sufficiently functionalized, and tubes which are too long are much more 

likely to aggregate randomly before DEP assembly.  This random aggregation competes 

with the orderly alignment of tubes into bundles, and results in disordered defects along 

the length of the bundle.  These disordered defects distorted the structure of the bundles 
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enough to make them useless for lithography.  An exaggerated demonstration of this 

effect is shown in figure 15, in which untreated tubes were used for DEP assembly.  

Repeated attempts to make a useful suspension from acid-treated laser-ablation CNTs 

failed, possibly because the centrifugation intended to remove these aggregates was at 

insufficient speeds.  Eventually adequate bundles were created, using suspensions 

provided by Huazhi Geng in Otto Zhou’s group.  Examples of bad and adequate 

bundles are shown in figure 16. 

 

Figure 15: The importance of chemically cutting the tubes is illustrated by this 

SEM micrograph of a bundle assembled from untreated laser-ablation grown 

SWCNTs suspended in DMF.  The long tubes became intractably tangled and 

aggregated into a bundle without aligning. 
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Figure 16: The structure of a CNT bundle assembled by DEP is determined 

mostly by the suspension from which it is drawn.  The bundle on the left was made 

from a suspension with many carbonaceous impurities and in which CNTs were 

prone to aggregate before DEP assembly.  The bundle shown on the right was made 

from a much cleaner, more dispersed suspension.  Kinks and curvature, seen in both 

bundles, are most likely due to vibration of the tip/droplet system during assembly. 

3.4.2 Electrical Cutting 

Cutting bundles by electrical burning was found to be much less predictable than 

suggested by literature on electrical shortening of individual tubes.  Rather than burning 

neatly from the end toward the base, most were abruptly cut at an arbitrary location 

along their length, as seen in figure 17.  Some bundles exploded into many fragments, 

possibly due to vaporization of solvent trapped inside the bundle.  Despite the random 

nature of the process, some rigid, mostly cylindrical bundles were obtained that served 

quite well for AFM imaging, and were deemed adequate for lithography testing. 
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Figure 17: A poorly-formed bundle is shown before and after electrical cutting.  

The bundle is cut at a seemingly arbitrary location. 

3.4.3 Lithography 

Features formed by lithographically oxidizing silicon substrates with a cut CNT 

bundle were found to be significantly more irregular in their height and width than 

those formed by a standard Si tip.  This is assumed to be due to the poor quality and 

irregular structure of the bundles produced in this study.  Still, the supposed stability of 

CNT bundles even of higher quality under conditions required for oxidative lithography 

is called into question by these results.  Another confounding factor is that the CNT tips 

that could be used for AFM imaging all had a much larger tip radius than a typical Si 

tip.  AFM tips of the type used in this study have a tip radius rated at 10-20 nm, while 
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the CNT bundle shown in figure 17 is well over 100 nm in diameter, and not particularly 

sharp.  Since a sharp, narrow tip gives a more concentrated electric field, significantly 

higher tip voltages were required to write with the CNT tips. 

 

Figure 18: Oxide lines on a silicon surface formed by anodizing AFM 

lithography are shown as produced by a standard Si tip (top) and a electrically cut 

CNT bundle (bottom).  Both lines were written from right to left, using a bias of 20 V 

for the Si tip and 17 V for the CNT tip.  Both tips write lines that gradually decrease in 

height, then suddenly increase. 
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3.5 Results – Bundles for AC Testing 

3.5.1 Assembly 

Compared to bundles formed for AFM experiments, these bundles were of much 

better quality.  Made from much cleaner suspensions, these bundles were typically very 

straight, well aligned, and of consistent diameter.  TEM images showing the structure of 

a typical bundle are shown in figure 19.  If suspensions were diluted, the quality of 

water used affected the structure of the bundle to a surprising degree.  Bundles drawn 

from DI water had noticeably more defects and inclusions than those drawn from 

“nanopure” filtered water, as shown in figure 20.  To reduce the diameter of CNT 

bundles, the concentration of the suspensions used was reduced, lower voltages were 

applied, or faster withdrawal speeds were used.  By altering these parameters, bundles 

with diameters of 100 nm or slightly lower could be obtained fairly easily, but going 

below 50 nm was quite difficult.  This is most likely due to the fact that the indium and 

tungsten tips used to assemble bundles in this section of the project had a larger tip 

radius than the micromachined AFM tips used previously.  To elaborate, just before the 

tip left contact with the suspension droplet, a “bridge” of solvent containing CNTs 

would exist between them.  Eventually the bridge would become unstable and the 

droplet would snap out of contact with the tip.  The larger the radius of the tip, the 

larger the diameter of the bridge would be just before contact was broken, and the more 

CNTs would be contained within, leading to thicker bundles.  This bridge effect is 
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driven by surface tension, and so we expect that suspensions using lower-surface 

tension solvents would produce smaller diameter bundles.  This was found to be the 

case for bundles formed from a TMF suspension, as shown in figure 21. 

 

Figure 19: A TEM image of a typical CNT bundle assembled by DEP from 

suspension is shown.  The structure of parallel aligned tubes can be seen. 
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Figure 20: A CNT bundle drawn from an aqueous suspension using DI water 

is shown.  Large foamy defects of uncertain nature can be seen on the bundle.  These 

were not present when more thoroughly purified water was used. 

 

Figure 21: CNT bundles drawn from lower-surface tension solvents such as 

THF could be assembled with significantly smaller diameters than those drawn from 

aqueous suspensions. 
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3.5.2 Deposition of Bundles 

Alignment of the CNT bundle with structures on the surface used visual 

feedback from an optical microscope, and so could only be accurate within several 

micrometers at best. Further, the flexibility of the attached bundle added some 

uncertainty to its positioning.  Despite being smaller than the wavelength of light, CNT 

bundles 100 nm or more in diameter could be seen fairly easily by optical microscope.  

An image of a bundle just prior to deposition is shown in figure x. Some amount of 

gallium was deposited along with the CNT bundle, but this was not thought likely to 

affect the test results.  Several samples were produced with good alignment of the 

printed electrodes and bundle. 

 

Figure 22: This optical microscopy image shows a tip-mounted CNT bundle in 

the alignment and deposition setup with a gold electrodes printed on a silicon 

substrate used for evaluation of the alignment process.  Bundles used for actual 

testing were deposited on quartz substrates, and were not deposited directly on any 

metal. 
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3.5.3 AC Testing 

The CNT bundles used for AC testing were found to have electrical resistance, 

capacitance, and inductance values that remained constant over the full range of 

frequencies tested.  More precisely, data from AC testing could be fitted with high 

fidelity by a simulation using a model system composed only of frequency-independent 

elements such as constant-value resistors, capacitors, and inductors.  This data and that 

model are shown below in figure 23. Bundles prepared from cleaner, longer CNTs had 

much better electrical properties than those prepared from shorter, more contaminated 

tubes.  The longer tubes could completely bridge the gap between the two electrodes, 

while the shorter tubes were mostly unable to bridge the gap with a single tube, 

requiring intertube conduction.  Based on literature values for the theoretical resistance 

of individual tubes, only a very small number of tubes in the bundle participated in 

conduction.  This is expected because of the method used to electrically contact the 

bundle.  Only CNTs on the outside of the bundle come into direct contact with the metal 

electrodes, and inter-tube electrical coupling is known to be weak.  Any method to make 

use of the electrical properties of CNT bundles will have to include some way to expose 

the cross-section of the bundle and make contact with that. 
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Figure 23: Microwave characterization data for three representative bundles. 

