
ABSTRACT 
 
 
 
 
 
NACKASHI, DAVID PETER.  Circuit and Integration Technologies for Molecular 
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Methods for fabricating a 2D array of gold nanoparticles were investigated for the 

purpose of creating a cross-linked molecular network.  A controllable process for quickly and 

easily depositing and patterning regions of gold nanoparticles was developed.  This process 

involves first patterning gold electrodes used for electrical measurement on the wafers.  

Regions are then defined in photoresist where the dense gold nanoparticles are desired.  

Finally, the nanoparticles are deposited using a short evaporation, resulting in island 

formation through the Volmer-Weber growth mechanism.  The resist is then stripped in a 

process known as liftoff, and the result is a wafer-scale substrate with well-defined regions 

for molecular interconnect.  Before assembly, these structures conduct less than 110pA of 

current at submicron electrode gap distances, and often less than 20pA.   

As determined from SEM image analysis, it is possible to quickly and easily deposit 

and pattern regions on silicon dioxide containing over 4,100 per µm2, each with an average 

area of approximately 80nm2.  The number of particles, average area and fill density can be 

controlled to allow for a number of applications and at a variety of scales.  The smaller, more 

numerous particles integrate into sub-500nm gaps, and the larger, meandering lines integrate 

into micron-scale structures.   
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1 INTRODUCTION 
 

 

 

 

1.1 Motivation for Molecular Electronics 
 

The motivation for research exploring alternate methods for computation is most often 

explained as a necessity in preparing for the day when Complementary Metal Oxide 

Semiconductor (CMOS) technology can no longer be made more efficient6.  Although this is 

a compelling argument, perhaps the most convincing case can be made by simply suggesting 

how much more room for improvement to computation efficiency is available, regardless of 

what that technology might be. 

 

 

1.1.1 Thermodynamics 
 

Although the exact path CMOS development will take over the next decade remains 

unclear, one point is certain: the theoretical physical limit to computation would not be 

reached even if Moore’s law were to hold true for many more decades1,2.  Since Moore’s law 

is not a law of science, rather, a law of human ingenuity2, it is reasonable to speculate that 

other technologies might be developed that could result in the same computational advances 

that have occurred during that past fifty years.  What exactly those technologies are remains 

to be seen.   

In the mid 1950’s, von Neumann’s research3 on the role of thermodynamics in 

computation lead him to suggest that a logical operation performed by a computer would 

result in an energy dissipation of kBT*ln(2).  Following von Neumann, Landauer4 later 

derived a more accurate law of energy and computation in 1961, making a distinction 
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between reversible and irreversible operations.  A reversible operation is one where the 

initial state can be derived from the final state, providing a method for returning, or 

reversing, the operation itself.  One example of a reversible operation is a NOT, commonly 

known as an inverter.  An irreversible operation is one where the initial state cannot be 

determined by the final, therefore, no method for reversing the operation exists.  Examples of 

irreversible operations are AND, OR, ERASE and NAND.  Since it is impossible to 

determine the exact inputs simply by observing the output of any of these gates, information 

is therefore lost during the operation process.  Landauer4 showed that irreversible operations 

must dissipate an amount of energy kT*ln(2) for each bit of information lost.  From this 

derivation, he also proposed that a computational system created entirely of reversible 

elements would, in theory, dissipate no energy.  Charles Bennett proved this point in 1973 by 

showing that a computer, built solely from reversible operations5, dissipates little to no 

energy.   Practical limitations, however, have prevented this type of architecture from making 

its way into commercial products6. 

In 1971, Intel developed the first integrated circuit (IC) microprocessor, known as the 

Intel 4004.  This processor was able to perform approximately 5000 decimal additions per 

second, at an energy expense of 10W, or about 500 additions per Joule7.  Almost 30 years 

later, in the late 1990’s, microprocessors were capable of performing 3*106 additions per 

Joule.  As suggested in the 2001 International Roadmap for Semiconductors (ITRS)8 and in 

other sources6, microprocessors are expected to become 1000 times more efficient by the 

year 2012.  This is illustrated in Figure 1, which plots the energy trend for the execution of a 

single logic operation since 1940.   
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Figure 1: Energy required to perform a logic operation.   

From Keyes6, "Fundamental Limits of Silicon Technology" 

 

 

Two to three orders of magnitude improvement in computational efficiency are seen 

every fifteen years, so by the year 2012, computers are expected to execute 109 additions per 

Joule of energy7.  Although unprecedented, this efficiency is nowhere near the fundamental 

theoretical limit.  Assuming only nonreversible logical operations, approximately 

100*kT*ln2 of energy is required to add two 10 digit decimal numbers, which otherwise 

stated is approximately 3*1018 additions per Joule at room temperature1,4,7.  This implies 

there are nine orders of magnitude available for improvement in computational efficiency 

after what CMOS is expected to deliver in the year 2012.   

 

 

1.1.2 Impending Issues Confronting Current CMOS Devices 
 

Just how efficient CMOS can be made is one of the most thoroughly discussed topics 

in technology today.  The miniaturization of devices increases efficiency in many different 

ways6.  First, by increasing the number of transistors that can be fabricated in a given area, 
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more complex logical operations can be performed resulting in greater area efficiency.  

Second, smaller devices use fewer electrons resulting in greater power efficiency.  Finally, 

smaller wires have lower capacitances which translate directly to higher speeds of operation.   

Combining these three advantages results in a continuing trend of denser, faster more power 

efficient computation. 

Many issues face scientists and engineers if CMOS is to continue the same 

miniaturization trend that it has followed for the past forty years.  Some of the primary 

challenges in scaling CMOS below 100nm will be found in lithography, power supply and 

threshold voltages, short-channel effects, gate oxide, high field effects, random dopant 

distribution and interconnect delays9.   

These areas will force devices to be modeled not with scaled-down “bulk” properties, 

but perhaps as individual molecular elements or structures.   One example occurs in dopant 

distribution.   As devices get smaller, bulk properties no longer hold true and scattering 

events occur less frequently.  This is because the channel width is approaching the mean free 

path of an electron traveling through doped silicon6, resulting in ballistic transport anomalies 

which make device properties difficult to predict. 

Solutions for many of these problems are well underway, and as a result, many new 

novel semiconductor devices and technologies have surfaced such as SOI CMOS, the SiGe, 

Low-Temperature CMOS, and double-gate MOSFETs9.  Just as these new technologies have 

grown from advances in many of the challenging areas listed above, it is expected that these 

same advances will help assist research in molecular electronics and vice versa.          

As advances in CMOS continue and as new technologies for computation are 

researched and developed, advances in architecture will accompany them.  Perhaps one of 

the most glaring issues confronted, as devices continue to shrink, is their susceptibility to 

errors and defects.  This issue has been recognized by research groups in both silicon and 

alternative technologies, and a variety of new architectures10,11 have surfaced which promise 

to address the problem.   

In general, these errors come in two types, soft and hard.  Soft errors can be caused by 

the formation of electron-hole pairs from the bombardment of alpha particles and secondary 
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cosmic rays12.  If a large enough number of erroneous hole-pairs are generated, charges in 

wires and memories can be altered yielding false readings10.  As capacitances and supply 

voltages continue to shrink, the amount of charge that is both needed and used to store data 

shrinks as well.  This makes each subsequent technology generation more susceptible to soft 

errors, resulting in a doubling of the soft error rate (SER) every 18 to 24 months10.  In 

contrast, hard errors are induced by physical mistakes in the fabrication process, stemming 

from photolithography, etching, metallization, etc.  Defects of this type directly affects 

production yield, therefore manufacturing cost per die.  Almost regardless of the next 

generation technology, defect tolerance is expected to play a critical role in memory and 

microprocessor architecture7,10.  For this reason, much of the research into molecular 

electronics feasibility addresses both architecture and devices.  In fact, there is as much 

variation in the design of molecular electronic architectures as there are devices themselves. 

 

 

1.2 Brief Overview of Research and Novel Claims 
 

This research is focused on understanding and improving upon circuit and integration 

strategies in molecular electronics applications.  One of the first published papers suggesting 

a molecular electronic property other than rectification was by Reed in 1999.  In this work, 

Reed suggested that a measured current-voltage characteristic known as negative differential 

resistance (NDR) was the result of the 2’-amino-4-ethynylphenyl-4’ethynylphenyl- 5’nitro-1-

bensenethiolate molecule, synthesized by Tour and sandwiched between two gold leads.  

Today, a large number of architectures are based upon using NDR to create logic gates, 

memories and switches using nanofabrication in conjunction with molecular electronics.   

The first area of this research is based upon understanding the precise design trade-

offs when using elements that have properties similar to that of the Tour-Reed diode.  

HSPICE simulations are used to further explore issues such as integration and stability.  

Although a precise understanding of the mechanism for this measured phenomenon has not 

yet been developed, many dozens of publications that have since followed have helped to 



6 

quantify the magnitude of these molecular effects.  With this data, requirements for 

integration of molecular elements into more advanced architectures are presented. 

The second area of this research involves the design and fabrication of one such 

architecture based upon a molecular cross-linked network.  A novel device utilizing the 

initial stages of nucleation and growth of gold on silicon dioxide is developed, allowing 

electrodes patterned even at the micron scale to be cross-linked through these gold islands.  

Furthermore, regions containing these gold islands are easily defined using standard 

lithographic techniques.  By varying substrate materials and deposition conditions, the fill 

density, average island area and number of islands are controlled to meet a specific 

application.  The technique for depositing and patterning the discontinuous gold films is easy 

to integrate within existing microfabrication processes and is performed wafer scale.  All 

these factors make this technology superior to using solely colloid-based interconnect 

methods.       

 

 

1.3 Dissertation Outline 
 

Chapter 2 of this dissertation is a literature review which puts this research into 

context with recent advances in molecular devices and architectures.  The review includes a 

synopsis of theoretical studies, characterization efforts and proposed architectures based 

upon molecular devices.  Since the application of discontinuous gold films into molecular 

transport studies is a novel claim, the review focuses on many alternative technologies and 

applications. 

Following the literature review, Chapter 3 focuses on the circuit and integration 

tradeoffs using negative differential resistance as a basis for designing latches, gates and 

memories.  An explanation of NDR is given, and the methods for biasing devices exhibiting 

this property are both explained and simulated.  The simulation results are used to quantify 

the resistance values required to bias the Reed diode (or any other device at this current 

level). Suggestions on further improvements to the devices are also presented.  Two logic 
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gates and a memory are presented to further illustrate this point.  Finally, the Goto pair and 

other integration strategies are discussed. 

Chapter 4 focuses on the design and fabrication of a molecular cross-linked 

architecture.  The two types of cross-linked devices studied are colloid-based structures and 

discontinuous gold film-based devices.  The colloid-based structures utilize a chemically 

selective process to attach gold nanoparticles to specific regions on a chip.  The 

discontinuous gold film-based devices utilize the Volmer-Webmer growth mechanism to 

easily deposit and pattern nanoparticles at a density more than twice that of the colloid 

approach.  Scaling of the discontinuous gold film devices to the submicron scale is also 

presented.  In Chapter 5, a statistical analysis of the island formation is presented based upon 

Matlab® image analysis of high resolution Field Emission Scanning Electron Microscopy 

images.  The studies are used to further the claim that morphology of discontinuous gold 

films can be controlled for integration with applications that require specific gold island 

parameters.  Finally, Chapter 6 is a discussion on advancing this work, along with other 

application areas this research can be applied to.  
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2 LITERATURE REVIEW 
 

 

 

 

2.1 Motivation and Issues in Molecular Electronic Technologies 
 

The use of molecules as switching and storage elements in electronic application was 

first proposed over thirty years ago13 and many benefits to this technology have since been 

suggested.  In general, however, they can be reduced to the following four advantages14.  The 

first advantage is size.  The scale of molecules can be between just a few angstroms to 

several microns in length15, making them suitable in size for devices as well as interconnect.  

As with all suggested devices in this link-scale, molecules could offer functional density and 

power consumption benefits as well by using fewer electrons to conduct and store charge.  

The second and often most touted advantage is assembly.  Directed self-assembly of 

molecules onto a variety of substrates and materials offers the potential to fabricate ordered, 

highly complex structures using thermodynamically driven chemical processes16.  Although 

these structures are not likely to themselves be information containing7, their density can still 

be utilized by adding information through a variety of post-fabrication configuration, 

programming and/or training techniques7,17,18.  Self-assembled multi-bit memories19, 

however, would be information containing to the number of bits they are capable of storing.  

The third advantage of molecules is their dynamic stereochemistry.  Many molecular devices 

are designed to have distinct stable geometric structures, or isomers.  These isomers each 

have distinct properties as well, both optical and electrical.  The ability to switch between 

isomers could be useful particularly in memory applications, as well as architectures based 

on wired gates and look-up tables.  Finally, the fourth advantage is synthetic tailorability.  

Synthetic organic chemistry provides the tools for creating virtually any molecule 

imaginable.  Unfortunately, the science of molecular characterization and transport theory 

cannot keep up with the growing number potential organic and inorganic molecular devices.  
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As the fields of molecular theory and characterization mature, the resulting data should 

provide the necessary feedback to organic chemists, which could ultimately result in the 

ability to custom design molecular devices with distinct electronic and optical properties. 

As previously stated, directly self-assembly is perhaps the most touted advantage of 

recent molecular electronics research efforts.  Although these mechanisms potentially offer 

the highest density and complexity combined, they are also the most difficult to control.  For 

this reason, many different architectures have surfaced from the molecular electronics 

community, each with a different degree of self assembly, physical complexity and 

functional density.  These architectural variations are present not only in computational 

technologies, but also in memory and storage. 

An example of the architectural variation in computational molecular electronics is 

shown in Figure 2, listed in order of the degree of self-assembly required.  Hewlett Packard’s 

architecture, lead by Stan Williams, is based upon the “Teramac” computer7,20 which was 

developed in the mid 1990’s at Hewlett Packard21.  It is an architecture based upon the 

crossbar-array structure, a commonly employed system in early computers, now being 

resurrected in molecular electronics22.  The implementation proposed by Hewlett Packard 

requires only a single self-assembly step, using only one type of molecule (R(n) rotaxane) 

and one type of base material (platinum, gold or aluminum) to assemble upon20,23.  The 

successfully written ASCII text string “HPinvent” into an 8x8 crossbar memory within a 

1µm2 area demonstrated a density of 6.4Gbits per cm2, while at the time of publication, 

DRAM densities were yielding only 0.91 Gbits per cm2 at production and not expected to 

reach 6.4 until after ten more years8.  Although the mechanism for the conductivity change in 

rotaxane is now believed to be metallic filament formation, an artifact from the strong 

electrical bias on the crossbar leads, solutions may exist which could allow for further 

development and scaling of these memories24.   
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Figure 2: Self-assembly required for various architectures 

 

 

Earlier versions of this crossbar technology have been used to demonstrate 

electrically configurable wired-logic gates20, which will be used as cellular logic blocks in a 

Teramac-based architecture.  Although the structures themselves contain little information 

post-fabrication, a subsequent programming step would add information into the architecture 

through the use of lookup tables7,20.   

The bit density improvement of one order of magnitude demonstrated by Hewlett 

Packard is impressive, but only a step towards the nine orders of magnitude in computational 

efficiency which is thermodynamically available.  On the other end of the self-assembly 

spectrum is a more aggressive approach, proposed by James Ellenbogen of MITRE in 

200025, which suggests a factor of one million in area improvement for logic gates of the 



12 

technology node under production that year.  This approach however, requires many levels of 

self-assembly to synthesize highly complex, post-fabrication information-containing 

structures, specific to a particular application.  In addition, the chemical attachments of 

molecules that independently behave in one way, do not behave as devices in a simple series 

or parallel circuit, rather, as entirely new molecules26,27.  Not surprisingly, no fully-molecular 

logic gates have been synthesized using this approach.  Because of the difficultly in 

achieving multi-level self-assembly and the complexity of the required substrates, the 

architectures which have thus-far made the most experimental progress generally require 

only a low degree of self-assembly, contain very little information post-fabrication and 

utilize a post-fabrication programming step to add application-specific content.   

 

 

2.2 Transport and Modeling of Devices 
 

Since the first suggestion that molecular elements could be designed to control 

electronic properties in a circuit13, the vast majority of research in molecular electronics has 

focused on measuring and predicting electronic transport through organic devices.   Organic 

materials of all types have been studied, including metallic and semiconducting carbon 

nanotubes28,29,30, silicon nanowires15, oligo(phenylene ethnylene) (OPE) based bistable 

molecular switches31,32, insulating alkanethiol chains33,56, slightly more conductive OPEs and 

oligo(phenylene vinylene)s (OPVs)44,49,55, and charge-storage molecular systems such as 

ferrocenes19.  Understanding electron transport and charge storage is extremely important to 

advance the process of engineering molecules for specific applications41.   

Where silicon device characteristics are engineered by varying the carrier density 

through doping techniques, designing molecular devices involves modifying electronic 

wavefunctions at a metal-molecule-metal junction26.  However, as silicon devices continue to 

shrink, the current modeling techniques become less accurate as the channel lengths no 

longer exhibit bulk properties6.  This has resulted in a great deal of harmony between the 
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fields of silicon nanoelectronics and molecular electronics, with each group leveraging off 

the knowledge created by the other. 

Most of the molecular electronic compounds listed above are only just a few 

angstroms to tens of angstroms in length.  With only a few atoms involved in electron 

transfer, the notion of a density of states becomes less accurate and the properties of these 

molecules are better described by the location and energy gaps of their highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 34,57.  With a 

few exceptions such as metallic and semiconducting carbon nanotubes26, it is expected that 

the Fermi levels of the metallic contacts will lie within the HOMO-LUMO gap of most 

molecules.  This is illustrated in Figure 3, where the energy gap within most molecules34 is 

likely to be approximately 2-3 eV. 

 

 

 

Figure 3: Metal-Molecule-Metal junction.  From Samanta et al.34, "Electronic conduction through 
organic molecules." 

 

 

With this model, it is expected that the primary mode of electron transfer will be 

tunneling, rather than propagation14,26,33,34,57.  A simple approximation for tunneling current 

through a molecular junction can be modeled using the expression, kET = k0e-βd, where kET is 

the rate of electron transfer, d is the barrier width (length of the molecule), and β is a constant 

defined by the electronic structure of the organic layer14,26,33,34,57.   This approximation 

simply states that for set of similar molecules varying in length (such as alkanethiols with 
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varying numbers of methylene groups), the current density (at a given voltage) across the 

junction will exponentially decrease as the molecular length increases.  This is seen quite 

clearly in alkane chain conductivity research using mercury drop electrodes56, nanopores33 

and STM analysis35.  However comparing two structurally different molecules whose lengths 

are the same, research has shown that the tunneling currents can be very different49,55.  This 

has lead to the belief that the parameter β can be used to describe the electron transmission 

properties of different molecules56.  

Experimental research has shown that molecules exhibiting a highly π-conjugated 

structure (such as OPEs and OPVs), as compared to the σ-bonded alkane chains, have a 

much lower gap resistance in metal-molecule-metal structures44,49,55.  This suggests that the 

barrier to electron transfer is lowered within molecules containing delocalized electron 

clouds34,45.  To more accurately account for scattering (which is neglected in the tunneling 

approximation) and the specific electronic structure for various molecules, many theorists use 

Density Functional and Green’s Function based approaches for more accurate 

evaluations34,36,3757.  An example of the value in these approaches is shown in Figure 4, 

where the transmission properties for three different molecules were calculated and plotted.  

Samanta and Datta34 found that the resistance of a four benzene chain molecule scaled higher 

as expected when compared to a shorter, three benzene molecule.  However, a three ring 

OPE was found to have a lower resistance than the four ring benzene chain, even though the 

OPE is a longer molecule.  This was attributed to the presence of the triple bond in the OPE, 

causing a more delocalized electronic structure.   

In the same study, Samanta calculated the transmission properties of a two ring 

benzene chain as a function of the ring orientation to each other.  Shown in Figure 5, the 

most conductive state is when the molecule has no offset, or is planar, and the least 

conductive state is when the rings are 90o out of phase.  This theoretical work further 

suggests that delocalized, overlapping p orbitals play an import part in lowering the barrier 

for electronic conduction.  Experimentally, this was also shown in two separate test 

structures49,55 comparing OPE and OPV molecules.  OPV molecules, known to be more 
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planar and exhibiting less bond-length alternation, were determined to have a slightly lower 

gap resistance. 

Many have suggested using a third gate electrode to modulate transmission properties 

through a molecule25 by twisting or bending the molecular backbone, however concentrating 

a strong enough field in a gap less than 50 angstroms is extremely difficult.  A theoretical 

study of a molecular three terminal device was performed by Datta38 at Purdue, using a single 

benzene ring as the conductive channel.  To get good control of the channel, i.e., to get a high 

enough field to modulate the device, the equivalent gate oxide would need to be less than 

10% of the channel length.  This suggests that the gate electrode would need to be within two 

angstroms of the benzene ring, placed within an atomic level of accuracy.  For these reasons, 

most research into molecular electronics has focused on two terminal devices, primarily 

switches.   