The left column panels - (a), (c), and (e) - are absolute values of the bundle AC 

impedance Abs(Z). Diamonds denote DC resistance values.  The right column panels  

- (b), (d), and (f) – are corresponding arguments of the impedance. The solid curves are 

measurements data and the dashed curves are fits to the model shown as an inset in 

(f). 
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3.6 Conclusions 

From studying the formation of CNT bundles under different conditions and 

using different CNT suspensions, a rudimentary qualitative model for the assembly 

process was developed.  Bundle diameter near the base was found to increase with 

increasing CNT suspension concentration, applied voltage, and time the bias was 

applied before withdrawal.  The rate at which diameter decreased was found to increase 

with increasing withdrawal speed and decrease with CNT concentration and applied 

voltage.  These findings are in agreement with previously reported results.  Also, for 

more blunt tips there appeared to be a dependence of bundle diameter on surface 

tension of the suspension solvent.  Since very small diameter bundles are expected to be 

the most technologically interesting, this is a potentially very important finding.  The 

processing of CNTs for the suspension used for DEP assembly was found to be the most 

crucial step.  Quality of the bundles formed was highly sensitive to the presence of non-

CNT solids and to pre-DEP aggregation of tubes, which could be caused by insufficient 

shortening or insufficient functionalization of the tubes.  Low-quality, irregular-

structure bundles were also irregular in their reaction to electrical cutting and 

lithographic oxidization of silicon.  Compared to the silicon AFM tips they were 

intended to replace, CNT bundle probes created weaker, more irregular lithographic 

features.  It isn’t clear if the poor performance observed in this study is particular to the 

bundles used or if it is common to any CNT bundle assembled by DEP.  DEP-assembled 
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bundles were also tested electrically at microwave frequencies.  The electrical behavior 

of CNT bundles was found to match that of a frequency-independent model. 
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4. Dielectrictropheresis-Assisted Patterning of Carbon 
Nanotubes for Interconnects 

4.1 Introduction 

This project combines the previous two, reproducing surface patterns in a 

functional bulk material and assembling individual nanoparticles into a well-ordered 

continuous material.  Carbon nanotubes suspended in water are dielectrophoretically 

organized and assembled on a planar substrate, matching the geometry of patterns 

formed in the surface of the substrate.  The technological application for this technique is 

intended to address is the fabrication of short-range electrical interconnects in 

microelectronics. 

4.1.1 Interconnects 

The term interconnect refers to the electrically conductive lines that link active 

elements such as transistors in an integrated circuit (IC) to one another, allowing 

complex logical and mathematical operations to be performed.  Using on-chip traces to 

connect devices printed on the same chip is essentially the development that defines 

integrated circuits.  These on-chip connections allow faster operation, less power 

consumption, and less assembly than the earlier modular approach to circuit fabrication.  

Historically interconnects have had a relatively insignificant impact on the speed of 

operation and cost of fabrication of an integrated circuit, and so have not been 

researched as intensively as transistor technologies.  As ICs improved the number of 
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devices on a chip increased dramatically and the devices became much smaller and 

more closely spaced.  This required a corresponding decrease in the size of 

interconnects, as well as an increase in their number.  At the time of this writing, 

interconnects account for 80% of the total system delay and a substantial portion of the 

cost of fabrication.  As such, significant investment toward improving the performance 

of interconnects has become economically attractive.  For example, the recent switch 

from aluminum to copper as the material for interconnects required a dramatic change 

in the manufacturing process, at great cost, in exchange for only a modest improvement 

in resistance.  The primary failure mechanism for interconnects is electromigration, a 

process by which momentum transferred from electrons to atoms in a conductor is 

enough to move the atoms away from their lattice positions.  Over time, voids may 

form, causing an open circuit, or atoms may pile up in a “whisker defect” which touches 

another interconnect, causing a short circuit.  Copper, having higher mass than 

aluminum, is less perturbed by momentum transfer from electrons.  This reduced 

susceptibility to electromigration allows higher current densities to be used without 

causing reliability problems.  This, in addition to the modest improvement in 

conductivity, is what motivated the widespread acceptance of copper interconnects. 

Minimum line widths continue to shrink, however, and the current density limit 

of copper is being approached.  Furthermore, two important mechanisms for electrical 

resistance in metal, scattering at grain boundaries and scattering at surface defects, 
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become much more prevalent as size decreases and surface area to volume increases.  

Resistivity of Cu in interconnects is shown to increase rapidly as dimensions decrease 

below 90 nm.  These problems are serious impediments to the continued scaling down 

of ICs.  If we are to enjoy the continual improvements in microelectronics performance 

that we have for the past several decades, some way to solve these problems is 

necessary.  Three major approaches have been considered as solutions to the problem of 

interconnect scaling past the 45nm node: 3-D integrated circuits, optical interconnects, 

and carbon nanotube interconnects.  Each approach addresses different aspects of the 

interconnect problem and has quite different advantages and challenges to 

implementation from the others.  The different approaches are not mutually exclusive, 

in theory any combination of the three approaches may in the future be used.  To 

provide proper perspective for this work, these three different approaches will be briefly 

described. 

4.1.2 Three-Dimensional Interconnects 

Currently, only one layer of transistors can be printed on a single chip, compared 

to theoretically arbitrary numbers of metal/dielectric layers.  IC architectures that 

included two or more layers of transistors could hold double the number of transistors 

in a given area.285  Put another way, the area required to hold a given number of 

transistors would decrease dramatically, and with it the longest distance required to 

interconnect any two transistors.286  Since interconnect delay times increase with the 
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square of the travel distance, (linearly if repeaters are used) reducing the average 

interconnect length could dramatically improve performance.  The major drawback for 

3-D circuits is the possibility of dramatically decreased yields.  Most proposed methods 

for 3-D circuit fabrication involve conventional fabrication of single transistor-layer dies 

followed by mechanical thinning of the silicon substrate, putting in through-silicon vias, 

and bonding of the dies.  These steps introduce much greater possibility for fatal defects 

than conventional fabrication steps. 

4.1.3 Optical Interconnects 

Optical transmission of signals has been replacing electrical transmission for 

many years now due to its lower losses and inherently larger bandwidth.  Signals in 

optical transmission lines are also much less susceptible to “packet spreading”, a process 

by which, for example, the edges of a square wave become rounded as the wave travels 

along the line.  This would be useful in computer processors to accurately communicate 

a clock signal over long distances without distortion of the signal phase.  However, the 

greater cost and difficulty of processing has meant that optical transmission has 

typically been used only in longer-distance communications where its advantages are 

more pronounced.  One application where optical technologies are expected to move 

closer to on-chip interconnects is in high-performance applications such as 

supercomputers and servers which have large numbers of processors and require large 

bandwidth connections from processor to processor as well as to the shared memory. 
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Computer processor architectures have been moving into multi-core models recently, 

and the relatively long lines between different cores may in the future be enough of a 

performance bottlenecks that optical lines are an economically feasible solution.  

Technically, most proposals for on-chip optical interconnect systems involve Vertical-

Cavity Surface-Emitting Lasers (VCSELs) to generate a signal. VCSELs can be fabricated 

on a chip in arrays of tens of thousands.287  To deliver the signal to the intended recipient 

some type of fiber optic or waveguide system can be used, analogous to wires for 

electrical signals.  Alternately, free space systems exist in which optical beams are sent 

through air and are processed using imaging optics (lenses, mirrors, etc.).  The expected 

advantages and difficulties of optical interconnects relative to electrical ones have been 

reviewed thoroughly.  In summary, all the required scientific knowledge already exists 

but significant technical development will be required to integrate optical devices with 

silicon-based circuits.288-290 

4.1.4 Carbon Nanotube Interconnects 

Carbon nanotube interconnects are the most simple option from a design 

standpoint, as they simply change the material being used for electrically conductive 

wires.   As mentioned in the previous chapter, CNTs have remarkable electrical 

properties, and at very small sizes these properties make them superior materials for 

interconnects, at least in theory.  Their lack of surface and grain-boundary scattering 

sources leads to much higher conductivity at very small cross-sections, and their high 
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current carrying capacity of >109 A/cm2 also contributes to the possibility of smaller 

wires.291, 292 From a materials processing standpoint CNTs are even more radically 

different from other materials currently used in IC fabrication, and their use will require 

the integration of new processing techniques.  The properties of CNTs that make them 

difficult to process are their extremely high molecular weight (about 5.4 MDa for a 2 nm 

diameter SWCNT 5 microns in length) and their anisotropy.  Their high MW makes 

them unable to be processed by evaporation, sputtering, or solution processing, some of 

the most common and convenient methods used in the semiconductor industry.  Their 

anisotropy means that the tubes must be well aligned in order to get the performance 

required for use in high-density interconnects.  The attractiveness of CNT interconnects 

will be heavily dependent on the tractability of these techniques relative to those needed 

for 3-D IC and optical interconnect solutions.  The appeal of CNT interconnects is that 

they can reduce delay in small interconnects, and allow them to be made even smaller, 

which can allow for a greater density of transistors. 

4.1.5 Summary of Advanced Interconnect Types 

Each of these three approaches, 3-D, optical, and CNT, addresses a separate 

portion of the interconnect problem.  CNT interconnects, the focus of this project, are 

hoped to improve performance of the lowest levels of wiring, where pitch and cross 

sections are very small.  Conversely, optical interconnects are most attractive for very 

long lines, and are most likely to be implemented with the top layers of wiring.  These 
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two approaches compliment each other quite well.  3-D circuitry on the other hand 

represents a sort of middle ground between the other two options, reducing the average 

length (and therefore the delay) of interconnects.  Since the through-silicon vias required 

for multiple levels of transistors take up space on the transistor planes, transistor density 

will need to increase.  The improvements in bottom-layer wire pitch offered by CNT 

interconnects will therefore be especially attractive if 3-D circuits are adopted.  It is 

beyond the scope of this writing to guess at the likelihood of adoption for these three 

approaches, but hopefully this review shows that, even if other approaches prove easier 

to implement, research into CNT interconnect technology is likely to be useful. 

4.1.6 Vertical Interconnects (Vias) 

The bulk of research toward CNT interconnects has so far focused on vertical 

interconnects, known as vias.  Vias have the smallest cross-section of any type of line, 

meaning current densities will exceed the limits of copper first in vias.  The relative 

insensitivity of CNTs’ resistance to length also suggests that longer vias would be 

practical, allowing greater interlevel spacing, reducing capacitance and therefore delay 

and power consumption.  Horizontal interconnects, often referred to as wires, are 

generally much longer, so CNT-based solutions will need to demonstrate lower 

resistivities to be competitive with copper than is the case for vias.  Also, due to the 

anisotropy of CNTs, very different processing methods are necessary for vias and wires. 



 

112 

By far the most popular approach to creating CNT vias is growing CNTs directly 

on the substrate either in holes in a dielectric layer or just before deposition of the 

dielectric.  The ability to grow aligned, relatively dense “forests” of vertical CNTs, both 

multi-walled and single-walled, has been demonstrated many times. 293, 294  CNTs are 

typically grown on nonconducting oxides, but vertical growth on metallic substrates has 

also been demonstrated.  Some groups have also fabricated a top contact and tested the 

electrical properties of vertically grown tubes.295, 296  There are two significant problems 

with this approach that must be overcome, however.  First is that growth of CNTs 

directly on the substrate would necessarily follow fabrication of the active CMOS 

devices.  Diffusion of dopant species at elevated temperatures means that the transistors 

would be destroyed if raised above 400oC.  Synthesis of high-quality CNTs, however, 

requires temperatures above 700oC, as temperatures lower than this result in high 

amounts of defects.  Larger numbers of resistance-increasing defects is tolerable in vias, 

which are relatively short.  The other problem with on-substrate growth, however, is 

less tolerable.  CNTs grown in vertical arrays simply have not demonstrated the density 

or pitch that would be necessary to replace copper.  40 nm diameter MWCNT vias with 

a tube density of 9x1011/cm2 have been fabricated,297 but this is still two orders of 

magnitude below the tube density of 1014 per cm2 which is estimated to match the 

conductivity of a length-scaled copper via at or below the 45 nm node.298  This kind of 

ultra-high density growth is difficult because the metal catalyst nanoparticles from 
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which CNTs grow must have some space between them or they will flow together and 

aggregate.  Nanoparticle catalyst densities of 5x1012 are considered quite dense.  

Furthermore, not every catalyst particle will successfully grow a nanotube.  One possible 

solution to this problem is to grow a single multiwalled tube that fills the entire via 

hole.299  In this case, the multiple walls of the MWCNT can be contacted by opening the 

tube by chemical mechanical planarization (CMP), a common procedure in IC 

manufacturing.300  Based on the Landauer-Buttiker formula G=(Ne2/h)T, the theoretical 

minimum resistance of a CNT shell with low doping levels (N=4) is equal to about 6.5 

kΩ, regardless of diameter.301  Large-diameter nanotubes therefore do not make the best 

use of available space.  A 20 nm diameter MWCNT is likely to have less than 26 

individual shells (based on a 2 nm central void and 0.34 nm interlayer spacing) 

compared to about 90 shells for a 20 nm bundle of closely-packed 2 nm diameter 

SWCNTS.  While very high density of CNTs is not necessary to meet the current 

carrying capacity requirement for vias, the resistance and delay may be too high 

otherwise. 