 

 

 

Figure 4: Green-function analysis of electronic transmission through different molecules. From Samanta, 
et al.34, "Electronic conduction through organic molecules." 
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Figure 5: Ring orientation effects on the tranmission property.  From Samanta, et al.34, "Electronic 
conduction through organic molecules." 

 

 

The growing body of theoretical work and tools used to generate molecular models 

has lead to many suggestions for novel, molecular devices.  Shown in Figure 6 are several 

examples of these devices, which include switches, wires, rectifiers and storage devices.  Of 

course, the only way to determine the validity of theoretical models used to generate these 

suggestions is through experimental analysis, an area just now developing on its own.  The 

contact to the molecule itself, atomic in nature, is just as much a part of the device as the 

organic structure itself.  Although theoretical studies have helped to understand the nature of 

the metal-molecular contact40, finding a consistent, scalable and repeatable test bed for 

comparing different molecules has proven to be the most challenging aspect of molecular 

characterization.       
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Figure 6: Suggested molecular electronic devices.  From Joachim et al.26, "Electronics using hybrid-
molecular and mono-molecular devices." 

 

 

2.3 Device Characterization, Nanostructures and Test Beds 
 

As previously stated, the science of molecular characterization and transport theory 

cannot keep up with the growing number potential organic and non-organic molecular 

devices.  This is due primarily to the extreme difficulty in characterizing these devices, which 
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are often at or below 20 angstroms in length.  As first suggested thirty years ago13, molecules 

could potentially be used to perform the same electrical functions that solid state devices 

perform today.  Of course, to perform electrical functions there must be an electrical path.  

This requires molecular electrical characterization structures to bring into close proximity, 

with atomic precision, at least two metallic or semi-conducting probes through which 

external currents and voltages can be applied and measured.  Furthermore, the effect of these 

contacts must be thoroughly understood and even decoupled from the device itself since they 

will inevitably alter the electronic properties of the molecules under investigation16,39,40.   

The bulk of the molecular electronic characterization effort to date has focused, for 

simplicity, on two-terminal devices.  A large variety of structures and tools have been used to 

gather electrical data from groups of molecules, and perhaps even single molecules 

themselves.  In general, fully fabricated molecular-based devices and test structures can be 

summarized by one of three categories16, as shown below in Figure 7.  A fourth category of 

structures is also present, which includes non-fully fabricated devices using a Scanning 

Tunneling Microcopy (STM) technique as the top contact for single and small groups of 

molecules.   Electrochemical methods also exist for characterizing responses in solution, 

which have been employed in systems where oxidation and reduction reactions play a role in 

charge storage19 and conductivity31,100. Though each has their strengths and weaknesses, one 

common theme is present across all four categories.  At least one terminal junction is formed 

through self-assembly of the molecules of interest.  This underscores the great interest and 

importance in understanding and utilizing thermodynamically-driven spontaneous 

processes16 for creating structure and order at the atomic scale.      
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Figure 7: Catagories of Molecular Test Structures.  From Allera et al.16, “Evolution and Strategies for 
Self-Assembly and Hookup of Molecular-Based Devices.”  

 

 

2.3.1 Simple Molecular Self-Assembly 
 

Structures that attempt to characterize single molecules or small groupings using 

fabricated or wired electrodes offer the potential to characterize the most basic elements 

proposed in molecular computing13,26.  These structures have the unique capability of 

characterizing very small numbers of molecules in which both terminal junctions are created 

through self-assembly.  Devices based upon these techniques offer perhaps the greatest 

physical certainty of fully-fabricated or wired test structures. 

The most difficult challenge in creating these types of structures is the fabrication of a 

metal-space-metal junction, into which the molecules of interest can assemble.  Since many 

of these molecules are often less than 100 angstroms in length14,16,41,42, the most obvious 

difficultly is the fabrication of gaps between proximal probes.  Although electron-beam and 

nano-imprint lithography can pattern features into this link scale, their relative tolerances are 

far too great to be used as a platform for proximal probes in this application43.  A second 

difficulty arises in the chemical assembly of single molecules into a fixed space.  Although 

making longer molecules could reduce fabrication complexities, the more conductive, 

conjugated molecular wires exhibiting longer lengths and higher conductivity typically 

contain a series of highly polarizable overlapping π-electron clouds44,45. These molecules 

have an attraction to polarizable metallic surfaces16, which in the absence of other forces, will 
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have a tendency to lie flat on the electrode surface rather than perpendicular across the probe 

gap.  In addition, the longer the molecule, the greater this attractive force will be16, making 

electrical characterization of longer molecular wires potentially more difficult.  One method, 

illustrated in Figure 8, involves first assembling a host matrix onto the metallic surface, then 

substituting the molecule of interest into this monolayer16,45.  This method allows for a more 

consistent take-off angle, and also isolates the longer conjugated oligomers into single sites 

for easier analysis44,45 of individual molecules (further discussed in Section 2.3.4).   

 

 

 

Figure 8: Orientation of molecules between two probes.  From Allera et al.16, “Evolution and Strategies 
for Self-Assembly and Hookup of Molecular-Based Devices.” 

 

 

In work done by Reed at Yale46, a breakjunction was used to form a settable, sub-10 

angstrom gap between two gold wires.  A thin gold wire (diameter not given) was notched 

and glued to a slightly flexible mounting strip at two points near the center of the beam.  A 

pizeo element was used to apply an upwards force underneath the beam between the two glue 

points, while two counter supports contacting the top forced the entire beam to flex.  Finally, 

a cell was glued to the top of the beam in which benzene-1,4-dithiol was dissolved to a 
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concentration of 1mM in tetrahydrofuran (THF).  Shown in Figure 9 is the mechanically-

controlled break junction (MCB). 

 

 

 

Figure 9: Mechanically-controlled break junction (MCB).  From Reed et al.46, “Conductance of a 
Molecular Junction.” 

 

 

By flexing the beam until the wire broke, assembling the dithiol, then relaxing the 

beam to bring the ends into proximity, Reed and his colleagues suggested that potentially 

only a single molecule had assembled in the gap.  Once the device was brought into the 

highest resistive state, a bias sweep from 0 to 5 volts consistently showed two distinct regions 

of conductivity.  In three separate measurements, this corresponded to resistances of 22.2, 

22.2 and 22.7 MΩ and 12.5, 13.3 and 14.3 MΩ respectively.  This is illustrated in the top two 

graphs of Figure 10, which plot both the current-voltage sweeps and the conductance.  Reed 

suggested that these two distinct regions could potentially represent a Coulomb staircase, and 

that the 0.7V gap around 0 volts could indicate a Coulomb gap, however, more 

experimentation is necessary to understand this phenomena.  One point of interest was a 

single measurement on a different device that yielded two conductance values of 

approximately 14mΩ and 7mΩ, or about half the values in the first experiment.  Reed 

suggested that this could be indicative of two molecular junctions in parallel.    
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Figure 10: Assembly and electrical data from the MCB.  From Reed et al.46 "Conductance of a Molecular 
Junction." 

 

 

Although the data taken from this experiment are somewhat close to experimental 

data taken using other methods47, the structure itself raises several questions as to the nature 

of the contact.  Because the wire tips are formed through a mechanical stress and fracture 

process, the exact shape and geometry of the tips are unknown, providing uncertainty as to 

the exact number of molecules involved in the measurement.  In addition, it is not know if 

both gold-sulfur junctions were formed through chemical assembly,  if one was physically 

contacted, or if two molecules that each adsorbed onto a lead where brought into close 

proximity. 

A test structure designed by Kushmerick at NRL48,49,50 has many of the same 

advantages offered by the break junction and overcomes some of the disadvantages as well.  

Since the junction is formed from two independent wires rather than from fracturing a single 

wire, they can be assembled independently, ensuring only one monolayer is inserted into the 

measurement area50.  The junction separation is controlled by applying a small dc current to 

one wire, which deflects it in a magnetic field, by the Lorentz force50 F = I X B.  The 

structure, shown in Figure 11, is comprised of two 10 µm diameter wires, allowing a more 
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accurate interpretation of the device cross-sectional area, which directly relates to the number 

of molecules involved in transport measurements50.   

 

 

 

Figure 11: Crossed wire tunnel junction.  From Kushmerick et al.49, "Effect of Bond Length Alternation 
in Molecular Wires" 

 

 

In one experiment, Kushmerick directly compared the DC electrical characteristics of 

two OPE molecules, each with slightly different endgroups48, or “alligator clips”16.    These 

OPE molecules have been extensively studied for their use as molecular wires41,42,44,45, as 

well as variants41,42,44 for switches and rectifiers. As shown in Figure 12, the first compound 

consists of an OPE backbone with a thioacetyl group on both ends, while the second contains 

the thioacetyl terminal group only on one end.  The acetyl protected endgroups were used, 

rather than simple thiol terminated endgroups, to prevent disulfide linkages from occurring 

during assembly42,48.    
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Figure 12: OPEs investigated.  From Kushmerick et al.48, "Metal-Molecule Contacts and Charge 
Transport across Monomolecular Layers: Measurement and Theory" 

 

 

 

Figure 13: Experimentally determined transport characteristics of OPEs.  White symbols correspond to 
positive bias and black symbols to negative bias. The plot (a) is compound 1, and (b) is compound 2.  
From Kushmerick et al.48, "Metal-Molecule Contacts and Charge Transport across Monomolecular 

Layers: Measurement and Theory" 

 

 

The electrical results, shown in Figure 13, were slightly rectifying and symmetrical 

for compound 1, but very asymmetrical and greatly rectifying in the positive bias regime for 

compound 2.  The electrical results for compound 1 suggest that the symmetrical molecule 

formed nearly identical contacts to each wire, likely being chemically absorbed on each end.  

The results for compound 2 are attributed by Kushmerick to the asymmetric contacts formed 

on each end of the molecule, one chemical and one possibly physical.  In this system, a 
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positive bias corresponds to electron injection at the Au-phenylene interface, suggesting a 

lower barrier than for the Au-S interface.  This result bears similarity to previous work 

performed by Reed51 using a nanopore, where asymmetric contacts resulted in asymmetric 

rectification in DC bias sweeps, suggesting the Au-S interface presents a higher barrier than 

the evaporated top contact, where no sulfur linkage is present.  Theoretical work has also 

suggested that the Au-S linkage, although well understood in the formation of self-assembled 

monolayers16, provides perhaps the worst electrical contacts between molecules and metals52.  

Kushmerick also demonstrated that theoretical modeling of the system using Green’s 

functions techniques and were in line with the results, although since the exact number of 

molecules involved in the system is unknown, only relative comparisons can be made. 

In an attempt to further understand the nature of the contact area and to investigate 

the electrical properties in scaling from several to over a thousand OPEs in parallel, 

Kushmerick50 used the same crossed wire device and measured the I-V response as a 

function of deflection current.  The OPE studied in this experiment was also a three phenyl-

OPE, but contained an isonitrile (Au-CN) alligator clip only on one end.    

 

 

 

Figure 14: I-V plotted as function of deflection current.  From Kushmerick et al.50, "Conductance Scaling 
of Molecular Wires in Parallel" 
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The initial I-V sweep indicated a rectifying, slightly asymmetric response, which was 

attributed to asymmetry in the contacts and endgroups.  As the deflection current was 

increased, the I-V sweeps shifted uniformly towards a more conductive state.  Based on the 

results of previous STM analysis53,54, it is suggested that the loading force’s affect on the 

contact area would serve to increase the area, effectively raising the junction conductivity.  

Kushmerick normalized each of the I-V sweeps by using an integer divisor, which resulted in 

the nicely overlapping curves shown in Figure 14.  Knowing that Hertzian mechanics dictate 

that the contact area should scale as (load)2/3, Kushmerick showed that the integer divisors 

agreed with the expected load model for the lower forces, but disagreed for the higher contact 

forces.  Although the higher forces could affect the electronic properties of the molecules in 

that region, that explanation was deemed unlikely because of the uniform similarity in all 

curves after normalization.  It was noted that a similar deviation was observed in the previous 

STM work53,54, attributed to a change in charge transport.  Most importantly, this work 

demonstrated that for larger contact areas involving hundreds of parallel molecules, the 

conductance of the junction scales linearly with area, which is in agreement with previous 

theoretical work performed by Magoga and Joachim27. 

Since the nature of the contact region (in terms of shape and molecular attachment) is 

quite repeatable for this crossed-wire test structure, NRL experimentally compared the DC 

electrical response49 of three separate molecules with the response measured55 in an STM 

system.  Compound 1 is a C12 alkane, compound 2 an OPE, and compound 3 an OPV, with 

each oligomer containing three phenyl groups.  All of molecules measured were terminated 

at each end with thioacetyl groups for protection.  In both experiments, it was determined 

that the σ-bonded C12 alkane had the highest gap resistance, with both the π-conjugated 

OPE and OPV molecules having lower gap resistances.  The OPV showed a slightly smaller 

resistance than the OPE, which was attributed to higher bond length alternation in the OPE 

due to the triple bonds.  Although the number of molecules between each system was 

different (and difficult to quantify), the similarity in trends gives confidence to the electrical 

results.     
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Another method for contacting a large number of molecules was developed at 

Harvard by Holmlin and Whitesides56.  Liquid mercury was used as a top contact to a SAM 

formed, through sulfur linkages, to a gold surface.  The motivation in using liquid mercury is 

to provide a top contact, on which sulfur chemistry can be performed, and whose application 

is gentle enough so as not to damage the SAMs under investigation. An example of a Au-

C16//C16-Hg junction is shown in Figure 15. 

    

 

 

Figure 15: Au-C16//C16-Hg junction.  From Holmlin, et. al.56, "Electron Transport through Thin 
Organic Films in Metal-Insulator-Metal Junctions Based on Self-Assembled Monolayers." 

 

 

A SAM was formed on both the Hg electrode as well as the Au substrate to provide 

support and to prevent the coalescence of the mercury drop into the metal substrate.   

Holmlin’s experiments included varying the composition of SAM(1) while holding SAM(2) 

constant, as well as varying both SAM(1) and SAM(2) in order to keep the gap distance 

between the Hg and the Au identical.  In all cases, the current density increased 

approximately linearly with respect to the contact area, which is in agreement with previous 

studies50,53,54.  While holding one SAM constant, it was determined that the current flowing 

across the junction decreased with increasing distance between the Hg and Au surface by I = 
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I0e-βd, which is consistent with literature and is expected for a tunneling process57.  While 

varying both SAMs (each an alkanethiolate) but keeping the number of methylene groups 

constant between them, it was found that the difference in current densities was small 

compared to the first case where the gap distance was allowed to vary. 

Although the liquid probe device offers a non-destructive method for establishing a 

top electrical contact to a SAM, the electrode material is restricted to metals which allow 

sulfur chemistry and also remain liquid at or near room temperature.  In addition, the 

requirement for passivating the mercury probe itself with a SAM introduces the uncertainty 

of the SAM(1)//SAM(2) junction, which is likely to vary with the molecules and terminal 

groups of both SAMs.  Finally, the size of the probe allows only larger-area contacts to be 

studied, eliminating the possibility for evaluating a range of contacts involving down to even 

a few tens of molecules.  Nonetheless, the experiments provided several important 

comparisons between a variety of molecular systems, and help to strength the notion the 

direct tunneling is a large contributor to conductivity in many molecular systems. 

Other approaches to fabricating small gaps have also been developed, which could be 

used for molecular characterization.  One method involves forming nanometer-scale gaps in 

metallic wires using nanoimprint lithography and electromigration.  Austin and Chou58 first 

patterned 20nm gold wires onto a insulating substrate, then passed a high DC current across 

the wire until a break formed.  Using this method, gaps in the range of 10nm and some as 

small as 8nm were created.  Of course, the exact location and geometry of the tip shape are 

uncontrollable.  Another approach, developed by Morpurgo59 at Stanford, involves patterning 

a set of proximal probes, then plating gold onto these leads through electrodeposition.  By 

monitoring the current passed between the wires, the system can be shut off when a gap of 

particular width has formed.  Morpurgo used this technique to fabricate gaps of less then 

20nm, however, the exact geometric shape of the tip is not controllable, and the metallic 

systems are limited to those which can be electrodeposited. 
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2.3.2 Object and Molecular Assembly 
 

One way to reduce the atomic requirements on electrode gap distance is to use a 

multi-step approach, assembling the molecules on larger objects, and then joining these 

objects into larger features.  One sacrifice made is the characterization of a single metal-

molecule-metal junction, but certain properties can be derived using this hybrid approach in 

measuring several to many junctions at once.  

In work done by Rawlett60 at Motorola, a series of proximal probes were fabricated in 

gold on a silicon dioxide surface, with gaps between 40 and 100nm.  A drop of gold 

nanoparticles (ranging in size from 40nm to 120nm) suspended in water was placed on the 

substrate.  An AC bias of less than 2.5V peak-peak, ranging from 1 to 10 MHz was used to 

dielectrophoretically trap the gold particles at the electrode tips, the location of the highest 

field gradient61.  As shown in Figure 16, the smaller nanoparticles tended to clump together 

into larger groups, while the larger particles were trapped in fewer numbers.  When first 

depositing a SAM of mononitrodithiol OPE on the electrodes, then trapping the molecules, 

the electrical data suggested increased conductivity and several regions of negative 

differential resistance. 

 

 

 

Figure 16: Trapped colloids using dielectrophoresis. From Rawlett et al.60, "A molecular electronic 
toolbox." 
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Although molecular junctions can be isolated and measured without the need for 

patterning atomic-scale gaps, the exact number and location of each junction cannot be 

controlled.  Although post-measurement analysis could be used to confirm the number and 

location of nanoparticles, there is no way to isolate how many colloids are involved in 

electrical conduction.  Further, the exact makeup of the Ted Pella, Inc. particles out of the 

vial is an unknown.  A variety of materials could be bound to the surface of the gold colloids, 

including salts and species used for charge stabilization, and is likely in greater density for 

particles larger than 10nm in diameter62.  The presence of these molecules brings into 

question the exact molecular makeup of each junction. 

Rather than relying on dielectrophoresis to bring gold particles into a junction, Janes63 

at Purdue chemically assembled a 2D network of 4nm gold nanoparticles, forming a 

hexagonal matrix on silicon dioxide.  This matrix was formed on a surface containing 

proximal probes, separated by a distance of 500nm.  Shown in Figure 17 is the matrix of gold 

nanoparticles, in a region between the electrical probes. 

 

 

 

Figure 17: 2D matrix of 4nm gold particles.  From Janes et al.63, "Electronic conduction through 2D 
arrays of nanometer diameter metal clusters.” 
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Dodecanethiol-encapsulated gold nanoparticles were allowed to assemble into a 

closed packed array, from solution, onto the substrate.  Once assembled, the substrate was 

immersed into a solution containing the di-isonitrile molecule shown in Figure 18, 

approximately 22 angstroms in length.  While in solution, the research suggests that a 

fraction of di-isonitrile molecules are substituted into the dodecanethiol molecules on the 

surface of the gold nanoparticles.   The addition of these di-isonitrile OPE molecules should 

add to the conductivity measured at the electrodes.  Electrical measurements agreed with this 

theory, showing a large drop in measured resistance between the two electrodes, from the as-

deposited, dodecanethiol-encapsulated matrix.   

Although this experiment does relatively agree with similar measurements taken on 

OPE based molecules48,49,55,44, the exact number of junctions involved in the current path is 

unknown, as well as the exact effect of the di-isonitrile OPE.  No results from control 

experiments are presented, suggesting perhaps the organic solvent itself (or a part of that 

step) might have contributed to the increased conductivity.  Nonetheless, the idea for cross-

linking gold objects into a 2D matrix is one that other groups have suggested for more 

advanced molecular electronics architectures64.  

 

 

 

Figure 18: Crosslinked 2D cluster electrical response.  From Janes et al.63, "Electronic conduction 
through 2D arrays of nanometer diameter metal clusters.” 
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In work performed by Parker65 at Birmingham, Edgbaston in the United Kingdom, a 

solution of 2nm diameter dodecanethiol-passivated gold colloids, suspended in toluene, was 

dropped onto a prepatterned substrate.  Substrates of both silicon and silicon dioxide 

(hydrophobic and hydrophilic respectively) were used, with a layer of patterned photoresist 

deposited on the surface.  By allowing the toluene to evaporate then removing the resist with 

acetone, a patterned layer of gold nanoclusters was formed on both substrates.  Other 

methods, using various silane binding chemistries66, have also been attempted in the 

deposition and patterning of gold colloids onto silicon dioxide surfaces, but similarly have 

not achieved the uniform, high density matrices needed for subsequent molecular attachment.  

An approach by Brown67 at Penn. State involved taking these less-dense colloid films, then 

reducing Au3+ electrolessly, causing the colloids to grow and the gaps to shrink.  The gap 

sizes were reduced to approximately 10nm with this method, which offers the possibility to 

reduce gaps between isolated gold structures where electrodeposition is not possible. 