4.1.7 Horizontal CNT Wires 

Horizontal CNT interconnects have, in comparison, been almost completely 

ignored.  This is due in part to the greater demand for new via technologies and in part 

to the existence of a clear fabrication strategy for vias but not for horizontal wires.  A 

significant amount of effort toward producing horizontal CNT electrical devices and 
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conducting films for other purposes has been reported, however.  To understand the 

decisions made in this project, it is worthwhile to review these efforts here and discuss 

their applicability to horizontal interconnects.   

4.1.7.1 Disordered Films 

The main applications investigated for horizontal CNT electronics are as 

conducting or semiconducting elements in transparent and/or flexible devices such as 

touch screen displays.  For these applications, extremely low sheet resistances are not 

required, so neither are extremely high densities.  In many cases alignment of the tubes 

may not be needed or even desired, so some of the first CNT film devices were prepared 

by simply suspending bulk grown CNTs in a solvent such as ethanol and then dip- or 

spin-coating a substrate with the suspension.  Randomly oriented CNTs would be 

deposited all over the substrate, and metallic contacts to the film could be fabricated by 

conventional means.302  Alternately, by coating the surface of the substrate with catalyst 

particles or catalyst precursors, CNT films can be grown directly on the surface and then 

contacted.  The first measurements of the electrical properties of individual CNTs were 

done using these methods, using films of such low density that single tubes could be 

located by SEM, AFM, or other microscopy and individually contacted with 

lithographically defined electrodes or a conducting AFM tip.303, 304  One of the major 

disadvantages of CNT devices is that they are metallic or semiconducting in a 1:2 ratio 

and cannot be selectively synthesized.  So, when attempting to fabricate single 
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semiconducting nanotube transistors there is a 33% chance of getting a metallic tube 

instead which displays no gate voltage dependence.  Many methods have been 

attempted to separate the two types of nanotubes, with some success,305-307 but this 

problem can be worked around much more cheaply with CNT films.  If the CNT film is 

dense enough, many CNTs will be involved in the conduction of a device and the 

electrical properties can be will be consistent among many devices, determined by the 

statistical abundance of different types of tubes.  This is completely impractical for 

interconnects, however, because it relies on intertube conduction, which is far too highly 

resistive for IC applications.302  Tubes in a low-resistance film would need to be aligned 

parallel to each other. 

4.1.7.2 Aligned Films 

Ultra-long parallel CNT films in which individual tubes stretch from one end of 

the substrate to another are an advancement that may allow multi-CNT films to be used 

for low-resistance applications.308  These films may be patterned either after growth by 

oxidation or before growth by patterning the catalyst.309  Multiple devices may be made 

using the same set of tubes, and multiple growth steps can form layered films that allow 

conduction along more than one axis.310  Applying an electric field of sufficient strength 

during CNT growth can orient the resulting film to some degree.311, 312  CNTs can also be 

aligned by mechanical stresses.313  Also, large-scale synthesis of aligned CNTs can be 

prepared surprisingly easily by bubble processing, a method in which a CNT-containing 
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solution is blown into a large bubble.  Strain energy in the bubble aligns the CNTs, and 

they can be transferred to a solid substrate by simply touching it to the bubble.314 

Recently, efforts to generate films of highly aligned CNTs have mostly depended 

on a poorly understood surface guiding effect of quartz, due to the superior degree of 

alignment and CNT density achievable with this method.  This process is different from 

earlier methods which aligned tubes along the atomic lattice step edges in miscut quartz 

wafers.315  Being particular to single-crystal quartz, these methods are unable to grow 

aligned CNT films on a more technologically important substrate. This problem can be 

avoided by transferring the nanotubes from the original quartz substrates to an 

arbitrarily chosen second substrate.  First, gold is evaporated onto the quartz over the 

CNT array.  Next, a layer of polyimide is deposited.  The sandwich is then peeled off the 

quartz substrate and transferred to another target substrate, followed by removal of the 

polyimide and gold by etching.316  This technique has the added benefit of allowing the 

relatively low density of tubes grown on the quartz substrate (~20 CNT per µm or less 

for most reported results) to be supplemented by repeated transfers to the same 

substrate until the desired density is reached.  So far, however, it appears that the 

conductivity of the tubes is somehow damaged during the transfer from the quartz 

substrate.  CNTs transferred from an amorphous SiO2 substrate seem not to share this 

damage, though, so if methods to efficiently grow super-long highly-aligned tubes on 
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amorphous silica surfaces are developed, aligned thin films may be useful for 

interconnects. 

4.1.7.3 Dielectrophoretic Arrangement of CNTs 

There has also been some effort to develop CNT transistors for high-performance 

devices, possibly to replace silicon as the channel material.  In order to compete, any 

CNT processing method must be able to accurately position a large number of CNTs in a 

large number of devices.  Dielectrophoresis has been used to create devices by 

depositing tubes across an electrode gap, or a large number of electrode gaps.282  This 

method has the advantage of potential selectivity of the type of tube deposited.281  

Furthermore, by synthesizing and treating the CNTs in a separate step from the 

deposition, higher quality tubes made at higher temperatures can be used.  In theory 

chemical treatments to improve the intertube electrical coupling or to achieve other 

benefits can be done before the tubes are arranged on the surface.  Early efforts at 

dielectrophoretic deposition had the disadvantage of poor control over the number of 

CNTs deposited across a gap as well as low positional control.  Refined efforts have 

demonstrated the ability to reliably deposit a single tube across each gap with good 

positional control in parallel over thousands of devices simultaneously.282  While this is 

useful for single CNT devices, for interconnects large numbers of CNTs will be required.  

By patterning additional metal structures in the gap between two electrodes, the electric 

field used to manipulate the nanotubes can be altered, and tubes can be deposited in 
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more complex geometries.  These interstitial metal structures may be problematic in any 

practical interconnect structure, so a method of guiding the deposition of CNTs in 

complex geometries without them is desirable. 