Other methods including evaporation and sputtering have been used to create 

discontinuous gold films68,69,70,71,72 which have been studied for almost thirty years, primarily 

for their optical properties72.  In a study by Harsdorff71 which focused on evaporation and r.f. 

sputter depositions, three types of condensation mechanisms were suggested:  1. layer by 

layer growth (van der Merwe), 2. nucleation then island growth (Volmer-Weber) and 3. 

adsorption then nucleation followed by growth (Stranski-Krastanov).  The mechanism of 

growth depends upon the interaction between metal atoms and the binding strength of the 

atoms to the substrate.  For gold on silicon dioxide, the gold-gold interactions are stronger 

than for gold-silicon dioxide, resulting in island growth by the Volmer-Webmer 

mechanism71.  This growth mechanism has been studied for gold on a variety of substrates, 

including mica71, NaCl69,71, carbon71 and glasses68,70.  The location, number of nucleation 

sites and size of the gold islands has been shown to depend upon the deposition method71,72, 

substrate material71, deposition rate71, deposition time68,69,72, temperature72, atmosphere70 and 

electric field73,74,75,76, among other variables. 

In work performed by Parmigiani72, gold was sputtered at various times and 

temperatures onto a glass substrate, and then analyzed using TEM micrographs to determine 
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island size and shape.  For all temperatures studied, the particle sizes and fill factor increased 

as the sputtering time increased.   

 

 

 

Figure 19: Gold clusters deposited at (a) 25oC, 3s (b) 160oC, 8s (c) 200oC, 8s (d) 250oC, 8s.  From 
Parmigiani et al.72, "Optical properties of sputtered gold clusters." 

 

 

As seen in Figure 19, the islands all take on a colloidal shape, with exact size 

distribution and fill factor depending upon the deposition conditions.  Also noted were 

differences in the characteristic absorption shift (due to surface plasmon resonance) as a 

function of deposition temperature.  The shift in absorption towards red, seen as a function of 

fill factor at lower deposition temperatures, did not occur at higher temperature depositions, 

even as the fill factors increased over 20%.   

For thin gold films deposited through electron-beam evaporation, the islands take on 

a more “worm-like” structure, rather than discrete colloidal shapes.  These meandering 

shapes can be patterned using liftoff, and used as a matrix for cross-linking molecules or 

molecularly passivated gold colloids or rods77.  Because of their high perimeter-to-area ratio, 

the number of junctions between two electrodes can be greatly reduced, minimizing the 

series resistance expected across many molecularly-linked junctions17.  Furthermore, 

research has shown Volmer-Weber growth mechanisms for a variety of other metals 
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including platinum78,79,80, silver81,82,83,84,85,86,87,88, copper86,87 and palladium81,87,88, introducing 

the possibility for studying various other metallic contact chemistries40.  The study of 

palladium for these technologies is most promising due its expected low contact resistance 

when bound using sulfur chemistries40, and its refractory property allowing the conduction of 

higher current densities. 

 

 

2.3.3 Physical Vapor Deposited Top Contact 
 

Evaporating metal onto a self-assembled monolayer offers perhaps the easiest method 

for contacting a molecular device, but is also one of the most challenging methods studied.  

Defects in the monolayer serve as sites for shorts upon evaporation, and the impinging flux 

of metallic atoms during the evaporation process itself could damage or alter the organic 

film32,56,89.   

One of the first studies of organic self-assembled monolayers using this type of 

junction was conducted by Zhou51 at Yale, using a structure they named the “nanopore.” 

Shown in Figure 20, the nanopore is fabricated by through-wafer etching of a silicon 

substrate, using a thin nitride film as both a patterning and etch-stop layer (ESL.)  A 

subsequent plasma etch step opened a small 30nm pore in the membrane, onto which a thin 

layer of gold film was evaporated.  A SAM of 4-thioacetylbiphenyl was formed on the gold 

surface, in particular inside the pore, followed by the deposition of a Ti/Au top contact onto 

the SAM.  The sample is mounted on a cold stage, which has liquid nitrogen circulating 

throughout it during the evaporation.  The cold stage is used to help remove energy from the 

impending flux of metal atoms, minimizing the damage to the SAM itself.  Within the pore, 

Zhou estimates approximates there are 1000 molecules are involved in the electron transfer 

between electrodes. 
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Figure 20: Nanopore.  From Zhou et al.51, "Nanoscale metal/self-assembled monolayer/metal 
heterostructures." 

 

 

The contact area was defined by the nanopore, and kept small to minimize the 

chances that defects in the monolayer would be present in the junction itself.  The titanium 

layer was chosen because of its known property to react with the organic layer39, suggested 

by Zhou to help form a better contact.  Results from this experiment showed a strong 

rectification in the positive bias direction (electrons emitted from the Ti/Au), but virtually no 

rectification in the negative bias direction, swept between -5 and 5 volts.  The cause of the 

rectification was suggested to result from the higher work function of gold than titanium, 

causing a lower barrier for electron injection from the bottom contact.  Through extended 

temperature measurements, the transport mechanism was attributed to thermally activated 

injection of electrons under positive bias, and hopping conduction under negative bias. 

Initially, the use of a titanium layer in the top contact was thought to help facilitate 

binding with the SAM.  Unfortunately, the resulting asymmetric electrical responses only 

complicate measurement analysis.  Furthermore, studies have shown that Ti can actually be 

very reactive with the organic surface, leaving the exact structure of the SAM after 
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deposition an unknown. Konstadinidis and Allara39 showed that titanium, when vapor 

deposited on alkanethiol SAMs with various end functional groups, completely consumed 

groups of COOCH3, OH and CH. In a later study by Hewlett-Packard89, it was found that 

evaporation of Ti onto a monolayer containing a long alkane chain pointing upwards did 

react to some extent with the organic layer.  The long alkane chain served as a barrier layer in 

the film, which was covalently linked to a quantum dot structure.  Reflection-absorption 

infrared (RAIR) spectroscopy was used to determine that a number of the methylene groups 

had reacted with the Ti, but it was not possible to tell how many or in what ratio the groups 

were consumed.  Although the use of an inert metal, such as gold or silver, reduces the 

possibility of a reaction between the monolayer and electrode, these metals have a tendency 

to penetrate further into the SAM resulting in more instances of shorting89.   

Using the same structure, but with gold on both electrodes, Chen32 at Yale studied the 

electrical characteristics of a modified OPE molecule, containing a nitro and amine group 

attached to the center of three phenyl groups.  Chen found a region of negative differential 

resistance in the positive bias sweep, a characteristic of resonant tunneling diodes that are 

useful in many circuit applications90,91,92.  Although theoretical studies have attempted to 

explain the NDR behavior in this93 and other molecules94, the characteristic has not yet been 

attributed to any specific mechanism.   

In a more recent study, Wang33 at Yale used the same nanopore to characterize 

electron transport through a series of alkanethiol SAMs.  Using chains of varying lengths 

[CH3-(CH2)n-SH] coupled with temperature-dependent measurements, Wang was able to 

show that the dominant transport mechanism is tunneling, with current densities decaying 

exponentially with alkanethiol length, as expected14,26,34,57.  Their calculated β constant of 

0.79 agrees with other experiments used in measuring similar alkanethiol chains56.  

Although the nanopore has provided valuable data in the study of small-area SAMs, 

the answers to several questions remain unknown concerning the structure.  Because the 

bottom contact is chemically adsorbed by the molecule through sulfur chemistry, and the top 

contact is a physical connection, the affect of this asymmetry on the electrical response is 

unknown.  Even if the SAM contained sulfur groups on each end, because one contact is 
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assembled upon and the other evaporated still suggests the possibility of asymmetry in the 

devices.  Nonetheless, several groups have employed evaporated top contacts into their 

architectures for more complex devices20,23. 

 

 

2.3.4 STM Analysis 
 

The Scanning Tunneling Microcopy (STM) has proved a valuable tool in the analysis 

of specific molecular junction and even isolated, individual molecules themselves26.  

Structure44, conductivity35,44,55 and electrical switching95,96 are among the properties 

investigated using this technique.  Even before experiment results uncovered the prospect of 

molecular switches32, STM analysis was used to experimentally confirm that molecular 

structure and composition have an influence on conductivity, and that length alone (i.e. 

barrier width) is not the only factor.  In a study by Bumm and Weiss44 in 1996, a molecular 

wire (4,4’-di(phenylene-ethynylene)-benzothioacetate), previously shown to assemble on 

gold by substitution42, was assembled into a matrix of dodecanethiol molecules.  The matrix 

was used to prevent disulfide linkages and to isolate individual molecular wires from one 

another, which have a tendency to assemble at defect sites in the underlying gold42.  Shown 

in Figure 21 is a representation of what is believed to be the inserted molecule within the 

dodecanethiol matrix.  As suggested by the illustration and by Bumm, the length of the 

molecule is sufficient to protrude from the surface of the matrix by several angstroms, even if 

attached at a substantial angle.  Distinct regions of both higher conductivity and height were 

observed, which did not exist before substitution of the OPE into the dodecanethiol matrix.  

These regions were interpreted by Bumm as individual molecular wires, and the measured 

higher conductivity, despite the greater distance between the tip and the substrate, suggested 

that the molecular composition plays a significant role in conduction.  This result has since 

been reproduced by other groups using similar STM55,60 and other measurement structures49. 
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Figure 21: Inserted molecular wire into an alkanethiol matrix.  From Cygan et al.45, "Insertion, 
Conductivity and  Structures of Conjugated Organic Oligomers in Self-Assembled Alkanethiol 

Monolayers on Au{111}." 

 

 

Although direct measurement of single molecules using STM helps to isolate the 

exact junction composition, the nature of the interaction between the molecule and the probe 

tip is not fully understood.  Variations between tip shape, area and bias voltages might 

account for discrepancies between measurements, making exact quantitative comparison 

between studies difficult and even impractical35. This is particularly true for conductivity 

measurements, as the precise gap distance exponentially affects the amount of series 

tunneling resistance between the tip and the molecule.  In an effort to minimize this effect, 

Cui and Lindsay35 at Arizona State developed a method for creating a bonded top contact for 

STM analysis.  A matrix of octanethiols was substituted with octanedithiols, resulting in 

isolated sulfur atoms protruding from the surface of the SAM.  The substrate was then 

exposed to a solution containing gold nanoparticles, which bound to the protruding sulfur 

atoms.  A gold-coated STM tip was then used to probe the nanoparticles, resulting in what 

was believed to be a chemical-only contact with single molecules.  In measuring over 4000 

separate contacts, only five families of IV curves were discovered, each divisible by an 

integer from 1 to 5.  Cui attributed this to the gold colloid binding with only 1 to 5 molecules, 

and the integral divisor agrees with both theory27 and other measurements50 of conductance 

scaling for parallel molecular wires.  In addition, the symmetry of the IV curves around 0 

volts suggests symmetric chemical contacts on both sides of the octanedithiol. 
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Figure 22: STM contacts to groupings of molecules.  From Cui et al.35, "Reproducible Measurement of 
Single-Molecule Conductivity." 

 

 

  Another comparison was made between conductivity of the octanethiol through the 

gold colloid, and the conductivity made directly to the surface of the SAM.  Measurements 

made directly on the surface of the SAM were greater than three orders of magnitude more 

resistive than those made through the gold colloid, exhibited far more noise, and were much 

more sensitive to contact force.  Cui suggests this is due to the series tunneling barrier and 

nonuniformities in the tip-molecule junction.  This study, however, still leaves several issues 

open to further investigation.  Differences in contact area between the probe tip and the gold 

colloid are not quantified, so direct comparisons, although illustrating distinct trends, cannot 

be quantitatively made.  Furthermore, Cui mentions that no correlation between colloid size 
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and integral divisor could be identified.  Although the sizes of the colloids were not 

mentioned, a correlation between diameter and number of parallel connections should be 

expected.  The crystalline nature of small gold colloids could limit the contact area even with 

size variation, however, this study has not yet been made.  The usefulness of creating a 

chemically bound nanometric “pad” to a molecule for STM analysis was certainly shown, 

and as previously mentioned, this technique has been employed by several investigators 

since. 

Another molecular property previously measured is conductance switching between 

two32 or even multiple states.  The exact cause and nature of this switching has been 

investigated using STM analysis, which in some cases contradicts measurements in other test 

structures.  In a study by Donhauser and Weiss95 at Penn State, three variations of OPE-based 

molecules were analyzed for conductance switching behavior.  One of these molecules, a 

substituted OPE with one nitro and one amino group, had previously shown a region of NDR 

(attributed to conductance switching) by Chen32 using the nanopore.  In Donhauser’s study, 

these three molecules were separately substituted into a dodecanethiol matrix for isolation.  

The three OPEs were all several anstroms longer than the dodecanethiol, which would 

protrude above the surface of the SAM in distinct locations.  Through time-lapse imaging, 

regions of higher conductivity and height, presumably representing the locations of the 

OPEs, were seen to switch on and off.  Shown in Figure 23, these switching events are seen 

as light and dark areas which appear and disappear in the matrix.  Since previous work has 

shown the inserted molecules do not migrate over a period of many hours45, the assumption 

was that a change of conductivity was occurring.  This assumption was further strengthening 

by the observation that the “off” molecules still protruded from the host matrix by several 

angstroms.  Furthermore, these switching events were seen in all OPEs tested, included those 

with no substitutions, and were related to the density of the surrounding matrix.  Using an 

applied electric field, a mononitro substituted molecule could be deliberately switched from 

the on to the off state.   

Because the number of switching events had a strong correlation with the host matrix 

density (possibly affecting orientation), and because individual switching events could be 
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caused by applying an external electric field (by raising the STM tip and applying a voltage), 

Donhauser suggested the mechanism for conductance switching might be ring 

conformational changes in the molecules.  This suggestion was argued by Ramachandran and 

Lindsay96 in a recent study of switching in alkanethiols. 

 

 

 

Figure 23: Switching in OPEs.  From Donhauser et al.95, "Conductance Switching in Single Molecules 
Through Confirmational Changes." 

 

 

In the study by Lindsay, conductivity switching was observed in simple alkanethiols, 

substituted into a host matrix, and with gold nanoparticle pads bound to their surface.  

Because of the lack of aromatic groups and a trend towards higher switching rates at higher 

temperatures, Lindsay suggested that the switching events are not caused by conformation 

changes, rather, but a “blinking” of the gold-sulfur bond within the contact.   

Although the precise mechanism for switching events is still under debate, the use of 

STM analysis is certain to play an important role in the characterization of single and small 

bundles of molecular wires. 
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2.4 Architectures: Computation and Memory 
 

In recent years, molecular device characterization has been driven by the desire to 

create novel, efficient computers and memory97.  Architectures with as much or more variety 

than the molecular device themselves have been proposed, with no single solution emerging 

as a leading candidate.  As previously mentioned, one way to categorize the molecular 

electronic architectures is by their level, or degree, of self-assembly.  Although self-assembly 

can be used to fabricate low information-containing structures at the atomic scale, many 

research groups have chosen to take a more aggressive path to try and use a higher degree of 

assembly to bring more information, hence efficiency, into these architectures. 

No other architecture has been studied more for molecular electronic applications 

than array-based approaches.  The Hewlett-Packard’s Teramac computer has been the 

motivation7,20 for architectural solutions in both memory and computational devices, mainly 

because of its ability to overcome a large number of hardware defects.  In the Teramac, just 

as proposed similar molecular-based solutions, the as-fabricated structures contain a 

relatively low amount of information7, compared to custom VLSI microprocessors today.  A 

post-fabrication training step, categorizing these machines as custom configurable computers 

(CCC), is used to add application-specific information to the structure.  In the Teramac, this 

was accomplished by assembling the computer with 864 identical field programmable gate 

arrays (FPGAs), each containing look-up tables (LUTs) programming elements in each 

FPGA to perform a specific function.  Since the Teramac was constructed deliberately with 

faulty components, a discovery phase was first used to find and avoid these elements.  If 

faults occurred during operation, the location was identified and the system reprogrammed to 

avoid that area.  One of the most important lessons learned from the Teramac, however, is 

the role of interconnectivity in overcoming these faults7.  Although it demonstrated a fast and 

efficient computer could be constructed with faulty components and a low information-

containing architecture, a substantial level of interconnectivity is required to realize the 

complete system.  Although array-based molecular electronics has not yet reached this point 
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in development, they certainly represent a larger category of systems currently being 

investigated7,15,18,20,23,98,99. 

Using a class of molecules known as rotaxanes, investigated by Stoddart100 at UCLA, 

a joint effort between Hewlett-Packard and UCLA is attempting to utilize the characteristics 

of this molecule as switching elements in an array-based architecture.  Using a combination 

of lithographically defined aluminum wires and a Ti/Al evaporated top contact, Collier, 

Heath and Williams20 demonstrated both an AND and OR wired-logic gates, programmed 

similarly to the LUT elements used in the Teramac.  Furthermore, Collier suggested since the 

mode of electronic conduction in the “on” state is likely resonant tunneling, a wide 

separation in on/off signals exists, leading to a good noise margin and improved 

scalability101.  The use of these rotaxanes was further scaled to wires fabricated using 

nanoimprint lithographic techniques.  Chen and Williams102 patterned a 40nm wide Ti/Pt 

crossed-wire junction, with a bistable [2]rotaxane monolayer assembled between them.  

Although the top layer was formed by Ti evaporation, Williams suggested that the Ti 

reactivity facilitated the top electrical contact and preventing further penetration into the 

SAM, without degradation of performance.  The electrical results showed switching in about 

75% of the tested devices, with an on/off ratio of approximately 10.  Further scaling using 

imprint lithography allowed Chen and Williams to later demonstrate23 an 8x8 memory array, 

using 40nm wires on an 80nm pitch, patterned within a 1µm2 area.  To further illustrate their 

success, the team wrote the ASCII string “HPinvent” into the array.  The device itself is 

shown in Figure 24, both by SEM and AFM analysis. 

 

 

 

Figure 24: 8x8 memory array.  From Chen and Williams et al.23, "Nanoscale molecular-switch crossbar 
circuits." 
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Although Chen and Williams’ choice in using metallic leads has lead to the 

suggestion that other mechanisms might be responsible for the switching phenomena24, the 

ability to pattern arrays at the sub-50nm scale has set the bar for future program goals103.  

Heath, an early collaborator with Williams, has researched switching devices for the same 

array-based architecture, using semiconductor rather than metallic contacts.  Collier and 

Heath31 demonstrated an electronic switch using a [2]Catenane molecule, believed to exhibit 

two bistable conductivity states.  Using previously explored assembly techniques20, Heath 

demonstrated a settable/re-settable switch showing up to a 4-fold change in resistance 

between the on and off states.  To scale this technology, Heath later developed a processed he 

termed superlattice nanowire pattern transfer104 (SNAP), for fabricating wires down to 8nm 

in width at a 16nm pitch.  A schematic for the process flow is shown in Figure 25, which is 

based upon selective etching of GaAs/AlGaAs layers, creating an edge-defined stamp.  

Examples of patterned Pt nanowires are shown in Figure 26. 

 

 

 

Figure 25: SNAP process.  From Melosh, Heath et al.104, "Ultrahigh-Density Nanowire Lattices and 
Circuits." 
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Figure 26: Patterning of Pt nanowires using SNAP.  From Melosh, Heath et al.104, "Ultrahigh-Density 
Nanowire Lattices and Circuits." 

 

 

Other systems, based upon programmable array architectures, are under investigation 

as well.  Goldstein, working closely with Mayer at Penn State, has proposed an architecture 

called Nanofabrics18.  Recognizing that dense, complex, information containing structures 

will likely not be fabricated using moleware, Goldstein has simulated defect-tolerant 

architectures from nanoblocks, programmed and assembled into nanofabrics.  These 

simulations show that the Teramac approach is feasible using previously published molecular 

device characteristics.   

Other types of devices, not necessarily organic but nanometric and arguably 

molecular, have been used to realize logic devices.  Lieber has developed methods for 

growing nanometer-diameter semiconductor wires of gallium phosphide (GaP), indium 

phosphide (InP) and Si using laser-assisted catalytic growth.  The nanowires are assembled 

and attached in various densities and configurations using PDMS molds to form channels 

containing the devices suspending in fluid.  Shown in Figure 27, these wires can be placed in 

different orientations to each other, and when electrically passivated and crossed, can be used 

to modulate electrical properties.  Electrical passivation of silicon nanowires has been 
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accomplished by passing a current through the wire while in an oxygen-rich environment, 

oxidizing the surface to form a gate dielectric.  Functional p-type and n-type silicon 

nanowires have also been fabricated105, using boron and phosphorous dopants incorporated 

during nanowire synthesis.   

 

 

 

Figure 27: Directed nanowire assembly.  From Huang, Lieber et al.98, "Directed Assembly of One-
Dimensional Nanostructures into Functional Networks." 
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Figure 28: Nanowire logic gates.  From Huang, Lieber et al.106, "Logic Gates and Computation from 
Assembled Nanowire Building Blocks." 

 

 

When placed in specific cross-wire structures, these p-type and n-type nanowires can 

be used to form logic gates employing NMOS and diode-based logic family methods106.  

Shown in Figure 28 are three gates fabricated from crossed silicon and GaN nanowire 

junctions.  Both inverting (NOR) and non-inverting (AND, OR) logic were realized with 

different configurations, switching between 0 and 5 volts DC.  Because the diameter of each 

nanowire is only a few tens of nanometers in width, the thin gate oxide at each crossed 

junction allows the gate to have full control of the channel, allowing the device to be turned 

completely off, passing very little current.  This is similar to a very small SOI transistor, 

where the channel depth is limited and the gate field can therefore control much of the 

channel area. 

Because fluid flow technologies are used to assemble and deposit the nanowires into 

arrays, precise placement into specific structures is not feasible.  Working with Lieber, 

DeHon99 developed a decoding technique that allows individual addressing of many 

terminated nanowires from just a few micron-scale lithographically patterned wires.  This 
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technique suggests a method for creating custom decoders from individual nanowires by 

blocking certain junctions and allowing others to touch, allowing a block pattern to 

fingerprint a specific decoder into each nanowire array.  By designing custom decoders, 

custom logic can then be programmed into each nanowire array, almost regardless of their 

exact alignment. 

Other methods, not utilizing array-based architectures, have also been suggested to 

implement both logic and memory.  The Nanocell17, under investigation by Tour at Rice, 

primarily along with N.C. State, Penn State and Yale, is an architecture that begins with a 

structure containing even less order and information than an un-programmed array.  Logic 

and memory is trained, post-fabrication, into the Nanocell through a learning process which 

utilizes a genetic algorithm to discover a series of switch states within a cross-linked 

structure.  Through simulation using a representation of the Nanocell and switching behavior 

previously reported, a variety of logic functions and simple memory structures were 

modeled.  Although critical issues with this approach include signal integrity and scalability, 

the idea to discover order from disorder is attractive at the molecular-scale where precisely-

engineered and ordered structures is not likely to occur. 

 

 

 

Figure 29: Nanocell schematic.  From Tour et al.17, "Nanocell Logic Gates for Molecular Computing." 
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Figure 30: Nanocell device after assembly.  From Tour et al.77, "Nanocell Electronic Memories." 

 

 

In further work by Tour77 on a device designed and fabricated by N.C. State, gold 

nanorods, passivated with OPE-based molecular wires, were allowed to assemble onto the 

gold surfaces.  Switching behavior was reported which demonstrated two distinct 

conductivity states.  Although the exact mechanism for this behavior is not precisely known, 

electromigrated nanofilaments, which are breaking and forming under applied bias voltages, 

are suspected to be the cause of the characteristic.  In an effort to eliminate this effect, an 

effort is underway to switch from gold to a more refractory metal such as palladium, which is 

not as likely to form these filaments.   

Finally, hybrid silicon-molecular architectures are under investigation for use as 

memories.  In work performed by Kuhr, Lindsey and Misra19, ferrocenes were used as redox 

centers to trap and release charges for electronic memories.  Just as in FLASH memories, a 

charge trapped into the gate of a FET will cause a shift in threshold voltage, allowing 

external circuitry to read a memory state.  In this work, cyclic voltametry was used to 

identify the redox peaks within 4-ferrocenylbenzyl, which was assembled into a monolayer 

on silicon within a defined active area.  An electrolyte was used as a top contact to the 

monolayer, which was driven from 25Hz to 1KHz.  The resulting oxidation and reduction 
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peaks were evidence that charges were trapped in the monolayer, and further devices could 

be fabricated using this technique in low-power FLASH applications.  Furthermore, 

molecules exhibiting multiple redox centers could potentially be used as multibit memories, 

if the peaks are sufficiently separated in voltage and their effect upon a FET can be detected 

by shifts in threshold voltages. 

        

 

2.5 Conclusion 
 

Although recent research into molecule electronics has opened far more questions 

than provided answers, four points are certainly clear: 

 

1. The individual structure of a molecule contributes to its ability to conduct 

electricity. 

2. This conduction is strongly improved for molecules containing delocalized 

π-conjugated orbitals.  

3. Certain molecular systems can be used to store charge. 

4. Methods for self-assembly exist which can be used to assembly molecules 

onto insulating, semiconducting and metallic surfaces. 

 

Other molecular characteristics such as conductance switching, which have been 

observed in many systems, have mechanisms which are not known but are the subject of 

intense investigation.  The knowledge that individual molecules can effect electrical 

conduction and can also be integrated with classical fabrication technologies gives reason to 

continue their investigation into new applications.  When, where and if these applications 

arise remains to be seen, but with the potential and demand for more powerful and efficient 

computers, any device employed in these systems, whether organic or not, will most certainly 

be designed and utilized at the atomic scale. 
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3 CIRCUITS AND SCALABILITY 
 

 

 

 

3.1 Bistability and Negative Differential Resistance 
 

Negative differential resistance is a term used to describe a region within the current-

voltage response of a device where the current decreases with increasing bias voltage.  A 

common gallium arsenide (GaAs) device that exhibits this characteristic is the resonant 

tunneling diode (RTD) or Gunn diode109,110,111.  As shown in Figure 31, the region of NDR 

appears as a “hump” or dip in an otherwise rectifying diode response.  Note that the region of 

NDR is only a small portion of the overall device response of the diode.  Many circuits and 

architectures108,111 are based upon RTDs, such as oscillators, logic gates, latches and 

memories.  These circuits and architectures typically boast faster switching times as 

compared to comparable CMOS designs, but at the cost of static power consumption. 

 

 

 

Figure 31: Typical IV response of an RTD. 
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The interest in molecular circuits and architectures based upon devices exhibiting 

NDR first began with the research at Yale32 by Chen and Reed that suggested a mononitro 

OPE exhibited a similar response.  Since then, many circuit designers and architects have 

researched the notion of building molecular electronic circuits based upon designs similar to 

those used for resonant tunneling diodes.  Diode-based logic families are well understood and 

a large number of logic gates and digital systems based on diodes have been designed and 

fabricated since their conception. Logic gates such as the AND and OR functions have been 

designed and built using only rectifying diodes connected to the input terminals and a resistor 

connected to either a power rail or ground107.  RTDs have proven useful in the design and 

fabrication of logic families, memories, oscillators and other devices108,109,110,111. Although 

the usefulness and scalability of these diodes fabricated in current solid-state technology is 

proven in many applications, the scalability of molecular devices exhibiting similar current-

voltage responses is not well understood. In addition, impact of parasitic effects such as 

interconnect wire capacitance and how they might affect the performance of these systems is 

also not well understood and likely will depend on the properties of each molecular device. 

When a device exhibiting NDR is placed in series with a resistor and voltage source, 

a bistable latch can be created. Although loading with a resistor is the simplest method for 

creating a bistable latch, previous research has shown that an RTD can be loaded with a 

depletion-mode FET or another RTD to form bistable latches90. Area and performance 

improvements have been demonstrated through the integration of these latches into CMOS 

technologies90. 

 

 

3.1.1 The Goto Pair 
 

Perhaps one of the most often suggested circuit elements for molecular electronics is 

the Goto pair.  A Goto pair is constructed by placing two devices exhibiting regions of NDR 

in a series connection with a DC power source and ground.  Shown to the left side in Figure 
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33 is an example of this circuit.  When the circuit is biased correctly, the loading diagram 

shown in Figure 32 is the typical result.  The plot contains three distinct regions where the 

corresponding voltage and current values are dependent on the individual DC characteristic 

of the RTD. 

  

 

 

Figure 32: The Goto pair.  Three regions in a correctly biased latch.  (I) positive resistance; (II) NDR; 
(III) positive resistance (“rising tail”). 

 

 

To optimize biasing for latch applications, the first and third intersecting points must 

be set as far apart as possible, which results in the widest possible voltage swing and noise 

margin.  The intersection of the sweeps within the negative slope region (II) of the device is 

unstable, and fluxuations around this point will quickly result in current and voltage values 

settling at one of the two other points.  As shown in Figure 34, increasing the bias voltage to 

1.3V for these devices results in an optimized condition for this latch circuit. 

II I III
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Figure 33: Schematic of Goto pair circuit. 

 

 

 
 
 
 

           

Figure 34: Biasing of a Goto pair. 

 
 
 

NDR Load 
 
 
 
NDR Device 

NDR Load 
 
NDR Device 

At this bias, only one point of intersection 
(which is on the NDR negative slope) 
exits.  This point is unstable. 
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Vbias = 1.1 V Vbias = 1.2 V Vbias = 1.3 V 
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3.1.2 Biasing Molecular Devices 
 

As shown in Figure 35, the IV data from 2’-amino-4-ethynylphenyl-4’ethynylphenyl- 

5’nitro-1-bensenethiolate is superimposed on a load line representing a series voltage and a 

373 MΩ resistor. The molecular device has a peak current of approximately 1nA, a valley 

current of approximately 1pA and a peak-to-valley current ratio of 1030:132. The peak 

current for this device occurs at 2.12V as measured by Chen and Reed. In the region from 0 

to 1.5V, the device conducts only the valley current, or 1pA. 

 

 

 

Figure 35: Biasing of the Reed NDR. 

 
 

In simulation, a resistor is chosen to load the NDR device and form a bistable latch 

for several reasons. The I-V characteristics and area of the molecular devices do not lend 

themselves to simple integration with FETs. A peak current of 1nA is several orders of 

magnitude lower than what would be required to intersect the load line of a depletion mode 

FET. In addition, the feasibility of an all-molecular device solution is of principal interest. 

Second, loading the NDR device with another molecular NDR device exhibiting a similar I-

V characteristic would not necessarily result in two distinct stable operating points. If two of 

these devices were placed in series with a bias voltage as previously shown90, the resulting 

stable operating points 
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load lines would intersect at a large number of points. This is due to the long, flat conducting 

regions of the I-V curve from 0V to 1.5V and above 2.4V. A trait common to RTDs that 

makes this type of loading possible is the continual increase in conductivity at voltages above 

the NDR region of the device. Finally, it has been demonstrated that molecules and carbon 

nanotubes (CNTs) exhibiting a large linear resistance can be synthesized and possibly 

integrated with the molecular NDRs25,112. 

 

 

 
Figure 36: Biasing of the Reed32 data using several resistive values as loading elements. 

 

 

As previously mentioned, the value of the load resistor will determine the slope of the 

load line. This will impact the location of the two stable points of intersection with the 

molecular NDR, determining the high and low voltages for each of the two states of the 

bistable latch. In the high voltage state, the molecular device will operate in the low 

conduction region. In the low voltage state, the molecular device will operate in the high 

conduction region. The x-intercept of the load line shown in Figure 36 is set by the voltage 

R = 373 MΩ

R = 575 MΩ

R = 1.31 GΩ
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source, Vdd. The y intercept of the load line is set by the voltage source divided by the load 

resistor, or Vdd/R.  For these three load lines, the voltage source (Vdd) and resistances (R) 

are 2.41V and 373MΩ, 575MΩ and 1.31GΩ respectively. If the load resistor is much below 

373MΩ, there is a risk the latch will not set in the low voltage state. 

Avant! STAR-HSPICE 98.2 was used simulate the performance of the latch circuit 

shown in Figure 37. A model was created using a voltage-controlled current source, defined 

as a “G” element in HSPICE. The schematic in Figure 37 displays the input and output 

terminals on the latch. To the left in this figures is a plot of the input and output waveforms 

of a latch loaded in series with a 373MΩ resistor and a 2.41V source. Toggling between the 

two stable points is achieved by pulsing the voltage source, Vbias, above and below the 2.41V 

steady state value. As shown in Figure 37, this latch results in two stable points of operation 

separated by 0.32V. Transitions from the low voltage state to the high voltage state require a 

smaller Vbias pulse than from high to low. This is because the low voltage stable point of 

operation is closer to the NDR region than the high voltage stable point. With larger resistor 

values, the two stable points could be placed equidistant from the NDR segment, resulting in 

the same Vbias pulse magnitudes required to transition between the states. 
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Figure 37: Bistable latch simulated from Reed32 data and loaded with a 373MΩ resistor. 

 

 

3.2 Logic Gates Based upon Bistability 
 

The bistable latch can be used as a basis for both a NAND and a NOR gate. Inspired 

from a design presented by Chow in 1964109, two bistable latches can be chained together by 

a bridge resistor to form either logic element. Shown in Figure 38 are the schematics for both 

gates, which perform current-mode logic. A current of 500pA at either the input or output 

terminal is defined as logic ‘1’, and a current of 0pA is defined as logic ‘0’. The gates are 

synchronously latched; therefore the inputs are evaluated only during a clock pulse, shown in 

the waveforms. Operation of the NAND gate begins with a reset pulse, which places both 

molecular diodes in the low voltage/high current state and forces a 500pA logic ‘1’ current to 

the output. If both inputs are supplied with a 500pA current at the time of a clock pulse, the 

output will transition to 0pA. If neither input or only one input is supplied with a 500pA 

current at the time of a clock pulse, the output will remain at 500pA with little fluctuation. 

The design is based upon a chain of two bistable latches, each loaded with a voltage 

source and a resistor or series of resistors. The resistors placed in series with the two inputs, 

INA and INB, are used in simulation to model the interconnect resistances. Before the initial 

reset pulse, both diodes are in a low current/high voltage state. The resistors are balanced 

Vbias 

Vout 

373 MΩ 
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such that no voltage difference exists across the bridge resistor to prevent the flow of current 

from one diode to the other. After the reset pulse is applied, both diodes transition to a high 

current/low voltage state. At this point, a small voltage difference exists across the bridge 

resistor. As logic ‘1’ is applied to both inputs of the NAND gate, the input currents increase. 

As these currents increase, the voltage across the bridge resistor increases adding more 

current to the second NDR stage. The resistors are sized such that when the input threshold 

current is reached, it results in a bridge current that forces a transition of the second diode to 

a low current/high voltage state. Once both diodes have changed states, the voltage 

difference across the bridge resistor returns to 0V; therefore no current flows in either 

direction. 

Although the implementation of both gates could potentially be realized with 

molecular elements, the complexity of these gates is high. Both the NAND and the NOR 

implementations described above require a minimum of four resistors and two diodes 

assembled in a highly irregular pattern. These gates must then be assembled into more 

complex, irregular structures to create high-level logical operations. Sizing of the resistors is 

important for each gate to function identically; therefore the molecular resistors must be 

synthesized with a high degree of precision. As previously stated for the bistable latch, 

variances in each molecular diode must be kept to a minimum. 
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Figure 38: NAND (left) and NOR (right) gates; schematics at top and waveforms below. 

 

 

An advantage of memory elements is their regular structure.  Inspired from Chow109 

and Chang110, a simple 2x2 memory array was created based upon the function of the bistable 

latch previously described.  Shown in Figure 39 is the schematic for this memory array.  

Each memory cell is created from two resistive elements, the molecular diode with NDR and 

two capacitive elements.  The resistor values are all 373MΩ and the capacitors all 1pF.  A 

logic ‘0’ is stored in the memory cell as a low voltage/high current state, and a logic ‘1’ is 

stored as a high voltage/low current state.  Data to written into the memory is placed on the 

horizontal write lines W0 and W1.  Data to be read is taken from the lower read lines RD0 

and RD1.  Read/Write instructions for each of the words are applied on the RW lines. The 

capacitors allow voltage coupling from the write and read lines into the bistable latch without 

adding an additional load.  In this way, memory cells may be added without affecting the bias 

points for every other memory cell in the array. 

To reset the memory, a reset signal is applied by lowering the RW line to 2.0V.  A 

write signal is applied by raising the RW line to 2.6V.  A reset will place all the bistable 
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latches that make up a given word into the low voltage/high current state.  As shown in 

Figure 39, an input voltage placed on the write line of a particular bit at the time of a write 

pulse will result in the bistable latch transitioning into the high voltage state. 

 

 

 

Figure 39: 2x2 memory array schematic (left) and waveforms (right). 

 

 

The overall structure of these memories is far more ordered than logic circuits based 

on discrete NAND and NOR functions.  Memory architectures, which tend to be constructed 

from more ordered arrays of logic, may be a suitable application for two-terminal molecular 

devices.   The highly resistive loading elements could possibly be replaced with other 

molecular diodes if their IV characteristics more closely resemble that of conventional 

resonant tunneling diodes.  If molecular memories can be chemically synthesized, an option 

exists to realize logical functions within these memories by implementing them as lookup 

tables.  Theoretical architectures based upon molecular memories and reconfigurable logic 
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are currently under investigation113,18,114 and the potential density advantages molecular 

devices offer could make extremely large-scale implementations of entire systems within 

molecular memory and latches possible.  In addition, the regular arrays of interconnect 

wiring might also allow for a less demanding fabrication and molecular assembly processes, 

and be less susceptible to defects which will likely be quite high.   

Other fabrication techniques based on molecular self-assembly have been proposed 

which lessen the demand for nanometer-scale lithographic capabilities17.  These techniques 

rely on post-fabrication training of the logic block.  The benefit of such an approach is that is 

allows for organized logic to be fabricated out of disordered, self-assembled chemical 

structures.  Although it is likely that some form of nanometer-scale lithographic steps will be 

required to route clock and interconnect wires, this approach greatly lessens the burden for 

fabrication and attempts to address the organization of high-density logic through post-

fabrication methods. 

 

 

3.3 Isolation 
 

Although the use of molecular NDR behavior to build gates and latches is 

theoretically possibly, the potential of such devices can only be exploited if they can be 

scaled into architectures utilizing many millions of elements in a small area.  To scale 

molecular devices such as memories and gates, isolation between devices is a particular issue 

that impacts both scalability and device response.   

Although CMOS static power dissipation is very low because of the transistor gate 

isolation, too little is known about molecular conduction to suggest how comparable isolation 

would impact system power.  One the other hand, isolation between gates based on NDR 

properties is of critical importance, not only to reduce static power, but for device 

performance and scalability.  Shown in Figure 40 are five loading networks in series with a 

Goto pair latch.  As shown in previous simulations, the two states a Goto pair latch settles at 
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are dependent upon the loading network (NDR load and Vdd).  If a resistor is used, that value 

must have a value for specific high and low voltage states.  

 

 

 

Figure 40: Effects of loading networks on Goto pairs. 

 

 

As shown in Figure 40, that loading network expands as the latch is integrated into 

various circuits. Any device connected to the output node of the latch becomes part of the 

loading network of the latch, and its value must be incorporated into simulations when 

determining bias voltages and other loading elements.  In a highly disordered circuit network, 

this could require each node to have a specific bias to function properly; an unreasonable 

demand.  On the other hand, if isolation between each node is achieved, the individual 

latches would all have the same loading networks and the same bias could be applied to the 

memory.   

To scale molecular devices based upon NDR characteristics, the impact of integration 

and need for current isolation must be addressed, not for power quantification, but for 

architectural simplicity and scaling requirements. 
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3.4 Conclusion 
 

In conclusion, the feasibility of integrating molecular diodes into current circuit 

architectures has been explored. A series of logic gates and a 2X2 memory array were 

simulated based on the voltage-controlled current flow method using the 2’-amino-4-

ethynylphenyl-4’ethynylphenyl-5’nitro-1-bensenethiolate molecular diode IV sweep data32. 

The memory was designed and simulated using a bistable latch configuration for each 

memory bit, and read/write operations were demonstrated. 

The overall structure of these memories is far more ordered than logic circuits based 

on discrete NAND and NOR functions. Memory architectures, which tend to be constructed 

from more ordered arrays of devices, may be a suitable application for two-terminal 

molecular devices. The highly resistive loading elements could possibly be replaced with 

other molecular diodes if their IV characteristics more closely resemble that of conventional 

resonant tunneling diodes. If molecular memories can be chemically synthesized, an option 

exists to realize logical functions within these memories by implementing them as lookup 

tables. Theoretical architectures based upon molecular memories and reconfigurable logic are 

currently under investigation18,113,114 and the potential density advantages molecular devices 

offer could make extremely large-scale implementations of entire systems within molecular 

memory and latches possible. In addition, the regular arrays of interconnect wiring might 

also allow for a less demanding fabrication and molecular assembly processes, and be less 

susceptible to defects which will likely be quite high. 

Other fabrication techniques based on molecular self-assembly have been proposed 

which lessen the demand for nanometer-scale lithographic capabilities17. These techniques, to 

be discussed further in Chapter 4, rely on post-fabrication training of the logic block. The 

benefit of such an approach is that is allows for organized logic to be fabricated out of 

disordered, self-assembled chemical structures. Although it is likely that some form of 

nanometer-scale lithographic steps will be required to route clock and interconnect wires, this 

approach greatly lessens the burden for fabrication and attempts to address the organization 

of high-density logic through post-fabrication methods.  The burden of complexity, however, 
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is shifted to post-processing, where a training algorithm is used to add information to the 

device. 

If future research proves that molecules truly exhibit DC response characteristics such 

as NDR or bistability, the ability to leverage their size into a density advantage at the end of 

the CMOS roadmap will require other key advances.  First, the architecture must not only be 

defect tolerant but also tolerant of wide variations in device performance.  In general, this 

will translate into the requirement for a wide noise margin.  Second, a method for isolation 

and scalability will need to be developed, allowing the integration through self-assembly of 

many small molecular devices into a circuit or memory element.  This could also include the 

use of molecular elements to store charge for memory applications, rather than conduct.  