4.1.7.4 Other CNT Arrangement Methods 

Many methods to control the location of CNTs that do not involve 

dielectrophoresis also exist.  Most were discussed briefly in chapter one, but their 

relevance to this work warrants a more detailed overview.  Patterning catalysts to 

control the location of the resulting tubes has already been mentioned.  Similarly, the 

simple technique of using conventional lithography to expose select areas of a substrate 

to a CNT suspension has been shown to be effective.317  CNTs have demonstrated an 

affinity for amine functional groups, and selectively functionalized surfaces are able to 

guide the deposition of CNTs, even forcing the tubes to bend in angles to match the 

pattern.  Other patterns in the chemical functionalization of a surface have managed to 

indirectly control the deposition of CNTs.  Irregular dewetting from a chemically 

patterned surface was found to reliably produce loops in pinned CNTs.318  Using an 

elastomer mold and pressure-driven flow to force CNT suspension through a narrow 

channel can produce continuous bundles.  A secondary gas flow step was shown to 

reduce the diameter of the bundles to an impressive 15 nm, although the geometry of 

the bundle became more irregular.319 
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4.1.7.5 Summary of CNT Assembly Methods 

The point of this mini-review was to show that, out of the large number of 

methods available for organizing CNTs, some of them are potentially complimentary.  

Simplifying, there are long-range methods such as electric field or flow-based alignment, 

and there are short-range methods such as chemical recognition.  Dielectrophoretic 

methods in particular have demonstrated the ability to form CNT structures with the 

densities required for interconnect applications, but the distribution of tubes in these 

structures reflects a random distribution.  In other words, the edges of the features are 

not distinct, and the total feature size becomes too large.  CNT positioning methods 

based on patterning regions of contrasting surface chemistry have demonstrated 

extreme positional control that is not available to long-range methods.  Their weakness 

lies in the relatively poor contrast in density of tubes adsorbed in the desired region 

versus nonspecific adsorption on the “protected” regions.  The goal of this project is to 

combine the advantages of both approaches, to get the density of a dielectrophoretically 

assembled CNT structure with the well-defined geometry of a lithographically defined 

guide structure.   
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4.2 Experimental Section 

4.2.1 CNT Suspension Preparation 

Preparation of the CNT suspension to be used in DEP experiments was for the 

most part very similar to that described in chapter 3.  The important differences stem 

from the choice to use double-walled or few-walled CNTs synthesized by our group 

rather than SWCNTs.  CNTs with more than one shell of graphene were expected to be 

superior for this application because of their greater rigidity and because the presence of 

a sacrificial outer layer during functionalization protects the inner shell.  Greater rigidity 

should result in less tangling of tubes before dilectrophoretic assembly, and therefore 

better alignment within the bundle.  The protection of an outer shell should allow the 

inner shell or shells to be relatively defect-free and therefore better conductors.  The 

added robustness from the extra carbon shells requires some modification to the CNT 

shortening process, however.  Potassium permanganate was used as an oxidizing agent 

in most of the CNT suspensions rather than nitric acid.  Another difference is that a 

more powerful probe sonicator was available for this project, outputting about 1 W/cm2 

compared to 0.1 W/cm2 for the bath sonicators used previously.  

Synthesis of the nanotubes was done in a large (3” diameter) CVD furnace, using 

cobalt/molybdenum catalyst on magnesium oxide support.  The catalyst was prepared 

using a combustion method described in detail in a previous publication from our 

group.320  Briefly, metal salts are mixed in the correct proportion with a reducing agent 
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and an oxidizing agent.  The mixture is heated to 400oC.  The resulting reactions convert 

the metal ions into solid oxides and create large volumes of gas, causing the solids to 

form a highly porous, large surface area structure.  The Co and Mo are present in 

nanoscale alloy particles on the MgO support.  After preparation the catalyst and 

support are loaded into the CVD furnace, purged with Ar, and heated to ~900oC.  Once 

at the appropriate temperature, hydrogen is added to the system to reduce the CoMo 

catalyst particles, then replaced with methane which decomposes on the catalyst to form 

nanotubes.  The resulting product is burned in air at ~400oC to remove amorphous 

carbon.  Nanotubes are also destroyed at this temperature, but at a slower rate.  The 

product is then added to 3M HCl to remove the metals and metal oxides.  Finally the 

CNTs are filtered out of the acid solution.   

To functionalize the nanotubes, they must first be resuspended in water.  An 

oxidizing agent, either KMnO4 or HNO3 is added.  Sonication could also be used for a 

more aggressive process.  Sonication and the duration of the treatment were used to 

control the extent of functionalization/shortening of the tubes.  Typical times were 5 to 6 

hours for KMnO4 and 3 to 12 hours for HNO3.  To stop the treatment, the tubes were 

filtered out and resuspended.  This treatment causes extensive functionalization of the 

CNT sidewalls with carboxylic acid groups.  The polar nature of these groups makes 

aggregation of the CNTs less favorable and allows them to be solvated by water.  

Potassium hydroxide was added to the solution in some cases to increase the number of 
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dissociated groups and thus the solubility of the tubes in water.  Before experimentation 

or dilution, these suspensions were sonicated again at 0oC to improve dispersal of the 

tubes then centrifuged to remove aggregated tubes and impurities.  The supernatant 

was removed and added to nanopure water to make a more dilute suspension.  If 

additional dilutions were made, the entire cycle of sonication, centrifugation, and 

extraction was repeated.  Concentration of the suspensions could not be accurately 

known due to the centrifugation step, but can be roughly estimated as 0.05 mg/mL to 

0.002 mg/mL.  Characterization of the suspended tubes was done by drying a drop of 

suspension on a TEM grid and imaging.   

4.2.2 Electrode Preparation 

Early samples were prepared on 1 mm thick glass microscope slides, chosen for 

their low cost and relative robustness.  To facilitate processing, later samples were made 

from 550 µm thick single-side polished quartz wafers.  These samples were costly and 

broke very easily, decreasing yield, but their properties more closely match silicon, so 

known recipes could be used without as much time-consuming process optimization.  

Electrodes were printed on these substrates using standard photolithography followed 

by electron-beam evaporation of Gold and lift-off.  Proof-of-concept experiments used 

electrodes printed using a film mask from Filmgraphics.  Film masks have a minimum 

feature size close to 20 µm and have rough, indistinct edges, which are reproduced in 

the lithographically defined metal structures.  On the other hand they can be obtained 



 

123 

for a given design quickly and cheaply, allowing rapid prototyping.  Conventional 

photomasks for later experiments are made by etching a chromium layer on a quartz 

substrate, with features defined by electron-beam lithography.  Photolithography is a 

process that exposes certain parts of a chemical photoresist to light, inducing a local 

change in its solubility.  Subsequent “development” of the exposed sample in an 

appropriate solution will remove the resist either in the areas that were or were not 

exposed to the light, depending on the type of photoresist used.  The pattern in the 

photoresist can be transferred to the substrate by etching or deposition of another 

material.  This process allows the rapid patterning with good resolution (~2 µm in this 

case) and edge smoothness over large areas.  Shipley 1813 positive resist (Microchem) 

was used for earlier samples, due to its ease of use.   Futurrex NR 1500PY negative resist 

(Microchem) was used for later samples due to its better edge profile and ease of lift-off. 