Finally, the same photolithographic advances that help to reduce CMOS device dimensions 

will also need to be in place for molecular electronic devices.  Even through directed self-

assembly processes utilizing the object + molecule integration described in Chapter 2, 

current full-production wire dimensions are still to large to demonstrate density advantages 

because molecular conductivities thus far have proven too low.  Although the devices 

simulated in this Chapter illustrate the need for many additional advances, it is expected that 

current CMOS research will continue to add new tools to the field of molecular electronics. 
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4 DESIGN AND FABRICATION OF MOLECULAR CROSS-LINKED 
NETWORKS 

 

 

 

 

Molecular cross-linked networks represent a high-level architecture which has been 

applied to a broad range of molecular-based devices.  These devices are generally designed 

for sensor applications144,145,146 and electronic/charge transport studies.  Although a great 

variety of materials are under investigation within this class of devices, they all involve the 

attachment of molecules to intermediate nodes, forming a linked network.  In some cases, the 

molecules are not used to physically connect nodes, rather, they simply alter optical 

properties by encapsulating colloids140 or small nanoparticles139 with a thin dielectric shell.  

These mechanisms result in changes in optical properties from the molecular attachments, 

and are under investigation for many types of sensor applications. 

 The primary focus of this work is the study of molecular cross-linked networks in 

electronic applications.  The molecules under investigation have been studied for their 

electrical properties and their incorporation into a network could potentially result in a new 

architecture for molecular electronic applications.  The “Nanocell” is one potential 

architecture, and the technologies developed in this work were inspired by their application 

in this architecture.  Additional applications suited for these structures are described in 

Chapter 6.   

 

 

4.1 The Nanocell as a Cross-Linked Network 
 

The Nanocell architecture for molecular computing is based upon the concept that 

extremely dense, low information-containing structures can be programmed post-fabrication 

to add the information necessary to perform complex logical operations.  Rather than 
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attempting to build or force nanometer-sized objects into specifically designed complex 

structures, the architecture would depend upon thermodynamically driven processes to 

assemble into dense patterns which could then be trained to perform logic or memory 

applications.   

The smallest physical unit within this architecture is a single Nanocell, schematically 

shown below in Figure 41.  An array of metallic wires, twenty shown in the schematic, is 

patterned in a way that allows the tips of each wire to terminate in close proximity with each 

other.  The area in which all these wires terminate is the actual device which contains a high 

density of discrete metallic islands or colloids.  Although the exact shapes, dimensions and 

materials are all flexible within the concept of the Nanocell architecture, previous 

simulations17,64 have helped to indicate which criteria could result in the highest functional 

density.   

 

 

 

Figure 41: Schematic of a Nanocell 

 

 

A single Nanocell is created when the structure shown in Figure 41 is placed into an 

organic solvent containing dissolved molecules which have a specific electronic 

characteristic.  The molecules are designed with end-groups, or “alligator clips”16, which 

spontaneously assemble onto the metallic wires and islands, cross-linking these structures to 
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allow for charge transport between the leads.  Once molecular assembly is complete 

(generally taking about 24 hours), a training process involving a series of electrical stimuli 

applied to each lead is used to program each Nanocell into the desired logic or routing 

function.  In simulation, many Nanocells laid out in a rectangular structure with leads 

interconnected have been trained to collectively perform logic operations such as multi-bit 

adders and memory elements64. 

 

 

 

Figure 42: Assembly of Nanocell blocks into a four-bit adder.  From Husband et al.64, "Logic and 
Memory with Nanocell Circuits" 

 

 

One example of a logic unit constructed from individual Nanocells is shown in Figure 

42.  Through SPICE simulations64, 13 tiled Nanocells were individually programmed to 

perform the logic functions of an XOR, a half-adder and various pass-through configurations.  

Between each Nanocell (not shown in the schematic) are Goto pairs which are used for signal 

restoration.  The Goto pairs function similarly to a set-reset latch (SR latch), allowing the 

node between each Nanocell to be manually set, reset or placed into an evaluation mode.  

Because the Nanocell / Goto pair functions together as a latched gate, the data is pipelined to 
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the output, requiring a number of clock beats before full evaluation of the inputs result in the 

correct output signal.  Although in this case Goto pairs are successfully used to normalize 

output voltages, the data must “beat” through the pipeline with each pulse.  The data is only 

valid at one cycle of a four-cycle clock.  Although this is not a serious concession (devices 

based on molecular conduction are not expected to be fast), a further study into scaling 

hundreds of these latched gates is needed.   

 

 

4.2 Challenges and Assumptions in Modeling the Nanocell 
 

Although simulations have demonstrated the Nanocell architecture’s potential to train 

logical operations into devices post-fabrication, many assumptions are made in these models 

to account for issues which have yet to be fully understood in practice.  Among these issues, 

explained in detail below, include the molecular device characterization, molecular 

attachment within the Nanocell and isolation and interconnectivity between Nanocells.  

 

Molecular Device Characterization 

As explained in 2.3, the vast majority of research into the feasibility of molecular 

electronics has involved modeling and characterizing electronic transport through organic 

material.  Although a great deal of knowledge has been added to this field during the past ten 

years, many technological barriers must still be overcome before the electrical response of a 

specific molecular species can be fully understood and accurately modeled in a circuit.  Until 

then, simulations must be constructed from models that are only loosely based upon the 

measurements taken in various laboratories.  Because the molecular contact geometries, 

materials and environments all contribute to the measured electrical response, data from 

experiments that is placed into simulations for different structures are not completely 

accurate.  Any differences between the experimental setup, where the data was taken, and the 

circuit simulation will be a source of error. 
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Care must especially be taken when using models constructed from measured data for 

the analysis of transient response and power.  Because the majority of experimental results 

published to date quantify only DC responses for molecular junctions, there is little 

information on transient response times.  Understanding and modeling the inorganic chip-

level parasitics along with the DC response is important to help quantify step responses 

across molecular junctions.   

Because the models used to simulate the Nanocell were based upon data collected in 

systems that differ from the Nanocell architecture, the simulation results (signal magnitudes 

and response time) should be viewed not as exact, but as functional demonstrations for 

achieving ordered logic from disordered systems. 

 

Molecular Attachment 

It is almost inevitable that variations in chemical attachments will occur across 

different areas within each Nanocell as well as the entire chip itself.  Although these 

variations may actually benefit the training process, modeling these differences is not a 

precise science and requires a number of assumptions.  For instance, the conductivity 

between nodes in the Nanocell will be related to the number of molecules present in each 

junction35, and their orientation to each other.  Differences in modeling junction conductivity 

will affect both the transient response, as well as the yield of each Nanocell itself.  In 

addition, the incorporation of impurities or contaminates is also expected to be a source of 

error. 

 

Isolation and Interconnectivity 

Interconnecting individually trained Nanocells into a single unit which would 

function as a logic block requires routing for signal, clock and training wires.  Just as in 

CMOS technology, isolating DC current between Nanocells would make the implementation 

of complex systems through multiple instantiations easier to design and more robust to noise.  

As explained in 3.3, the current and voltage levels in a bistable latch depend greatly on the 

biasing network connected to the latch itself.  DC isolation would help prevent the physical 
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connection of one Nanocell from disturbing the operation of another trained Nanocell by 

adding an additional load. DC isolation of the interconnect lines will also reduce static power 

distribution in the system. 

Training Nanocells when all leads are accessible is demonstrated in simulation17,64, 

however, methods for accessing cells in the middle of a tiled system have not been 

developed.  It is unclear as to whether the same leads used for I/O can also be used for 

training, or whether a separate routing layer is required to delivery training signals to each 

Nanocell.    

 

 

4.3 Implementation Goals 
 

Although the system architecture of the Nanocell itself has been demonstrated in 

simulation (with the above assumptions applied), physical implementation of the devices 

requires the development of many new technologies.  Over the course of three design 

iterations, new devices and technologies have been developed, motivated primarily for use in 

exploring the physical concept of the Nanocell.  It should be noted, however, that the 

Nanocell is only one design concept within the object and molecular assembly category, 

described in 2.3.2.  Several of the technologies developed over the course of three chip 

generations could easily be applied to other design concepts within this class of molecular-

based structures and even to other application areas. 

Creating a self-assembled network of molecular junctions not only involves conduction 

through many devices (potentially broadening the information that can be read and stored) 

but also eases the physical design requirements as well.  Many molecules under investigation 

for their electronic properties are between 20 and 50 angstroms in length, making direct 

physical contact with patterned on-chip planar structures extremely challenging.   
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Figure 43: Need for integration technologies 

 

 

 As shown in Figure 43, different photolithographic technologies are used to pattern 

features of various sizes down to under 100nm in scale.  Some of the smallest, controllable 

features in this link scale to date have been patterned using nano-imprint technology, which 

involves stamping a mold onto a substrate with a layer of resist.  Since this is a one-to-one 

pattern transfer, the mold itself must contain the same features in the same dimensions that 

are required on wafer, shifting the burden away from production and onto the mask-making 

technology.  Although most nano-imprint masks are patterned using electron-beam 

lithography (another technique for patterning sub 100nm features), recent work104 using 

multilayer film stacks has shown the process controllability of film growths and depositions 

can be used in conjunction with imprint techniques to pattern features in the sub 50nm range.  

There remains, however, a gap in the relative scales between patterning technologies and the 

lengths of many molecular elements under study.  Within this gap is a need for integration 

technologies to help current lithographic technologies make direct physical contacts with 

molecular devices. 

 Most integration techniques which exist in this area involve assembling compound 

object and molecule structures, which effectively increase the overall size of the molecules 

making attachment to individual or small clusters of devices more achievable.  Examples in 

2.3.2 show that even with features patterned in the sub-100 to 600 nm range can be used to 

electrically measure clusters of molecular junctions.  Although the examples given focus on 
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nanoparticles, other objects such as carbon nanotubes (CNTs) and metallic rods77 have also 

been used for integration. 

 Regardless of the exact material set, bridging strategy or chemistry, several overall 

design requirements exist that are necessary in creating any on-chip, cross-linked network of 

molecular devices.  First, the network must achieve a high-density (or fill factor) of bridging 

elements to allow for ample connectivity between lithographically defined electrical leads.  

Connectivity ensures enough paths exist through the network to achieve an overall 

conductance high enough to be measured above the noise floor, while remaining sensitive 

enough to detect changes in molecular conductivity.  Second, the network must be defined to 

exist in only specific regions on the wafer.  This will allow for the design of precise network 

locations, shapes and areas.  Combined with a technology for creating a consistent fill factor, 

defining the network area will allow the number of junctions between electrodes to be more 

accurately controlled.  Third, the network must be robust to the chemical processing steps 

and solvents used in the molecular attachment techniques.  Fourth, the fabrication of the 

network must be repeatable and controllable to minimize variations between devices 

fabricated by the same process sequence.  

 

 

4.4 Colloid-Based Molecular Networks 
 

The original physical implementation strategy of the Nanocell115 was based upon the 

use of gold nanoparticles, or colloids, as integration objects within the device itself.  In order 

to attach the colloids at a high density within specific regions on a chip, a silane-based 

chemical approach116 was implemented to functionalize specific areas on the die surface, 

making them “sticky” to gold colloids suspended in solution.  Two types of silane films were 

used during colloid attachment experimentation; a 3-aminopropyltrimethoxysilane (abbv. 

aminosilane) and a 3-mercaptopropyltrimethoxysilane (abbv. mercaptosilane).  The 

reaction117 of aminosilane with a hydrogenated silicon dioxide surface, shown in Figure 44, 

results in an amine group protruding from the surface of the chip.  This amine will readily 
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react with the gold surface, resulting in the binding of colloids to the chip surfaces where the 

silane films exist.  The same chemistry is true for the mercaptosilane, however the amino 

group is replaced with a mercapto group which contains sulfur and will also bind to gold.   

 

 

 

Figure 44: 3-aminopropyltrimethoxysilane reaction with silicon dioxide surface 

 

  

4.4.1 Design and Fabrication 
 

One of the more important aspects of the device design is the selection of materials, 

both compatible with microfabrication techniques and colloid/molecular attachment 

chemistries.  To leverage off existing knowledge of gold-sulfur chemistry, wire and 

attachment sites are fabricated in gold, deposited through evaporation and 

photolithographically patterned using lift-off.  To isolate wires from the silicon substrate, a 

thin layer is needed to provide electrical isolation between gold on the surface of the wafer 

and the silicon substrate.  Both a grown silicon dioxide and a deposited silicon nitride are 

investigated for suitable isolation.  Finally, a patterned passivation layer is needed to limit the 

exposure of specific areas on the chip to the molecular attachment chemistries, allowing only 

defined regions to form cross-linked networks. 

Not only should the top and bottom insulating layers provide electrical isolation, but 

also provide selectivity for the silane film attachment chemistry.  By using isolation layers 
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which silanes readily bind to and passivation layers that they do not, the subsequent 

attachment of gold nanoparticles would only occur within the photolithographically defined 

opening in the passivation layer. Shown below in Figure 45 are the two material stack-ups 

under investigation, named the “polyimide chip” and the “SOG chip”, for spin-on-glass. 

 

 

 

Figure 45: Nanocell Test Chip Revision 1 cross sections for the “Polyimide Chip” (top) and “SOG Chip” 
(bottom.) 

 

 

Device design, layout and fabrication were conducted at NCSU.  The layout was 

performed using Cadence Virtuoso and fabrication at the NCSU Nanofabrication Facility 

(NNF.)  The details of the microfabrication process for both devices are shown in Table 1.  

The polyimide chip consists of a 3” p-type (100) silicon substrate, with approximately 1000Å 

of silicon dioxide thermally grown with a steam process.  The electrical leads are fabricated 

in a titanium / gold double layer for adhesion, and patterned with liftoff photolithography.  

Microchem’s Lift-off Resist (LOR) is implemented in a bilayer resist stack which provides 

an undercut resulting in cleaner edges, higher yields and quicker lift-off times.  A 2000Å 

thick polyimide layer is used as a passivation, applied with a spin-on process and cured at 

over 500oC for 12 hours.  The polyimide is patterned using an oxygen plasma dry etch, 

masked with Shipley 1813 photoresist.  Although the resist is expected to erode during 

etching, the thickness is approximately six times greater than the polyimide, allowing the 

mask to withstand the duration.  An in-situ endpoint detection system was used, allowing 
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time for approximately 20% over-etch.  The endpoint detector consisted of an interferometer, 

directed at a monitor sample within the chamber. 

 

 

Table 1: NCSU Test Chip Revision 1 Process Flow for Polyimide (left) and SOG(right) devices 

 
STEP NO. DESCRIPTION  STEP NO. DESCRIPTION 

1 JTB-111 Clean  1 JTB-111 Clean 

2 Wet thermal oxidation (1200A) 

1000oC Steam + 2% HCl, 10m 

 2 LPCVD Silicon Nitride 

3 Metal 1 photolithography 

  Solvent Clean (Acetone + MeOH) 

  HMDS, 4000rpm 

  MicroChem LOR5A, 3000rpm 

  10m bake, 150oC 

  Shipley 1813, 4000rpm 

  1m bake, 115oC 

  Expose M1 (Dk Field), 14.9mW, 39s 

  Develop MF-319, 80s 

 3 Metal 1 photolithography 

  Solvent Clean (Acetone + MeOH) 

  HMDS, 4000rpm 

  MicroChem LOR5A, 3000rpm 

  10m bake, 150oC 

  Shipley 1813, 4000rpm 

  1m bake, 115oC 

  Expose M1 (Dk Field), 14.9mW, 39s 

  Develop MF-319, 80s 

4 E-beam Evaporation 

  250Å Ti + 1550Å  Au 

 4 E-beam Evaporation 

  250Å Ti + 1550Å  Au 

5 Liftoff Metal 1 

  MicroChem NanoEBR solvent 

 5 Liftoff Metal 1 

  MicroChem NanoEBR solvent 

6 Polyimide Deposition 

  Polyimide adhesion promoter applied 

  Polyimide applied, 2000Å 

 6 Spin-on-glass Deposition 

  Honeywell T12B, 4000rpm 

  Bake 280oC 

7 Polyimide Photolithography 

  Solvent Clean (Acetone + MeOH) 

  HMDS, 4000rpm 

  Shipley 1813, 4000rpm 

  1m bake, 115oC 

  Expose C1 (Dk field), 14.9mW, 39s 

  Develop MF-319, 80s 

 7 Spin-on-glass Photolithography 

  Solvent Clean (Acetone + MeOH) 

  Shipley 1813, 4000rpm 

  1m bake, 115oC 

  Expose C1 (Dk field), 14.9mW, 39s 

  Develop MF-319, 80s 

8 Polyimide Etch 

  O2 plasma etch, endpoint detection 

 8 Spin-on-glass Etch 

9 Photoresist Strip 

  1165, 10 minutes 

 9 Photoresist Strip 

  1165, 10 minutes 
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The SOG chip is also fabricated on a p-type (100) silicon substrate.  A 2000Å thick 

silicon nitride, deposited using Low Pressure Chemical Vapor Deposition (LPCVD) of 

ammonia and dicholorsilane is used for the isolation layer.  The same Ti / Au metal double 

layer is used for the electrodes, and a SOG for the passivation.  The SOG was purchased 

through Honeywell (T12B) , and cured at 280oC.  Standard photolithography and an HF etch 

were used to open holes in the SOG. 

 

 

 

Figure 46: Nanocell Test Chip Revision 1, Top view 

 

      

Figure 47: 2-sided 2-lead device (left); 2-sided 10-lead device (right).  Left images are layout and right 
images are devices fabricated in the polyimide process 

Die identification 
number 

2-sided 10-lead 
device 

2-sided 2-lead 
devices, varying 
gaps 

4-sided 20-lead 
device 

2µm gap (as drawn) 5µm gaps (as drawn) 
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Figure 48: 4-sided 20-lead device.  Left image is layout and right image is device fabricated in the 
polyimide process 

 

 

The devices themselves consist of a variety of proximal probe structures, with cuts in 

the top layer to allow for molecular assembly at the tips.  At the tips of the probes, the wires 

were generally drawn at 3µm widths with 5µm spacing between them.  Each chip contains 

structures that vary in gap distances at the probe tips, along with the number of probes that 

are exposed by the passivation cut.  The top level chip layout is shown in Figure 46, with the 

location of individual test structures identified.  Probe pads are 100µm2, with 100µm spacing 

between them.  At these dimensions, electrical contacts using either wire bonds or DC probes 

are straightforward.  The die itself is 1mm2, making handling with tweezers in solution 

possible.  

Shown in Figure 47 are two examples of two-sided Nanocells, both as-drawn and as-

fabricated in the polyimide process.  The gold wires are clearly visible, and the blue region at 

the tips is where the silicon dioxide isolation layer is visible through cuts in the polyimide.  

In addition to the two-sided devices, Figure 48 illustrates a four-sided multi-lead device as 

well.  The same mask set is used in the fabrication of both the polyimide and SOG-based 

Nanocells. 
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4.4.2 Experimental Results 
 

As noted in 4.3, the network must be robust to the chemical process steps and 

solvents used in the molecular attachment techniques.  A common organic solvent and one 

often used in molecular attachments is dicholoromethane (DCM).  Because this solvent is not 

common in microfabrication processes, the impact of DCM on the material set is not well 

known.  A control set of experiments was performed to investigate whether any of the 

materials are adversely affected by the solvent, or if the electrical performance is degraded.  

From previous research on the molecules of interest32, the expected current conduction 

through the device is in the range of 100’s of picoamps to a few nanoamps, therefore the 

devices should exhibit a noise floor in the 10’s of picoamps at the greatest to allow the 

highest possible signal-to-noise ratio.   