Once the features are defined in the resist, metal is evaporatively deposited over the 

whole sample.  Because the adhesion of gold to silicon oxide is poor, a thin layer of 

chromium is deposited first, making the metal structures quite robust.  A “lift-off” 

process follows metallization, in which the remaining photoresist is dissolved in an 

appropriate solvent with some agitation.  Metal that was deposited on resist rather than 

bare SiO is removed.  For the structures this project is intended to make, the features 

made by photolithography are still too large.  A second metallization step using 

electron-beam lithography (EBL) is needed to make a very sharp tip at the end of the 
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photolithographically defined electrode.  Poly (methyl methacrylate) (PMMA) with a 

narrow distribution of molecular weights centered around 450 kDa is used as a resist.  

When PMMA is struck by the high-energy (50 keV) beam of electrons, chain scission 

occurs, lowering the local molecular weight of the resist dramatically.  The exposed 

resist is much more soluble than the unexposed resist, so the substrate surface can be 

exposed in these areas.  Another cycle of metallization and lift-off is performed.  A 

problem with this process is that the glass and quartz substrates are electrically 

insulating, so the electrons bombarding the sample have no easy way to escape 

afterwards, and charge will build up in the sample during the EBL writing.  This charge 

can cause the electron beam to deviate from its course and distort or destroy the written 

image.  This problem is solved by evaporating a 9 nm layer of aluminum on top of the 

PMMA, which allows the charge to dissipate.  This Al layer of course needs to be etched 

away before the underlying PMMA can be developed.  The samples have up to this 

point been prepared in a batch of up to nine on a single substrate.  After the second 

metallization step is complete, they are cut apart using an Allied High Tech TechCut 5 

diamond dicing saw and cleaned by successive rinsing and sonication in acetone, 

isopropyl alcohol, and nanopure water, followed by plasma cleaning in air.  They are 

then ready for surface treatments.  
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4.2.3 Substrate Surface Preparation 

4.2.3.1 Surface Chemistry 

This project can be seen as expanding the dimensionality of the bundle assembly 

project in chapter 3 from 1-D to 2-D.  The bundles pulled from a tip only experience 

forces that are symmetric around the axis of the bundle, and there are relatively few 

different interactions: individual CNTs with the tip/bundle, CNTs with the liquid, and 

liquid with the tip/bundle.  By moving from a free-standing tip to an electrode printed 

on a planar substrate, that symmetry is destroyed, and the number of interactions 

increases dramatically.  The number of relevant interactions becomes still greater when 

we use a substrate that is less than perfectly uniform, meaning for all practical purposes, 

any real substrate.  The force CNTs experience due to liquid-air surface tension is no 

longer constant, its direction can be manipulated by altering the contact angle of the 

liquid on the solid substrate.  This is in turn determined by the surface chemistry of the 

substrate.  To illustrate, figure 24 shows CNTs dielectrophoretically assembled on two 

surfaces, one of bare silicon oxide, with a contact angle less than 5o, and the other on a 

methyl-terminated hexamethyl-disilizane monolayer with a contact angle around 80o.  

On the hydrophilic surface the suspension becomes extremely thin before dewetting 

from the surface.  Because of this tubes are likely to adsorb on the surface before passing 

through the liquid-air boundary.   There is no compaction into a single bundle on the 

hydrophilic sample, and the many bundles that formed are of low density, poor 
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alignment, and short length.  On the hydrophobic sample, however, the suspension 

dewets at a much larger angle, so nearly all of the tubes are still suspended in the liquid 

when they pass through the liquid-air boundary.  A single bundle is usually seen, and of 

high density and alignment.  Because the CNTs in the bundle are densely packed and 

well aligned, the bundle is conductive enough to continue the DEP process.  This allows 

the bundle to be quite long, well over 50 microns in many cases.  Extrapolating from 

published results with tip-based bundles, CNT bundles on a hydrophobic surface 

should be able to be drawn out to an arbitrary length with the right conditions. 

 

Figure 24: Carbon nanotubes deposited with the aid of dielectrophoresis from 

similar suspensions using similar conditions on surfaces with different chemical 

properties.  The sample in the left picture has a very hydrophilic surface and resulted 

in many disordered bundles.  The sample in the right picture is hydrophobic and 

gave two longer, well ordered bundles. 

Effecting a global change of the surface properties of a sample is fairly easy.  In 

this case vapor-phase deposition of hexamethyl disilazane (HMDS) was used to change 

a highly polar OH-terminated surface into a relatively hydrophobic methyl-terminated 

surface.  Surfaces to be treated are placed in a vessel with liquid HMDS and left at 135oC 

for about six hours. The reaction occurs by replacing the two Si-N bonds and two Si-O-H 
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bonds with two Si-O-Si bonds and two N-H bonds, resulting in the grafting of the two 

Si-Me3 groups to the surface, and the elimination of the nitrogen as ammonia, as shown 

in Figure 25.  Many other silane molecules can be used to achieve a similar change in 

surface functionality, such as alkyl-trichlorosilanes, alkyl-triethoxysilanes and perfluoro 

alkyl silanes.  All of these can form a monolayer on a clean SiO surface by a 

straightforward vapor-phase treatment.  Preparing a surface that is not homogenous, 

but functionally patterned with a controlled geometry, requires significantly more work. 

 

Figure 25: The reaction of HMDS with a silica surface 

4.2.3.2 Patterning Monolayers 

A large number of methods to pattern surfaces and monolayers were described 

in chapter one.  The few used in this project will be described here again in greater 

detail.  The method used for the earliest samples was uniform covering of the surface by 

HMDS, followed by application of a very thin layer of photoresist, mechanical 

scratching the resist layer in a controlled way using an AFM, and plasma ashing of the 

exposed surface.  This method, while crude and inelegant, required no preparatory 

work, and proved to be quite reliable.  The exposed areas of the surface were returned to 

their highly polar OH state, while the remaining resist protected the underlying HMDS 

monolayer well enough to retain its hydrophobic character.  This was verified using 
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AFM imaging, measuring phase contrast in the tapping mode.  Phase shift in the 

tapping mode AFM signal reflects the interaction between the AFM tip and the surface 

being imaged.  Differences in surface chemistry can therefore be seen clearly in a phase 

contrast image.  One problem with this photoresist-based method was observed during 

AFM imaging. A major industrial use for HMDS is as an adhesion promoter for 

photoresist, due to the relatively strong interaction between HMDS and the resist.  After 

plasma ashing and stripping of the resist in acetone, the surface appeared much more 

rough and irregular than before the treatment.  This was assumed to be caused by 

photoresist residues remaining on the surface.  More aggressive cleaning, including 

higher power sonication, could probably remove most of the residues, but these 

treatments were found to also remove significant portions of the metal electrodes.  

Photoresist residues negatively impacted the wettability contrast of the patterned 

surface.  Other drawbacks of this method, the AFM scratching component in particular, 

are an inability to reliably pattern very narrow lines (lines were typically about 400 nm 

wide), and an inability to accurately pattern more complex shapes.  In order to avoid 

these drawbacks, later samples were prepared using a second EBL step.  The second step 

required much more precision than the first, and it was eventually realized that 

alignment marks defined by EBL would need to be produced in the first step along with 

the sharp tip.  Once this was done, patterns drawn by EBL could be positioned with an 

error less than 50 nm.  Lines drawn in the resist could be measured using AFM after 
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development, and were found to be around 80 nm wide.  For unknown reasons, the 

PMMA structures did not seem to adequately protect the underlying HMDS monolayer, 

and the patterns could not be observed by phase contrast imaging after oxidation and 

resist stripping.  Imaging immediately after oxidation and stripping showed the EBL 

pattern had been transferred to the substrate in the form of strong surface charge 

differences.  After this surface charge had been dissipated by rinsing with DI water, (18 

MΩ/cm) no trace of the patterns could be seen by AFM. 

4.2.3.3 Topographic Patterns 

A distinct second method to pattern the surface for guiding CNT deposition was 

developed.  Since the surface chemistry was being patterned in order to guide the 

movement of water during dewtting rather than to directly influence the nanotubes, 

anything that influences the water in a suspension should work.  Capillary forces offer 

an attractive option, by etching a trench in the silicon oxide substrate the dewetting can 

be effectively guided.  For this to work, the surface energy inside the trench must 

correspond to a contact angle less than 90 degrees.  To generate the trench, a process 

known as Reactive Ion Etching (RIE) is used.  In RIE, specific gases are fed into a 

chamber and converted into a plasma by and RF field.  The ions are accelerated toward 

the target substrate by another electric field.  The gas is chosen based on the substrate 

material such that when the ions impact they react with the target material to form a 

volatile species, creating a hole or trench.  Because the ions are coming down in a 
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straight line, the etch is relatively anisotropic.  The RIE process requires different 

qualities from a resist material than does the metallization/lift-off process.  PMMA is not 

adequate, as it is very rapidly destroyed and removed.  Other resists are available that 

adequately guard against RIE.  The one used in this product is ZEP 520A (Zeon 

corporation).  A significant drawback to using ZEP 520A for this project is that the active 

chemical is dissolved in anisole, (the A in 520A) which does not wet HMDS-treated 

surfaces at all.  ZEP can therefore not be applied to a sample already treated with 

HMDS.  This means that HMDS treatment will necessarily come after the trench is 

defined, which is a big problem because the inside of the trench will then be just as 

hydrophobic as the rest of the substrate.  An effective solution to this problem was not 

found, so unfortunately the full effectiveness of the trench guiding technique could not 

be determined in this project. 

4.2.4 Dielectrophoresis 

The experimental setup has six major components: a signal generator, a custom 

cuvette to hold the suspension, a micropositioning system, an optical microscope to 

monitor positioning of the sample, a lock-in amplifier to measure electrical interactions 

between the printed electrodes and the suspension, and a PC with automation software 

to control the whole system.  The signal generator is an AFG 3101 arbitrary waveform 

generator (Tektronix) capable of AC output up to 10 Volts peak-to-peak up to 100.  It can 

be controlled remotely by a computer, allowing it to be integrated with automation 
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software.  The cuvette holds the CNT suspension into which the sample is dipped.  It 

must be optically transparent and hold a relatively small volume, to conserve the 

suspension.  A custom cuvette was made using a polished teflon spacer, two glass 

windows, and washers, and is held together with screws.  The glass windows were 

treated with HMDS to give a favorable meniscus shape.  The micropositioning system 

has two parts: a rough, screw driven system that moves the sample holder, and a more 

precise piezoelectric system that moves the cuvette.  The piezoelectric positioners are 

one ANPz 100 and one ANPx 100, (Attocube, Germany) and use a “slip/stick” method to 

get piezoelectric accuracy over a large range of motion.  Motion of the piezoelectric 

positioners is controlled by the automation software.  The optical microscope is put 

together from Mitutoyo optics parts and a Mitutoyo 50x objective with 14.5 mm working 

distance, and uses a Moticam 2000 CCD camera (Moticam, China) to capture images.  A 

fiber optic lamp provides illumination.  The camera is mounted horizontally, aimed at 

the meniscus of the CNT suspension.  The lock-in amplifier measures the attenuation of 

the signal after passing through the sample. Before an experiment began, the samples 

were attached to a holder.  Since most experiments used relatively low-frequency (10 

MHz) signals, little concern was given to impedance matching.  Electrical contact 

between the holder and the sample was established by pressing the printed gold 

electrodes against solder bumps on the holder, sometimes with conductive tape between 

them.  The CNT suspension to be used was sonicated right before use, and sometimes 
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centrifuged.  The sample was aligned with the cuvette and dipped partially into the 

suspension using the rough positioners. The automation program was used to input the 

desired approach speed, dwell time, and withdrawal speed of the sample relative to the 

cuvette, as well as the applied voltage at each step.  Transitions between the different 

stages of the program (i.e., beginning the withdrawal) were triggered manually.  This 

timing was usually based on monitoring of the image from the microscope, but on 

occasions when the optical image was obscured by distortions of the meniscus inside the 

cuvette, the signal from the lock-in amplifier was clear enough to provide cues to trigger 

the change.  Each step of the piezoelectric positioners increases the separation of the 

sample and cuvette by approximately 33 nm per step, and they are driven by a triangle-

wave signal from 5 to 50 Hz.  This amounts to withdrawal speeds ranging from 165 

nm/s to 1.65 µm/s.  As with the process described in chapter 3, faster withdrawal speeds 

resulted in thinner bundles, which were also likely to be shorter, while slower speeds 

gave larger bundles.  Other trends described in chapter 3 also held true for planar 

substrates as well, including larger bundles for greater concentrations and larger 

voltages.   

Deposition experiments could be monitored while in progress using the optical 

microscope.  Since drawing a continuous bundle requires quite slow speeds, it is 

important that the experiments begin with the electrode tip just barely in contact with 

the suspension in order for them to be completed in a reasonable amount of time.  
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Alignment using a microscope is necessary for this purpose.  Also the quality of the 

surface preparation could be evaluated; the presence of dust particles or microscopic 

defects in the hydrophobic monolayer could be observed by their effect on the water-air-

surface contact line.  The increase in CNT concentration near the tip due to DEP could be 

observed as an increase in opacity if a high enough concentration and DEP voltage were 

used.  Relatively large bundles (>150 nm in diameter) could be easily seen in the 

microscope image.  Smaller bundles could not be observed optically, however.  The lock-

in amplifier measures the signal passing through the sample and compares it to the 

signal directly from the signal generator.  Phase differences and amplitude attenuation 

are both measured. The attenuation value is output to the controlling PC as the lock-in 

signal and plot against displacement of the piezoelectric positioner.  The sample acts 

primarily as a capacitor, and the movement of CNT suspension between the two 

electrodes affects its capacitance significantly.  Deposition of a conductive CNT bundle 

on the end of one electrode effectively decreases the inter-electrode spacing, which also 

gives a measureable signal change.  If a good signal is obtained, the presence of a bundle 

can be unambiguously determined by observing the slope of the lock-in signal/position 

plot.  If there is no bundle, there will be a very abrupt drop off.  A deposited CNT 

bundle will be more resistive than the large gold electrode, so the signal will attenuate 

gradually for as long as the bundle contacts the suspension, if one is present.  This 

system was intended to monitor the deposition of bundles that are too small to be 
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observed by the optical microscope.  Unfortunately, obtaining a useable signal from the 

samples was not at all guaranteed.  Contact resistance between the sample and the 

sample holder are the most likely explanation, but it is not known for certain. 