In addition to quantifying the effects of DCM on the devices, the silanation and gold 

nanoparticle attachment chemistries also introduced uncertainties for the samples.  To better 

understand the effects of both chemical process steps on the chips, control samples were also 

exposed to the various silane and gold nanoparticle solutions investigated.  Careful attention 

was placed to run these controls at precisely the same times and conditions that were later 

analyzed for attachment densities.   Shown in Table 2 is a list of these experiments, with 

corresponding sample identifications. 
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Table 2: Experimental conditions for leakage current measurements 

 
POLYIMIDE DEVICES SOG DEVICES 

Sample ID Process Sample ID Process 

PolyI Blank No depositions SOG Blank No depositions 

PolyI MS 100 pH5 Mercaptosilane (56 hrs) + 100nm Au 

colloid deposition (12 hrs) @ pH5 

SOG MS 100 pH5 Mercaptosilane (56 hrs) + 100nm Au 

colloid deposition (12 hrs) @ pH5 

PolyI MS 100 pH7 Mercaptosilane (56 hrs) + 100nm Au 

colloid deposition (12 hrs) @ pH7 

SOG MS 100 pH7 Mercaptosilane (56 hrs) + 100nm Au 

colloid deposition (12 hrs) @ pH7 

PolyI MS 60 pH5 Mercaptosilane (56 hrs) + 60nm Au 

colloid deposition (12 hrs) @ pH5 

SOG MS 60 pH5 Mercaptosilane (56 hrs) + 60nm Au 

colloid deposition (12 hrs) @ pH5 

PolyI AS 100 pH5 Aminosilane (16 hrs) +100nm Au colloid 

deposition (12 hrs) @ pH5 

SOG MS 60 pH7 Mercaptosilane (56 hrs) + 60nm Au 

colloid deposition (12 hrs) @ pH7 

PolyI AS 100 pH7 Aminosilane (16 hrs) +100nm Au colloid 

deposition (12 hrs) @ pH7 

SOG AS 100 pH7 Aminosilane (16 hrs) + 100nm Au colloid 

deposition (12 hrs) @ pH7 

PolyI AS 60 pH5 Aminosilane (16 hrs) +60nm Au colloid 

deposition (12 hrs) @ pH5 

SOG AS 60 pH5 Aminosilane (16 hrs) + 60nm Au colloid 

deposition (12 hrs) @ pH5 

PolyI AS 60 pH7 Aminosilane (16 hrs) +60nm Au colloid 

deposition (12 hrs) @ pH7 

SOG AS 60 pH 7 Aminosilane (16 hrs) + 60nm Au colloid 

deposition (12 hrs) @ pH7 

PolyI DCM Mononitrodithiol in dichloromethane (6 

hrs) 

SOG DCM Mononitrodithiol in dichloromethane (6 

hrs) 

 

 

Two types of silane films were investigated116 in these experiments, with varying pHs 

and times.  Several different colloid sizes, purchased by Ted Pella, Inc., were also explored.  

Sample preparation began with an ultrasonic clean in acetone, followed by methanol, then DI 

water rinse.  Afterwards it was placed into the silane solution, dried, and placed into the 

colloid solution from Ted Pella, Inc.  The results for these experiments, in terms of colloid 

attachment density and selectivity, are shown in Figure 49.  All samples were exposed to 

either the aminosilane solution for 16 hours, or the mercaptosilane solution for 56 hours.  The 

samples exhibiting the highest colloid attachment density and selectivity towards the silicon 

dioxide surface are highlighted in green.  An SEM of the aminosilane, 60nm pH7 case is 

shown in Figure 50.  Although some non-selective agglomerations occurred on the substrate, 

as evident in the leftmost figure, a strong selectivity towards the silicon dioxide surface is 

easily seen.  The density at which these gold colloids attached is estimated to be 

approximately 30%, meaning only about 30% of the region exposed to the silane/colloid 
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solutions resulted in nanoparticle attachment.  From this, the average distance between 

colloids was estimated to be from 60 to 180nm in length. 

 

 

 

Figure 49: Colloid Deposition Experimental Summary 

 

  

Figure 50: Colloid deposition (aminosilane pH7, 60nm) 

 

 

Optical observations confirmed that DCM, silanation and/or colloid attachment 

procedures do not substantially degrade the film from a mechanical perspective.  Although 

some color change was noticed, the features themselves did not show signs of etching or 



82 

delamination.  To confirm electrical performance, a bias of 40 volts was placed across 

specific devices, with electrode gaps of 5µm.  Although 40 volts is a much higher stimulus 

than previous research32 has shown to be necessary, the impact of having many molecular 

devices in series is likely to increase the resistance and therefore required input levels.  

Although multiple parallel paths could reduce this requirement, a worst-case scenario was 

chosen to quantify the upper limit of these devices.  The devices were tested with T-4-10 

probes from Picoprobe and analyzed using an HP 4145B Semiconductor Parameter Analyzer. 

In both the SOG and polyimide-based substrates, the leakage measured across non-

chemically processed samples was only random noise in the fA range.   Any current 

measured in chemically processed samples was therefore determined to result from one or 

more of these added steps.  The electrical results for the samples listed in Table 2 are shown 

in Figure 51.   

 

 

 
 

Figure 51: Leakage current measurements for NCSU Test Chip Revision 1 

 

 

The polyimide-based devices all conducted less than 40pA at 40 volts after exposure 

to the various chemical processing steps.  With the exception of one outlying device, the 

remaining samples conducted less than 15pA, well below the expected range for measuring 

molecular conduction pathways through the network.  The SOG-based samples, however, 
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conducted current in the range of 5nA up to 108nA at 40 volts.  Although these devices also 

exhibited good mechanical robustness to the chemical processing, this level of current 

leakage is likely too high for the material set to be useful for measurements of molecular 

conduction through the network. 

 

 

4.4.3 Experimental Conclusions 
 

Implementing a cross-linked molecular network through the self-assembly of gold 

colloids forces a number of requirements onto the device design.  Although previous 

research63 has reported successful molecular cross-linking as measured electrically, 

patterning the colloids into specific regions allows the integration of such a device into more 

complex systems.  By using an aminosilane116 chemistry and a polyimide/SiO2 material set, a 

natural selectivity of assembled gold colloids was achieved within the silicon dioxide regions 

on the chip, offering the unique capability of defining specific regions for these colloid 

networks.  Furthermore, DC measurements from 0 to 40 volts showed no more than 40pA of 

current is conducted across a 5µm gap between two gold electrodes after all chemical post-

processing.  When the polyimide-based chip was placed into a DCM solution for 6 hours, no 

significant degradation of the features were observed, and the sample only conducted 8.8pA 

of current at 40 volts.  The combination of observed selectivity, chemical resistance and 

electrical performance demonstrates the practicality of using polyimide passivation layers in 

self-assembled colloid structuress. 

Using these structures in subsequent molecular attachments, however, requires a high 

attachment density.  As illustrated in Figure 50, the highest attachment density obtained in 

this process was no more than 30% resulting in 60-180nm gaps between colloids; too far for 

direct molecular bridging.  Although a second and even third round of attachments were 

attempted using gold colloids functionalized with dithiol molecules, only very small 

incremental increases in attachment densities were observed.  In addition, repeatability was 

often an issue when performing these attachment experiments.  Often, the results were 
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difficult to repeat and often took several days to assemble even low-density colloid 

structures.    

 

 

4.5 Discontinous Gold Film Molecular Networks 
 

As previously stated, the ability to deposit and pattern a highly dense film of gold 

nanoparticles which does not conduct DC current is an important issue in the formation of 

cross-linked molecular networks.  Inspired from previous studies68,69,70,71,72 on the nucleation 

and growth of deposited gold, a new process was developed for use in the Nanocell 

architecture, as well as other possible applications (see Chapter 6.)  Deposited gold, either 

through RF sputtering or evaporation, grows according to the Volmer-Weber mechanism, 

also known as 3D island formation.  Rather than forming atomic layers, the first stage of 

grown begins with the formation of nucleation sites on the substrate surface.  As deposition 

continues, these sites grow into nanoparticles, which eventually merge together into a 

continuous film of gold.  A weak gold-substrate interaction coupled with strong gold-gold 

affinity is the primary cause for this growth mechanism71, which is exhibited on silicon 

dioxide surfaces.  Depending upon the substrate surface conditions, more than one hundred 

angstroms of deposited gold might be required before an electrically continuous sheet is 

formed. 

The primary advantages to using this technique in cross-linked molecular networks 

are the ease at which these films can be patterned, that depositions are a wafer-scale process 

and the short time required to deposit and pattern the film.  In addition, the average density 

and size of the gold nanoparticles is controllable and the growth technique is easy to integrate 

within common microfabrication process steps.  With appropriate tuning of the deposition 

conditions and surface preparation, the average gaps between gold islands can be as small as 

50Å, with over 4100 particles per square micron deposited.  At the other end of the spectrum, 

larger particles fewer than 10 particles per square micron can also be formed. 
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4.5.1 Design and Fabrication 
 

Many of the same techniques used to design and fabricate the colloid-based devices 

were again used in the discontinuous film devices.  The substrate was isolated by growing a 

1000Å thick silicon dioxide film in a steam process, and the electrodes were fabricated in a 

Ti/Au metal stack to help with adhesion.  To prevent damage from further processing, the 

deposition and patterning of the discontinuous films were performed in the final fabrication 

steps.  Shown in Figure 52 is a cross-section of these devices at the gold electrode / DGF 

interface.   

 

 

 

Figure 52: Nanocell Test Chip Revision 2 cross-section 

 

 

Perhaps the biggest difference between the colloid and DGF-based devices (besides 

the gold films themselves) is the absence of a top passivation layer on the chip.  Because 

direct photolithographic patterning of the DGF layer through liftoff is used, there is no need 

to create a materials boundary for selectivity through self-assembly.  Furthermore, any 

subsequent attachments by a thiol-based system will preferentially attach to the regions of 

gold wires or the DGF.  One example can be made for a gold colloid, functionalized with a 

dithiol molecule (containing a free sulfur group at each end.)  When exposed to the device, a 

solution of these colloids will preferentially bind only to the gold electrodes and to the DGF 

regions.  If the attachments occur at a high enough density, isolated islands between gold 

electrodes could potentially be bridged by the attached gold colloids.  The bridging elements 
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are not limited to colloids, and could also be rods or any metallic nanoparticle that will freely 

bind with sulfur. 

Device design, layout and fabrication were conducted at NCSU.  The layout was 

performed using Cadence Virtuoso and fabrication at the NCSU Nanofabrication Facility 

(NNF.)  Shown below in Table 3 is the process flow for the DGF-based devices.  The first 

five steps (through Metal 1) are essentially the same as the colloid based devices, and steps 6 

through 8 are specific to the DGF deposition and patterning.  For the liftoff patterning of the 

DGF, a two layer resist stack was chosen to minimize any edge effects resulting from the 

clustering of gold on the resist step-edge.  This decision was based upon earlier experiments 

that exhibited edge shorts between two electrodes when the DGF was patterned using only on 

layer of Shipley 1813 photoresist.   

 

 

 

 

 

Table 3: Nanocell Test Chip Revision 2 Process Flow - Contact Lithography 

 
STEP NO. DESCRIPTION 

1 JTB-111 Clean 

2 Wet thermal oxidation (1200A) 

1000oC Steam + 2% HCl, 10m 

3 Metal 1 photolithography 

  Solvent Clean (Acetone + MeOH) 

  HMDS, 4000rpm 

  MicroChem LOR5A, 3000rpm 

  10m bake, 150oC 

  Shipley 1813, 4000rpm 

  1m bake, 115oC 

  Expose M1 (Dk Field), 14.9mW, 39s 

  Develop MF-319, 80s 

4 E-beam Evaporation 

  250Å Ti + 1550Å  Au 

5 Liftoff Metal 1 

  MicroChem NanoEBR solvent 
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STEP NO. DESCRIPTION 

6 DGF photolithography 

  Solvent Clean (Acetone + MeOH) 

  HMDS, 4000rpm 

  MicroChem LOR5A, 3000rpm 

  10m bake, 150oC 

  Shipley 1813, 4000rpm 

  1m bake, 115oC 

  Expose M1 (Dk Field), 14.9mW, 39s 

  Develop MF-319, 80s 

7 DGF Evaporation 

  Au E-beam, 1.0Å/s, 40s 

8 Liftoff DGF 

  MicroChem NanoEBR solvent 

 

 

As shown in Figure 53, the evaporated gold clumped against the exposed step edge in 

the photoresist, which shorted out electrodes that came into contact with the DGF region 

anywhere along this edge. To correct the problem, all subsequent liftoff patterning of the 

DGFs was performed on a bilayer resist stack.  The undercut that results through developing, 

as illustrated in Figure 54, prevents direct exposure of the evaporated metal from coming into 

contact with the resist step-edge.  Although the surface migration of the gold during 

evaporation will still result in some accumulation at this edge, this problem is greatly reduced 

by using the two-layer resist stack.   

 

 

 

Figure 53: Edge effects from DGF liftoff patterning with a single resist stack. 
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Figure 54: Edge effects for single (left) verses double (right) photoresist stacks. 

 

 

The layout includes many variations of proximal probe devices, varying in length and 

in the number of electrodes in each Nanocell.  The narrowest electrodes are approximately 

3µm in width, and the smallest gaps were about 2µm in length.  To reduce the parasitic 

capacitance to ground of each electrode, the pads were reduced to 75µm on a side, and the 

routing wires were less than 10µm in width.  Because of the expected high series resistance 

through the device, differences in routing wire substrate capacitance would lead to 

differences in the RC delays for each input.  This effect would make two simultaneous 

voltage input steps charge each electrode at different rates, leading to an uncertainty as to 

when the input signals actually reach the molecular device itself.  To minimize this effect, all 

wire areas from the pad to the electrodes were balanced within a single device.  The effect of 

this routing is visible in the chip top level, shown in Figure 55, as meandering wires from the 

pads to the device.  

 

 

DGF on single resist layer DGF on double resist layer with 
undercut 
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Figure 55: Nanocell Test Chip Revision 2, Top view 

 

 

Both layout and optical images from a fully fabricated device are shown in Figure 56.  

The DGF appears in the optical images as a blue region at the center of the device, between 

electrodes.   The width of each gold electrode is approximately 3µm at the tip.  Although 

some slight variations in color can be noticed in the optical image, the islands themselves are 

far too small to resolve without electron microscopy.  An image of the DGF region taken at 

x200k with a Hitachi 4700 FESEM is shown in Figure 57, where the nanometer-scale islands 

and gaps are readily apparent.  Analysis of the growth statistics such as island density and 

area is included in Chapter 5.  This analysis is used to help select the correct growth 

conditions to achieve an island size suitable for a specific device dimension. 
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Figure 56: 2-sided 2-lead device (left); 4-sided 20-lead device (middle); fabricated 4-sided 20-lead device 
(right).  The discontinuous gold film is the blue region at the center of the image. 

 

 

 

Figure 57: DGF imaged at x200k.  This film was deposited at an average thickness of 50Å on a 1000Å 
thick silicon dioxide. 

 

 

4.5.2 Experimental Results 
 

Molecular assemblies onto the DGF-based Nanocells were performed at Rice 

University, with measurement and analysis support at North Carolina State University.  To 

keep the gold surfaces free of debris and extraneous organics between fabrication and 
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assembly, the samples were coated with Shipley 1813 photoresist and baked at 115oC for 1 

minute just after fabrication was completed. This photoresist layer was then removed in 

acetone just prior to attachment, which began with sample preparation.  Sample preparation 

was strictly limited to solvent and UV-ozone treatment.  The size and relative fragility of the 

gold islands, as compared to the Ti/Au leads, prevent more aggressive methods of cleaning 

such as piranha (H2SO4:H2O2) and the use of ultrasonic baths. 

 

 

 

Figure 58: Compound mononitro oligo(phenylene ethynylene). 

  

 

Although the average spacing (50Å) between gold islands is generally too large to 

allow direct assembly of molecules previously reported to have switching properties32,118, 

several types of metallic cross-linking structures were explored to bridge this gap.  In 

general, attempts to functionalize Ted Pella, Inc. gold colloids with any of a variety of 

molecules, including the mononitrodithiol OPE shown in Figure 58, resulted in very low 

attachment densities.  These results were attributed to the extraneous charge-stabilizing 

molecules that bind to the larger colloid surfaces, blocking attachment of the dithiol 

molecules.  Although some limited success was achieved using colloids of <5nm in diameter, 

these nanoparticles are not of practical use because of the large number of particles, hence 

molecular junctions, required to cross-link the electrodes.  In a study77 performed using gold 

nanowires rather than colloids, a higher attachment density occurred which could potentially 

lead to the cross-linking of Au electrodes.  In this experiment, nanowires grown in a 

polycarbonate matrix were dissolved into solution and functionalized with the compound 

shown in Figure 58.  The exposed acetyl groups were then cleaved in NH4OH and a DGF-

based Nanocell chip containing multiple structures was placed into the solution.  The 
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functionalized gold nanowires were then allowed to self assemble for 27 hours on all gold 

surfaces, which includes the DGF region.  The result is a cross-linking of gold islands by 

functionalized nanowires between the gold electrodes.  Electrical tests in this study resulted 

in the discovery of a switching effect, generally occurring between -20 and 20 volt DC 

sweeps.  The stimulus appeared to cycle the device between two distinct conductivities, with 

on-off current ratios varying from 12,500:1 down to 10:1. Devices set into the high 

conductivity state held their values for 11 days with no measured decline in the magnitude of 

the current conducted.  Yields for structures demonstrating this effect decreased when 

measuring devices with increasing gap distances.  Several important control experiments 

were also reported in this study.  When the steps were repeated in the absence of the 

mononitrodithol compound, no switching effects were reported.  When the steps were 

repeated in the presence of the molecule but the absence of the gold nanowires, only a weak 

switching effect was observed on a small number of the devices, which degraded after only 

3-10 sweeps.  When a dodecanedithiol was substituted for the mononitrodithiol (in the 

presence of the gold nanowires), out of 30 pairs of electrodes measured only one showed a 

switching effect that degraded quickly and only one showed a more stable, reproducible 

switching effect. 

Although the exact mechanism for the effect is still under investigation, when devices 

exhibiting a switching effect were exposed to UV-ozone, the effect did not deteriorate.  This 

strongly suggests that the molecules (in particular the mononitrodithiol) are not actively 

responsible for the switching effect, rather, play only a role in the formation of structures that 

are responsible for this effect.  One theory under investigation is based upon previously 

measured switching behavior of thin film metal-insulator-metal (MIM) structures in silver121 

and gold119,120.  Although the exact mechanism is still under investigation, previous 

research120 suggests the mechanism involves the electromigration of gold atoms into the gaps 

between islands.   When enough metal atoms migrate into the gaps and increase conductivity 

through the insulator, they became small filaments, or nanofilaments.  Upon higher applied 

voltages, the increased current causes local heating which breaks the filament resulting in a 

low conductivity state.  Previously reported for gold119,120 and silver121 is the ability of these 



93 

filaments to be formed and broken, resembling a two-state memory consisting of two distinct 

conductivity states.  Very similar switching effects have also been seen in experiments 

performed on Nanocells in the absence of any molecular attachments.   

 

 

 

Figure 59: Switching behavior in DGF NanoCell.  On-Off ratio for device C4, center pins, 4µm gap 
between electrodes.  The left plot is the first sweep indicating a switching behavior, and the right plot 

illustrates a linear response after subsequent sweeps. 

 

 

 

Figure 60: On-Off ratio for device C4, center pins, 4µm gap between electrodes. 

 

C
ur

re
nt

 (A
) 

Voltage (V) 

C
ur

re
nt

 (A
) 

C
ur

re
nt

 (A
) 

Voltage (V) Voltage (V) 



94 

 

Data was taken using a J-micro probe station and Cascade DC probes, with 109-946 

shielded probe tips.  The assembly is mounted on an isolation table, and data collected using 

an HP 4155C Semiconductor Parameter Analyzer.  In devices with smaller gaps than those 

measured in the previous studies77, a layer of photoresist was applied to the samples just after 

fabrication and before any measurements were taken.  The purpose of this layer was to 

prevent water or extraneous material from reaching the surface of the gold.  The devices were 

then swept at increasing voltages from -1 to 1 volt, -2 to 2 volts, etc., until the device began 

exhibiting switching at -15 to 15 volts.  In Figure 59, the left plot was taken when switching 

was first measured in the sample.  Subsequent sweeps resulted in set/reset voltage variations, 

with some showing linear on-off characteristics as seen in the right plot in Figure 59.  

After the linear response described above was measured, a low bias sweep of the 

device, -100mV to 100mV, was taken to measure the series resistance between probes.  A 

low voltage was used to ensure filaments were neither broken nor formed.  Afterwards, the 

device was swept form -3V to 3V, and a low bias measurement was again taken.  The plot of 

the two low bias measures is shown in Figure 60.  The on-off ratio of resistance between 

these two states was calculated to be 1.5*106.  Furthermore, this particular device was cycled 

on and off, exhibiting the same resistance ratio, for 20 cycles before the device deteriorated. 

Several important differences exist between these devices and those used in the 

previous Nanocell memory study77.  Although the previous Nanocells exhibited very low 

yields of switching devices without the functionalized gold nanorods, the photoresist-covered 

Nanocells yielded a large number of switching devices with no molecules present.  Certainly, 

the presence of photoresist, applied just after fabrication, suggests the potential for large 

differences in the surface conditions of the exposed gold, both on the islands and the 

electrodes.  In addition, the closer electrodes used in the resist-covered samples would likely 

result in stronger voltage fields within portions of the device.  Finally, the two batches of 

Nanocells were fabricated at different times, therefore, the exact morphology of the DGFs 

would likely be slightly different between devices.  Because the behavior of metallic 
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filaments is strongly dependent upon gap distances and environmental conditions, care must 

be taken when comparing results between devices separately processed.  

    

4.5.3 Experimental Conclusions 
 

Although individual devices have shown promising behavior, to design a useful 

memory based upon these filamentary switches the set/reset voltages must be reproducible, 

or at least occur within a repeatable voltage range.  This would allow driver and receiver 

circuitry to read and write the devices consistently.  The large differences observed in 

set/reset voltage positions, on/off resistance ratios and lifetime uncertainty make filamentary 

metal-based memories an unlikely technology. 