After each deposition experiment the samples were set aside for Scanning 

Electron Microscope imaging.  Low accelerating voltages (1 kV or less) were needed to 

get good contrast between CNTs and the SiO2 substrate, but this unfortunately reduced 

the resolution of the images.  More detailed topographical information could be 

obtained by AFM imaging, such as the height, width, and cross-sectional shape of the 

bundles. 

4.3 Results 

4.3.1 Surface Preparation 

AFM images of the modified surfaces showed distinct phase contrast between 

the oxidized surface and the intact HMDS monolayer, with fairly distinct edges.  This is 

obscured to a great deal by contaminants that have deposited fairly densely on the 

modified and unmodified surfaces alike.  A relatively good image is shown in figure 26.  

Sudden changes in the interaction between the tip and the surface can be seen in the 

phase image.  These are believed to be due to large clumps of contaminants being picked 

up by the tip and significantly altering the interaction with the surface, then deposited 

back onto the surface, restoring the previous regime of interactions.  This phenomenon 
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was a problem for all photoresist-altered HMDS surfaces.  Another interesting imaging 

issue to note is that the oxidized stripe appears to be of greater height than the 

surrounding monolayer.  Since the HMDS monolayer that is being removed has a 

nonzero thickness, this is the opposite of what we would expect.  A possible explanation 

is that the stronger interaction between the polar tip and the polar stripe results in 

greater damping of the tip oscillation, which would make the surface appear to be 

higher than it actually was. 

 

Figure 26: A stripe of bare SiO2 showing through the HMDS background.  The 

stripe was exposed by mechanically scratching a thin layer of photoresist by AFM 

then exposing the sample to oxygen-containing plasma.  In the areas where the resist 

has been thinned by AFM, the hydrophobic HMDS monolayer is oxidized and 

removed. 

Trenches formed by RIE in the SiO2 substrate could be imaged by SEM to verify 

successful modification.  Thickness and depth of the trench was measured by AFM.  
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Trenches were typically about 80 nm wide and 40 nm deep.  Walls of the trench were 

relatively smooth and close enough to vertical that the angle could not be accurately 

measured by the pyramidal AFM tip.  Images and height measurements are shown in 

figure 27. 

 

Figure 27: A trench etched in a quartz substrate by RIE and EBL is shown and 

measured.  Trenches are typically about 80 nm wide and 40 nm deep. 
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4.3.2 Bundle Formation and Guiding 

As mentioned, the state of the deposited nanotubes depended heavily on the 

behavior of the suspension when it dewetted the substrate, which in turn depended on 

the surface chemistry.  Samples with patterned surface chemistry were able to guide the 

deposition of bundles to some degree, preferentially following tracks of higher surface 

energy.  Early trials using larger, blunter electrodes gave large films of CNTs that 

eventually compressed into a single bundle.  During the film state the CNTs were 

insensitive to any guiding forces from the substrate.  Once the CNT film had become 

narrower it was able to be guided to deposit at different angles and turn a corner as 

shown in figure 28. 

 

Figure 28: A CNT bundle is guided around a corner by surface chemical 

patterns.  The left image shows the pattern scratched into a 40 nm thick photoresist 

layer.  After taking this optical image the sample was exposed to oxygen-containing 

plasma to destroy the exposed HMDS layer, then the photoresist layer was removed 

by rinsing with acetone.  The resulting patterned surface was used for 

dielectrophoretic assembly of a CNT bundle.  The bundle reproduced the geometry of 

the hydrophilic pattern. 

The guiding force from a trench was expected to be greater than that of the 

patterned monolayer, but the reverse was found to be true.  Bundles large enough to be 
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visible by optical microscopy were not observed to be guided by the etched trenches.  

Trenches were only sufficient to guide very small bundles, those less than 100 nm in 

width.  Producing such small bundles requires significantly more optimization than 

larger ones, and could not be done as reliably.  When bundles of the appropriate size 

were deposited, however, strong guiding was observed, even to the point of turning in a 

right angle as shown in figure 29.  Frequently, however, the guiding was imperfect and 

the bundle only followed the trench for part of its length as shown in figure 30. 

 

Figure 29: A small diameter CNT bundle follows the prepatterned trench 

around a right angle. 

 

Figure 30: While the bundle appears to be guided by the trench to some 

degree, it also leaves the trench and deposits according to other forces in places. 
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4.3.3 Properties of the Bundle 

The CNT bundles deposited by dielectrophoresis were found to interact strongly 

with the substrate.  They retained their shape through repeated rinsing in many 

different solvents and mild sonication.  Even if the metal electrodes from which the 

bundles were drawn were etched away, the CNT bundles remained as they were, as 

shown in figure 31.  If the bundles were scratched by a large object, however, they tore 

locally without pulling up the rest of the bundle, as shown in figure 32. 

 

Figure 31: The thin film of CNTs formed at the electrode edge during 

dilectrophoretic assembly is shown after chemical etching of the electrode itself.  The 

CNT structure faithfully retains its shape. 
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Figure 32: When subjected to a lateral stress, the CNT bundles tear without 

transferring much of the stress to the rest of the bundle. 

4.4 Conclusions 

Dense bundles of CNTs were assembled on a planar substrate using a quick and 

simple method.  Control over the geometry of the bundles was demonstrated using 

patterns displaying different surface chemistries and topographical patterning.  Control 

over large bundles could be established with surface chemistry patterns, while more fine 

control could be effected with topographic patterns.  It is not clear whether this is due to 

intrinsic differences in the techniques, or if it instead reflects a difference in the strength 

of the controlled surface patterns compared to the uncontrollable variations that could 

be obtained in this study at small sizes.  To be useful for interconnect applications in 

industry, significantly better control over the bundles geometry will need to be 

established, as well as more control over the size of the bundle formed during DEP.  

Forming the samples and suspensions under cleaner conditions should greatly reduce 
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the competing forces that guide bundle deposition.  A combination of surface chemistry 

and topography should also provide much stronger guiding forces. 
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