The Nanocell memory77 is not the only molecular structure suspected of exhibiting 

behavior consistent with nanometallic filaments.  A recent article24 suggests the crossbar 

memory published by Williams23 at Hewlett Packard could potentially be the result of 

metallic filaments formed at the crossbar junctions, rather than specifically a molecular effect 

as the research suggests122.  One design change that could potentially reduce the likelihood of 

metallic filament formation involves scaling down the device dimensions.  Because the 

observed switching effects only occur at higher (>3V) voltages in the Nanocell, reducing the 

number of metal-molecule-metal junctions in the system would potentially reduce the voltage 

stimulus needed to conduct current through the molecular cross-linked network.  To scale the 

system, both the distance between the electrodes and the number of gold islands between 

these electrodes must be reduced.  In addition, devices fabricated in a more refractory metal 

such at platinum or palladium would be less likely to electromigrate, forming filaments.   

 

 

4.6 Scaling of Discontinuous Gold Film Molecular Networks and other Metal Systems 
 

To scale a DGF-based system to the submicron range, the ability to deposit and 

pattern DGFs at this scale must first be determined.  Previous research77,123 has shown these 
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films contain islands varying in length to over one micron.  Although these long, meandering 

features help reduce the effective distance between two electrodes and require a less-dense 

layer of functionalized gold nanostructure to cross-link, these features would short submicron 

electrode gaps.  An important study is to first determine if the islands can be grown at 

dimensions suitable for a submicron cross-linked network, and second to determine if these 

islands can be patterned and placed into a submicron region containing these electrodes.  To 

be successful, these islands must stretch the full length of the electrode gap, form a highly 

dense layer containing only a few particles and conduct only picoamps of DC current before 

molecular attachments. 

 

 

4.6.1 Design and Fabrication 
 

The electrode dimensions were reduced from the 2-3µm range to 600nm lines and 

spaces using projection lithography.  An i-Line GCA 800 DSW wafer stepper is used in 

conjunction with a bilayer resist stack for lift-off patterning of the gold electrodes.  Because 

the smallest feature sizes require the use of a thinner metal for controllability, a separate 

mask layer is needed to deposit thick metal for probing.  In addition, because the thick metal 

has a lower sheet resistance routing wires were designed to utilize this layer rather than the 

thinner electrode layers.  A material stackup is shown below in Figure 61.  The substrate is a 

p-type 4” silicon wafer with 1000Å of thermally grown silicon dioxide for isolation.  The 

thin metal layer, patterned in the first photolithography step, consists of 50Å of Ti for 

adhesion followed by 350Å of Au.  The second photolithography layer involves the 

deposition and patterning of the routing and probe metal, consisting of 100Å of Ti followed 

by 1400Å of Au.  The third and final patterning step is used to define the DGF regions. 
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Figure 61: Nanocell Revision 3 cross-section 

 

 

Device design, layout and fabrication were conducted at NCSU.  The layout was 

performed using Cadence Virtuoso and fabrication at the NCSU Nanofabrication Facility 

(NNF.)  The process flow outlined in Table 4 details the complete fabrication process.  After 

the silicon dioxide growth, the samples are cleaned by soaking in a solvent bath; first in 

acetone followed by methanol and N2 dry.  Because the electrodes are patterned using liftoff, 

fabricating 600nm spaces between gold wires require the development of narrow 600nm 

lines in photoresist.  To ensure the photoresist adheres to the surface of the wafer through the 

process of development and evaporation, a very thorough solvent clean and dehydration bake 

is required. 

 

 

Table 4: Nanocell Test Chip Revision 3 Process Flow - Projection Lithography 

 
STEP NO. DESCRIPTION COMMENTS 

1.0 JTB-111 Clean  

2.0 Wet thermal oxidation of ˜1000Å SiO2 Isolation layer  

3.0 Metal 1 photolithography  

 3.1  1 minute soak acetone; 1 minute soak in methanol; N2 dry Surface prep to improve resist adhesion 

 3.2  Bake for 5 minutes at 115oC, hotplate Dehydration bake 

 3.3  Spin HMDS, 4000rpm, 40s  

 3.4  Spin Microchem LOR1A, 3000rpm, 40s  

 3.5  Bake for 10 minutes at 150oC, hotplate  

 3.6  Spin Shipley 510A, 4000rpm, 40s  

 3.7  Bake for 1 minute, 90oC  

 3.8  GCA Stepper, Metal 1 mask, 108mJ dose (0.6s exposure)  

 3.9  Bake for 1 minute at 115oC  

 3.10  Develop for 60s, no agitation (MF-319; dish); 6X DI H2O rinse; N2 dry  

4.0 Metal 1 E-beam evaporation; 50Å Ti + 350Å Au (or Pd)  
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STEP NO. DESCRIPTION COMMENTS 

5.0 Metal 1 Liftoff  

 5.1  Soak and spray Microchem Nano Edge Bead Remover (EBR)  

 5.2  Ultrasonic clean in NanoEBR, 15 seconds Removes re-deposited debris 

 5.3  Soak in DI H2O; 6X DI H2O rinse; N2 dry  

 5.4  Microposit 1165 soak, 1 minute; 6X DI H2O; N2 dry Removes organics left after liftoff 

6.0 Metal 2 photolithography  

 6.1  1 minute soak acetone; 1 minute soak in methanol; N2 dry Surface prep to improve resist adhesion 

 6.2  Bake for 5 minutes at 115oC, hotplate Dehydration bake 

 6.3  Spin Microchem LOR5A, 3000rpm, 40s No HMDS to prevent contact problems 

 6.4  Bake for 10 minutes at 150oC, hotplate  

 6.5  Spin Shipley 510A, 4000rpm, 40s  

 6.6  Bake for 1 minute, 90oC  

 6.7  GCA Stepper, Metal 2 mask, 108mJ dose (0.6s exposure)  

 6.8  Bake for 1 minute at 115oC  

 6.9  Develop for 60s, no agitation (MF-319; dish); 6X DI H2O rinse; N2 dry  

7.0 Contact Preparation  

 7.1  Descum with oxygen plasma (600 mT, 300W, 60 sccm O2, 90s) Removes organics and improves contacts 

 7.2  Pd oxide removal in 1:1:10 NH4OH:H2O2:DI H2O, 10s; 6X rinse, N2 dry  Needed for metal 1 Pd contacts, not Au 

8.0 Metal 2 E-beam evaporation; 100Å Ti + 1400Å Au (or 1100Å Pd)  

9.0 Metal 2 Liftoff  

 9.1  Soak and spray Microchem Nano Edge Bead Remover (EBR)  

 9.2  Ultrasonic clean in NanoEBR, 15 seconds Removes re-deposited debris 

 9.3  Soak in DI H2O; 6X DI H2O rinse; N2 dry  

 9.4  Microposit 1165 soak, 1 minute; 6X DI H2O; N2 dry Removes organics left after liftoff 

10.0 Disc Film photolithography  

 10.1  1 minute soak acetone; 1 minute soak in methanol; N2 dry Surface prep to improve adhesion 

 10.2  Bake for 5 minutes at 115oC, hotplate Dehydration bake 

 10.3  Spin Microchem LOR5A, 3000rpm, 40s No HMDS to prevent contact problems 

 10.4  Bake for 10 minutes at 150oC, hotplate  

 10.5  Spin Shipley 510A, 4000rpm, 40s  

 10.6  Bake for 1 minute, 90oC  

 10.7  GCA Stepper, Contact mask, 108mJ dose (0.6s exposure)  

 10.8  Bake for 1 minute at 115oC  

 10.9  Develop for 60s, no agitation (MF-319; dish); 6X DI H2O rinse; N2 dry  

11.0 Contact Preparation  

 11.1  Descum with oxygen plasma (600 mT, 300W, 60 sccm O2, 90s) Removes organics and improves contacts 

12.0 DGF E-beam evaporation; 20-40 Å Au  Exact amount depends on density reqd. 

13.0 DGF Liftoff  

 13.1  Soak and spray Microchem Nano Edge Bead Remover (EBR)  

 13.2  Ultrasonic clean in NanoEBR, 15 seconds Removes re-deposited debris  

 13.3  Soak in DI H2O; 6X DI H2O rinse; N2 dry  
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A layer of HMDS is first spun on the wafer to promote adhesion of the liftoff resist.  

Because the desired features in Metal 1 are at the resolution limit of the GCA stepper, the 

thickness of the metal must be chosen based upon a controllable lithographic process.  To 

ensure an array of 600nm lines and spaces can patterned consistently and evenly in the 

bilayer photoresist, a thinner LOR layer was chosen for the process.  To prevent complete 

undercutting of resist features by the LOR, a 600nm line of resist can only be undercut on 

each side by approximately 100nm.  To undercut by no more than 100nm requires the LOR 

to be no thicker than approximately 100nm.  From this requirement, the Microchem LOR1A 

spun at 3000rpm was chosen which yields a thickness of about 1200Å.  The resist is baked at 

150oC for 10 minutes, resulting in the same dissolution rate as the LOR5A.  The 

photodefineable resist layer is Shipley 510A, a common resist used in the lab for GCA 

Stepper patterning.  This layer was spun on the LOR at 4000rpm, resulting in a thickness of 

approximately 8000Å.  The wafer is then baked pre-exposure at 90oC for 1 minute, then 

exposed with a 108mJ dose (0.6 seconds.)  Finally the wafer is baked post-exposure at 115oC 

for 60 seconds and then dish developed for 60 seconds. 

 

 

    

Figure 62: Bilayer photoresist patterning of 600nm lines and spaces (left) and the last line in an array 
(right.) 
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Shown in Figure 62 are two SEM images of 600nm lines and spaces patterned in 

Metal 1.  The image at the left is a 600nm photoresist line, which after liftoff, will result in 

approximately a 600nm space in gold.  The two layers of resist are visible, and the undercut 

of approximately 100nm is clearly visible on both sides of the feature.  Although virtually 

straight resist sidewalls were achieved using a single layer of Shipley 510A, a slight outward 

taper always resulted in the bilayer resist stacks.  Because this taper actually reduces the 

effective electrode gap distance, the result was accepted.  Also noticeable is the development 

consistency  on both sides of the feature. 

The right image is taken of the last line in an array of 100 lines.  Immediately 

noticeable is the underdeveloped trench at the left edge of the row.  This is a common effect 

in submicron lithography where feature density changes, and must be accounted for during 

the design of devices at these scales.  Although this sample could have been developed 

further to open this area, the features at the center of the array would have been 

overdeveloped.  For this reason, a special effort is made to keep the densities similar across 

critical features in the device using “dummy” lines and fill patterns. 

  

 

 

Figure 63: Nanocell Test Chip Revision 3 Top View 
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The top-level chip layout is shown in Figure 63.  Alignment marks surround the chip, 

which includes a large number of multi-lead devices accessed on two or four sides.  All 

electrodes are 600nm in width with 600nm spacing between adjacent electrodes if included.  

As previously mentioned, dummy lines which do not electrically contribute to the design 

surround the critical areas of the device as shown in Figure 64.  Although only the center 

electrodes are used to stimulate the devices, wires on both sides of these electrodes and 

around the center of the device are drawn to ensure they will yield with consistent 

dimensions in the photolithography process.  As seen to the left in Figure 64, these dummy 

Metal 1 lines (shown in blue) are routed along the 600nm probes and terminate just before 

the Metal 2 (shown in pink) contact area.  In addition, the tips of the electrodes within the 

DGF area are drawn slightly larger to account for the natural tapering that would occur in this 

feature. 

 

 

               

Figure 64: 2-sided 2-lead device set (left); 2-sided 2-lead 600nm device close-up (right).  The red region in 
the center is the patterned DGF. 
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Figure 65: 4-sided 8-lead device; layout (left) and optical image (right).  The red region in the center is 
the patterned DGF. 

 

 

The same technique of using dummy lines was employed in the four-sided devices as 

shown in Figure 65, where two levels of these structures are incorporated.  Although many 

structures yielded both the dummy lines and the electrodes themselves, the effect of having 

these structures effectively widened the development tolerance.  Although a great deal of 

effort was taken to consistently prepare the wafer surfaces, apply the resist, expose and 

develop the samples, environmental factors such as temperature and humidity are more 

difficult to control and affect the photolithographic process as well.  As shown in Figure 66 

to the left, each of the 12 critical leads patterned consistently in the process, but several of the 

dummy lines were underdeveloped.  A grossly underdeveloped line contains residual resist, 

which when metalized results in portions of the feature peeling off or even completely 

delaminating.  By using these dummy lines on each side of the device, the 12 critical leads in 

the device all yielded.  To the right is a higher magnification SEM image of the wire array, 

where the wires measure approximately 700nm and the spaces about 500nm.  Wafer 

orientation in the evaporator will effect shadowing of the resist stack during metallization, 

often resulting in slight variations in width and spacing. 
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Figure 66: Multi-lead 2-sided NanoCell with dummy lines sacrificed (left).  Higher magnification of the 
line array (right). 

 

 

      

Figure 67: Density effects in recessed and protruding 600nm lines within an array. 

 

 

To further illustrate the effects of feature density, a series of test structures containing 

lines either recessed or protruding from a surrounding array were incorporated.  In Figure 67, 

the left SEM image is taken of a recessed wire and the right image is of a protruding wire.   

The width of the recessed wire is fairly consistent throughout its length.  In the space above 

the wire ending however, each of the wires to the side are slightly narrowed.   The protruding 

wire is clearly narrowed above the array while the width remains consistent within the array 
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itself.  The serifs at the ends of the electrodes, shown in Figure 64, attempt to equalize this 

tapering effect in the region containing DGF. 

 

 

4.6.2 Experimental Results 
 

Current-voltage (IV) sweeps were used to measure wire and contact resistances, as 

well as the discontinuity through the DGF.  An HP 4155C Parameter Analyzer, was used in 

conjunction with a Cascade Microtech DC probes, 109-946 probe tips and a J-micro probe 

station, all located on an isolation table.  The imaging, system contains a high-magnification 

Navitar optical column connected to a Linux workstation for data collection.   

 

 

      

Figure 68: SEM image of the DGF region between two electrodes (left), and the probing of this device 
(right). 

 

 

A series of multi-lead structures with varying electrode distances was used to verify 

the electrical discontinuity through the network.  Previous studies77,123 have shown the films, 

when deposited at an average thickness of 40Å, often contain islands that span almost a 

micron in length.  To prevent shorting, less gold was evaporated when forming the 



105 

discontinuous films.  Sweeps from 0 to 20 volts were made across electrodes designed to 

contain gaps from 600 to 1000nm in length. A series of samples with both 20Å and 30Å 

average gold thickness was measured to understand electrical differences between the 

conditions.  

At 20 volts, the highest current measured across any of the 10 samples was 

approximately 217 pA through the 900nm gap 20Å sample and the lowest 3.96 pA through 

the 600nm gap 30Å sample.  The average current measured across all five of the 20Å 

samples was 108pA and across the 30Å samples was 24.9 pA.  As further illustrated in the 

plot in Figure 69, the blue lines represent data taken from the 20Å samples which are on 

average higher than the data taken from the 30Å samples.   

 

 

 

Figure 69: IV Sweeps for 20Å verses 30Å thick DGFs as measured across varying gaps. 

 

 

Previous studies124,125 attribute conduction through the discontinuous gold films to 

direct tunneling of electrons between metal complexes.  The equation representing the 
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resulting conductivity, shown in Figure 70, is dependent upon the film parameter l, which 

represents the average gap length between metal islands and d, the average gap distance 

(spacing between particles.)  As seen from this expression, as the gap distance, d, increases, 

the conductivity decreases exponentially.  Differences between the island morphology at 20Å 

and 30Å (Chapter 5) indicate the gaps between islands actually increase at the first stages of 

metal growth.  This seems to be further substantiated by the electrical measurements above, 

which show a higher conductivity between electrodes with a 20Å film verses a 30Å film. 
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Figure 70: Direct tunneling expression of electroncs through metallic island complexes.  From Celasco125 
et al. 

 

 

Although the smallest gaps between opposite metal electrodes were drawn at a 

distance of 600nm, slight variations in the photolithography and orientation during the 

evaporation process result in variations of electrode width and gap length.  When mounted in 

the E-beam chamber, the wafer surface is tilted slightly with respect to the metal target.  This 

tilt results in shadowing of the photoresist features by the evaporated metal.  The variations 

in metal features depend upon the exact orientation in the deposition chamber.  Shown in 

Figure 71 is the result of a narrowed gap between two adjacent electrodes, which is an 

average distance of 300-350Å as determined by the magnified SEM image.  The DGF was 

deposited at an average thickness of 30Å.  When swept from 0 to 20V DC, this feature 

conducts a maximum current of 30pA at 20V, demonstrating that a cross-linked structure 

based upon DGF can be further scaled to well below the 400nm range.  When integrated into 

E-beam or deep-UV photolithography, devices based upon this technology could be scaled 

further into the sub-micron regime and analyzed in terms of total island area and size. 
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Figure 71: 300-350Å gap between two adjacent gold electrodes (left).  Red box indicates area magnified 
(right).  The DGF was grown to an average thickness of 30Å. 

 

 

 

 

 

Figure 72: Contact regions from thin Metal 1 to thick Metal 2 
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4.6.3 Experimental Conclusions 
 

The ability to scale a DGF-based device into the submicron range has been 

demonstrated.  The films are easily patterned into features approximately 3µm by 3µm, and 

any clumping at the edges of the resist (although lessened by the bilayer resist stack) have not 

been measured to short even the smallest devices.  As series of devices measured with 20Å 

and 30Å average thickness DGFs conduct between 3.93pA to 217pA, which is likely low 

enough to allow the measurement of any enhanced molecular conduction from subsequent 

attachments.  The average current measured on the 30Å sample across five electrode 

distances, from 600 to 100nm, was 24.9pA at 20V.  As shown in Figure 71, structures with 

less than 400nm gap distances have been measured and conduct current in this same range, 

indicating the potential to further scale devices with only a handful of gold islands between 

leads.  Further studies would need to investigate the ability to pattern the DGFs into this 

regime without edge shorts, and gather leakage data in systems this small to verify their 

ability to be used in molecular-based systems. 

Although the focus of this Chapter is on the fabrication of gold-based molecular 

cross-linked networks and their scaling potential, other metallic systems should be explored 

as well.  Other metals such as  platinum126,127,128, silver129,130,131,132,133,134,135,136, copper86,87 

and palladium81,87,88 have all been shown to grow by the Volmer-Weber mechanism, and 

could therefore be deposited and patterned in much the same way as presented here for gold.  

These studies should include an investigation into the morphology of the nanoparticles at 

different growth conditions, as well as an understanding as to the scaling potential for 

systems based upon them.  Refractory metals such as Pd and Pt have high melting points, and 

could potentially withstand higher electric fields and tunneling currents without the 

formation of nanofilaments.  Shown in Figure 72 are the contact regions for leads fabricated 

in Pd films.  Although Pd is less conductive and more reactive than gold, the 600nm wires 

fabricated in the same process shown in Table 4 measure only 2000kΩ in shorted test 

structures through two contacts.  The formation of Pd islands has already been 
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demonstrated137, and integration of this process with the electrodes would result in an all Pd 

structure.  Because these systems are also known to react with sulfur, they should be prime 

targets for future fabrication and electrical studies.  
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5 DISCONTINUOUS GOLD FILM MEASUREMENT AND ANALYSIS 
 

 

 

 

The large number of current and potential applications for metallic nanoparticles, 

many to be discussed in Chapter 6, makes use of unique optical, electrical and chemical 

properties.  Because these properties are so diverse, associated with them are a great number 

of potential methods for measurement and analysis.   The focus of this Chapter is on the 

morphology of evaporated gold nanoparticles, as they apply to both the Nanocell and other 

potential applications.   

 

 

5.1 Fabrication of Samples to Investigate Gold Island Morphology 
 

To investigate the morphology of gold islands as they are deposited on silicon 

dioxide, a series of samples were prepared for evaporation.  Experiments on two substrates 

with five different thicknesses were planned, yielding ten samples for evaluation with 

electron microscopy.  The first substrate mimics the Nanocell device substrates described in 

Chapter 4: a 1-10 Ω-cm silicon (100) p-type boron-doped wafer with 1000Å of silicon 

dioxide grown in a wet thermal process.  The silicon dioxide was left on both sides of the 

wafer.  The second substrate was designed as a high-contrast sample to assist in electron 

microscopy.  To minimize the effects of substrate charging which can reduce the resolution 

of the images, a much thinner oxide was grown on a more heavily doped substrate.  The 

substrate is a 0.01 Ω-cm silicon (100) p-type boron-doped wafer with an average of 37Å of 

silicon dioxide grown in a dry thermal process.  Further processing was performed to strip 

the oxide off the back of the wafer (while protecting the front with photoresist), then 

metalizing the back with aluminum.  The intent of the thinner oxide is to prevent charging 
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and the aluminum to provide a backside contact to remove charge from the substrate 

accumulated during imaging. 

Five average thicknesses of gold were deposited on each of the two substrates 

simultaneously.  The average thickness deposited for these experiments were 20Å, 30Å, 40Å, 

50Å and 60Å, as monitored by a Sycon, Inc. STM-100 Quartz Crystal Microbalance (QCM) 

during evaporation.  The minimum thickness of 20Å was chosen at the realistic limit for 

imaging resolution with a Field Enhanced SEM, and the maximum thickness of 60Å at a 

level close to the percolation threshold, resulting in continuous electrical conduction.   

Each substrate (after the aforementioned processing) was cleaned in oxygen plasma 

for 180 seconds before deposition.  Although other methods of cleaning such as solvent or 

piranha would have been successful, an effort was made to prepare the oxide surface in much 

the same way as the stepper-patterned Nanocells would be prepared during fabrication.  The 

oxygen plasma was chosen to remove extraneous organics from the surface, and was used in 

the stepper-patterned Nanocells to clean the small contacts at the tips of the electrodes before 

DGF evaporation.  All five evaporations were performed in a single morning, to minimize 

the effects of any possible variations from sample to sample as processed.  Evaporations 

were performed in an E-beam evaporation system, at a base pressure of approximately 

5.0*10-6 Torr.  The evaporation rate for all samples was kept at a constant 1.0 Å/s throughout 

the length of the evaporation, as measured by the QCM.  An open column in the shutter 

allowed for monitoring of the evaporation rate while the shutter was closed.  Upon 

stabilization at 1.0 Å/s, the shutter was pulled and the metal deposited until the QCM 

measured the desired thickness.  Only small variations in the actual rate during depositions 

were observed, and the endpoint was detected by thickness not time, to most accurately 

control the amount of material deposited on the substrates. 
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Figure 73: Samples evaporated with varying amounts of thin gold on silicon dioxide.  The amount of gold 
shown is 20Å, 30Å, 40Å, 50Å and 60Å from left to right.  The substrates (1000Å thermally grown silicon 

dioxide on silicon) are shown in the above row with gold regions magnified in the bottom row.  

 

  
Distinct colors, as seen in Figure 73, were observed for each of the five different 

deposition conditions.  The color observed for the 20Å film was a dark navy blue and 

gradually transitioned through magenta to red and finally to a yellow hue.  The yellow color 

was similar to the expected color for a thick, continuous film of gold.  As demonstrated in 

previous studies138, discontinuous gold and silver films deposited with E-beam evaporation 

exhibit a surface plasmon resonance wavelength (SPRW) dependent on conditions such as 

deposition temperature, rate and material thickness.  The colors observed in the samples 

shown in Figure 73 are a combination of the SPRW absorption and the blue silicon dioxide, 

whose color is derived from constructive interference of reflections from the oxide and 

silicon surfaces.  This is further evidenced by comparing the 1000Å thick oxide substrates 

with the thin oxide substrates, which showed a more blue to yellow tint as the thickness 

increased.  Also of note, samples (not reported in this study but run in parallel) on 

borosilicate glass coverslips also had a blueish yellow tint to more golden at the thicker films.      

 
 

20Å 30Å 40Å
50Å 60Å
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5.2 Morphology of Island Formation using Scanning Electron Microscopy 
 

Analysis of the gold island growth morphology was accomplished by imaging various 

samples with a field emission scanning electron microscope (FESEM), then post-processing 

the digital images in software to determine average size, perimeter, fill factor, etc.  

Throughout the experimental iteration, a JEOL 6400 FESEM provided a small enough probe 

diameter and image contrast to allow subjective analysis of island morphology to refine 

deposition conditions.  For the image analysis and post-processing presented in this chapter, 

a series of samples with various substrates and deposition conditions were imaged by 

Materials Analytical Services in Raleigh, NC using a Hitachi S-4700 FESEM.   This 

microscope contains two Everhart-Thornley (ET) detectors and provides superior image 

contrast with a higher signal-to-noise ratio than older microscopes.  The samples described in 

this section were imaged at a 3.0kV accelerating voltage with a 2.7-3.4mm working distance.  

The samples were mounted on a conductive chuck and silver paint was applied in at least 

four locations around the edges to minimize charging effects.  The digital image post-

processing was performed using Matlab® version 6.0, Release Pack 12, by The MathWorks, 

Inc.  A majority of the imaging functions employed are included in the Image Processing 

toolbox. 

 

 

5.2.1 Scanning Electron Microcopy Imaging 
 

Ultimately, the accuracy of any digital image analysis is limited by the quality of the 

original image obtained by microscopy.  As stated above, the use of a current generation 

FESEM such as the Hitachi S-4700 ensures that equipment and detector limitations do not 

compromise the image quality.  Although other types of microscopy such as Transmission 

Electron Microscopy (TEM) and Scanning Transmission Electron Microscopy (STEM) 

would offer even higher resolution and contrast, substrate and sample preparation 

requirements limit their usefulness in these applications.  Every effort was made to process 
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the samples in these experiments in the same manner as the samples presented in Chapter 4.  

In this way, data and analysis collected through these post-processing studies presented here 

can be applied to the fully processed devices to understand the scaling effects of different 

growth conditions. 

The five SEM images in Figure 74 are from the five deposition thicknesses on the 

1000Å silicon dioxide substrate.  The images were collected at a working distance (WD) of 

between 2.7 and 3.4mm, a magnification of 150,000X and an accelerating voltage of 3kV.  

Because the average layer of gold is very thin, most of the image contrast is from 

backscattered electrons generated by materials differences.  Montecarlo simulations (see 

Appendix A) were performed to calculate the optimum signal contrast as a function of 

accelerating voltage, which was found to be around 3kV.  This results in a beam/substrate 

interaction volume of approximately the same depth as the gold islands themselves.  The 

scale bar in each image is 300nm long, and the minor ticks represent 30nm distances. 
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Figure 74: DGFs deposited at the indicated average thicknesses.  The substrate is 1000Å of thermally 
grown (steam process) silicon dioxide on a p-type (100) 1-10 Ω-cm wafer.  
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Figure 75: DGFs deposited at the indicated average thicknesses.  The substrate is 37Å of thermally grown 
(dry process) silicon dioxide on a p-type (100) 0.01 Ω-cm wafer with a backside aluminum contact. 

20Å 30Å

40Å 

50Å 60Å
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The most easily observed characteristic between these samples is the growth in island 

size as more material is deposited.  At 20Å thick, most of the islands resemble small isolated 

nanoparticles.  As more material is deposited, the particles grow and slowly coalesce into 

larger structures.  At 50Å, these structures begin to coalesce into long meandering lines (near 

the percolation threshold) and would begin to short at small electrode distances.  At 60Å, 

these lines begin to thicken and the material begins resemble the early formations of a 

continuous sheet of metal. 

 Comparing the results from islands formed on thick verses the thin oxide substrates, 

shown in Figure 75, the same trend is readily apparent but the islands are on average smaller 

in size.  In fact, the structures remain mostly isolated even through 60Å of film deposition, 

where the thick oxide substrates are already forming continuous films.  To quantify the 

morphology in terms of size, fill factor, perimeter-to-area ratios, etc., the images were 

processed in Matlab® to trim the size, remove variations and extract statistical data.  The 

following section describes the process by which this was done using the 40Å film on thick 

oxide as an example.  The statistics presented later in this Chapter were extracted from the 

same procedure followed for each of the ten images analyzed.  The image processing flow 

described in 5.2.2 was based upon the example given in the Matlab® Image Processing 

Toolbox user documentation. 

 

 

5.2.2 Image Manipulation 
 

The algorithm presented in this section follows these basic steps: 

 

1. Crop the SEM to 1130 X 810 pixels 

2. Estimate the background variations then subtract it from the original image 

3. Stretch the histogram across the full range and apply gamma correction if needed 

4. Find the local minimum between the two highest peaks and estimate error 

5. Threshold the image at the nominal, high and low values of the minimum 
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6. Remove objects bordering the edges  and noise (if necessary) 

7. Compute statistics 

 

The borders are first trimmed from the images to remove the ambiguity that could 

result from any text, scale bars carbon buildup or other non-DGF features that appear on the 

image.  The cropped images are 1130 x 810 pixels.  Using the cropped scale bar, the 

nm/pixel ratio was calculated as a conversion factor, which is 0.652 nm/pixel for the 

150,000X magnified images.  Because the Matlab® functions return results in terms of pixels 

for area and perimeter, this factor is used to convert pixels to metric lengths. 

 

 

         

Figure 76: Original image (left) and corresponding histogram (right). 

 

 

Shown in Figure 76 is an example of the cropped image, as taken by the SEM.  The 

histogram, plotted an the right, shows the majority of the data is bunched into only 40% of 

the available pixels in the palette.  A bar at the bottom illustrates the corresponding pixel 

intensity for each numerical value in the image.   

Factors such as carbon buildup, charging and other instabilities that occur while 

imaging often result in intensity fluxuations, particularly noticeable in the background 

regions.  These fluxuations could be removed from the image either by normalizing to the 
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brightest regions, or to the darkest regions.  Variations in brightness between islands are 

expected, and typically reflect areas that contain a locally thicker region of gold.  Because 

there is no way to know how bright the brightest regions “should” be and because these 

variations are expected to occur, normalizing at the high end of pixel intensity would be 

problematic.  The background, however, is a region between islands where no gold exists.  

This region should appear as dark as possible, but due to brightness and contrast settings, is 

often lightened to make other features more visible.  This is readily noticeable in the 

histogram in Figure 76, where the darkest pixels in the image still have an intensity of 65 in a 

0-255 spread.  In addition, because the material within these regions is identical, the 

background should be both dark and also uniform, making normalization more easily 

accomplished.  The 1130 x 810 image is divided into smaller panes 113 x 81 pixels each, for 

a total of 100 panes.  Within each pane, the darkest pixel is located and added to an array.  

The resulting 10 x 10 array contains the 100 darkest pixels as they appear and are located 

within the image.  This is essentially a thumbnail of the background for the original image.  

The thumbnail is then blown back up to the full size of the image using the bilinear method 

for extrapolating values for the intermediate pixels.   

 

 

    

Figure 77: Background approximation (left) and substraction from original image (right). 

 

 



120 

The resulting image represents the background variations within the original image, 

and is shown in Figure 77.  Although the variations are slight, the general trend is brighter 

towards the left, which is often seen during high resolution scans and potentially is a result of 

carbon contamination.  This background approximation is then subtracted from the original 

image, resulting in a normalized image with very little background variation.  Because the 

background approximation is subtracted from the entire original image, the gold islands 

become darker as well, requiring an increase in brightness.  This effect is easily observed in 

Figure 77.   

Because the original image only uses 40% of the available palette, subtracting the 

background will shift the histogram shown in Figure 76 to the left.  To brighten the narrow, 

dark image spectrum, the histogram was stretched to use more of the available intensities in 

the palette.  This also has the effect of brightening the image by increasing the average pixel 

intensity.  Shown below in Figure 78 is the result of stretching in both the image and 

corresponding histogram.  Notice the background is still dark and uniform, while the 

foreground still reflects the changes in intensity as expected through regions of varying gold 

thickness.  

 

 

      

Figure 78: Pixel intensity stretched across allowable range (left) and resulting histogram (right). 
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Pixels in the image histogram are generally clumped into two distinct regions, 

representing the dark background and the light gold.  Because the resolution of the SEM 

limits the sharpness of the edges, transition pixels occur at the perimeter of the gold islands 

which are of intensities between the majority of dark and light pixels.  To statistically analyze 

the features, a boundary must be defined that determines where the gold ends and the silicon 

dioxide begins.  The nature of Volmer-Weber growth is that deposited gold will have a 

stronger affinity with itself than with the substrate.  This would indicate that distinct 

boundaries should exist at the edges, where the gold will clump like mercury in a dish.  

Because the material itself is expected to have an atomistically sharp edge, the pixel intensity 

at the local minimum between the two peaks in the histogram was chosen as the threshold 

point to delineate gold from silicon dioxide.  To enhance this effect, the image palette is 

reduced to two intensities: white for gold and black for silicon dioxide.  The resulting image 

is shown to the left in Figure 79.  In selecting the local minimum at a threshold point, some 

error exists from variations in the number of pixels just before and after the local minimum.  

To account for this potential source of error, two additional images are created using 

threshold values +/- 3% of the calculated local minimum.  This percentage was determined 

from what amounts to “noise” in the peaks of the histogram, which is determined to limit the 

ability to accurately locate the correct threshold value to +/- 3%.  In all following statistical 

analysis, error bars are located on each data point representative of the corresponding 

calculations based upon these adjustments. 
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Figure 79: Threshold set to 0.38 (left) and pre-threshold image overlayed with edge pixels plot (right). 

 

 

Using these thresholded images, Matlab® routines are used to count the number of 

particles, calculate perimeters, areas and even fill factors for each of the images generated.  

An example shown to the right of Figure 79 is an overlay of determined perimeter pixels (in 

red) from the thresholded image (left) and the normalized original, shown in Figure 78. In all, 

the 10 original SEM images (on two different substrates) were analyzed as described above, 

resulting in calculations involving 30 black and white images.  Additional calculations are 

made on images where the edge islands and additional singularities were removed, to reduce 

ambiguity in calculating average area and perimeter statistics. 

 

 

5.2.3 Statistical Results 
 

Achieving a high fill density in a film that remains electrically discontinuous is 

perhaps the primary goal for DGF-based networks.  Because the fill factor is a function of 

deposition conditions, amount and substrate interactions, a set of materials and conditions 

can be engineered to target a specific density appropriate for the application.  In the case of 

the Nanocell, the highest density possible was targeted allowing for lower attachment yields.  

A high density film will need fewer linking elements to complete a circuit path between two 



123 

electrodes.  For other applications where a high perimeter-to-area ratio is desired, a less 

dense, highly nucleated film is more suitable. 

 

 

 

Figure 80: Fill factor verses average deposition thickness (Å).  Blue line indicates wet oxide sample and 
the gray line indicates dry oxide sample. 

 

 

As the average deposition is increased from 20Å to 60Å, the fill factor for both films 

increases by a factor of 2 to 2.5 times.  As illustrated in the plot shown in Figure 80, the fill 

factor for gold deposited on wet thermal oxide is higher than on the dry oxide substrate for 

thickness 40Å and greater.  Below 40Å, they are statistically the same.  The fill factor on wet 

oxide ranges from 0.359 to 0.797, or 36% to almost 80% coverage.  On dry oxide, the same 

depositions result in fill factors from 0.329 to 0.632, or 33% to about 63% coverage. These 

results are easily observable in the SEM images shown in Figure 74 and Figure 75, where the 

DGFs grown in dry oxide appear more colloidal.  Although the two films also differ in their 
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thickness, nucleation and growth mechanisms are a function of surface effects so thicknesses 

are unlikely to have an effect.  More likely to affect growth is the density of the oxide and 

surface roughness, since gold surface diffusion is a primary factor in film morphology.  One 

point of note is the sharp increase in fill factor between 40Å and 50Å on the wet oxide 

sample.  As seen in Figure 74, this is also the range where the gold islands begin to merge 

together and from meandering lines, rather than more colloidal islands.  Although the exact 

mechanism for this transition is unknown, one explanation could be that the gold islands, 

undergoing a transition from discrete features to a continuous film, begin to spread out as 

they merge into larger features.  This is supported by the sharp drop in number of particles 

and increase in average area calculated, which will be discussed later in this Chapter. 

The colloidal features more prevalent on dry oxide are easily quantified in Table 5, 

where the number of particles are listed for both substrates.  The nominal values are taken 

from images thresholded at the “best guess” minimum in the corresponding histogram.  As 

previously stated, fluxuations in the island counts add error when identifying this location, 

which is calculated to be +/- 3%.  The +3% and -3% values shown in the table are from 

images whose threshold values are adjusted by that amount.  For example, the 20Å wet oxide 

deposition was calculated to have a minimum value of 0.43, which is where the nominal 

images are thresholded.  The +3% and -3% statistics are calculated from the same base image 

thresholded at 0.46 and 0.40, since the range is from 0 to 1. 

The results listed in Table 5 are plotted in Figure 81.  The error bars indicate locations 

of the high and low values, as determined from the nominal, +3% and -3% calculations.  As 

expected, the particle counts decrease with increasing deposition thickness.  After nucleation 

and during growth, the gold islands begin to merge together forming larger structures, 

reducing the number is islands.  In general, particle counts at +3% are slightly higher than 

nominal, and at -3% are slightly lower.  By thresholding at +3%, a set of pixels that were 

previously counted at one island could be split into multiples, because the number of pixels 

defined as “background” increases.  The reverse is true for the -3% case, where fewer islands 

are generally identified.  In a couple of cases, like the 60Å wet oxide condition, -3% values 

are actually higher than of the nominal.  This is likely because pixels that are defined as 
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“background” at nominal are now “new” islands at the -3% condition.  Also evident in Figure 

81 is the decreasing amount of error with respect to deposition thickness.  Because the 

islands are thinner at 20Å and 30Å depositions, the signal-to-noise ratio in images captured 

from the thinner films is higher than those of the thicker films.  This increases the 

background static in the image, which will add to the particle count and increase variations 

around the threshold condition if those small pixel clusters are counted as islands.  Measures 

to reduce this effect are shown later in this section.  

 

 

Table 5: Number of Particles and Error Calculations (threshold bias) 

 
 Wet Oxide Dry Oxide 

Thickness (Å) Nominal +3% -3% Nominal +3% -3% 

20 1752 1826 1672 1835 1917 1840 

30 932 965 895 955 972 921 

40 545 571 526 650 674 649 

50 76 85 65 411 428 408 

60 27 35 30 279 286 278 
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Figure 81: Number of islands verses average deposition thickness (Å).  Blue line indicates wet oxide 
sample and the gray line indicates dry oxide sample.  Total frame area is 0.389µm2. 

 

 

Note the number of islands varies from almost 2000 at the thinner depositions to less 

than 300 at 60Å.  The region in which the data is taken is 736.76nm x 528.12nm, or 0.389 

µm2.  In addition, the number of islands on the dry oxide samples is generally higher than on 

the wet oxide.  This data is consistent with the trends in fill density previously described, and 

evident in the images in Figure 74 and Figure 75. 

One characteristic of highly-dense nanoparticle clusters is their large surface area-to-

volume ratio.  In the case of a primarily 2D structure like the DFS, perimeter-to-area ratios 

can be used to quantify a similar effect.  Shown in Figure 82 is the perimeter-to-area ratios 

for each of the films measured.  For comparison, values calculated are normalized to the 

perimeter-to-area ratio of a rectangular sheet of continuous gold the same size as the images 

taken (0.389µm.)  The thinner films, being highly nucleated and more colloidal, have up to 

63 times the perimeter-to-area ratio than that of a rectangular area of continuous gold.  This 

ratio decreases with increasing deposition, as the islands merge together before forming a 
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continuous sheet.  The more colloidal structures formed on dry oxide translate to a higher 

perimeter-to-area ratio than films formed on wet oxide.  As explained in further detail in 

Chapter 6, dry etching the underlying material using the DGFs as a mask could potentially be 

used to form high surface area-to-volume structures, useful in many applications. 

 

 

 

Figure 82: Perimeter to Area ratio normalized to a rectangle of the same field size (0.389µm2.) 

Statistics such as the fill factor are important to quantify with respect to a well 

defined regions, such as the area in which the image was taken.  In other cases, singularities 

that exist at the boundaries or even within the image should be removed to more accurately 

determine statistics such as average particle size, perimeter and even particle counts.  Shown 

to the left in Figure 83 is a thresholded image.  Around the edge of this image are particles 

which have been clipped and therefore have smaller perimeter and areas than they physically 

contain.  To accurately calculate average island statistics, these edge particles must be 

removed from the data set to prevent abnormally biasing the results to smaller numbers.  

Shown to the right is the same image with the edge particles removed.  Analysis of this 

image will therefore include only complete islands, allowing a more accurate averaging of 

area and perimeter.  Calculating fill factors (as previously shown), however, are not 
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appropriate using these corrected images because the area in which the islands exist is not 

attainable. 

 

 

      

Figure 83: 40Å average thickness on wet thermal oxide, threshold 0.38 (left) and edge particles removed 
(right). 

 

 

Other singularities exist in the images which will affect the calculated island counts, 

average area and average perimeter calculations.  In Figure 84, histograms for thresholded 

20Å and 40Å films on dry oxide are plotted.  The histograms on the left show a distribution 

of island sizes that vary from a few pixels to over 800.  In the 20Å samples, the majority of 

of islands are comprised of between 100 and 200 pixels.  In the 40Å samples, the majority 

are between 300 and 900 pixels in area.  Both histograms, as shown to the left, contain a 

large spike of islands that are made up of only a few pixels.  Although these islands could 

exist, the distribution pattern and known noise component in the images suggest that these 

counts are in fact noise and not physical.  To determine which islands to define as noise, the 

resolution of the Hitachi S-4700 beam was considered.  The beam diameter of this FESEM is 

expected to be around 1.5nm, resulting in a beam area of approximately 4.5 to 5.0nm2.  

Structures counted as islands that have an area significantly less than the beam area are 

therefore likely to be a result of noise, since this is below the resolution limit of the SEM.  

Therefore, islands with an area less than 10 pixels (corresponding to 3.656nm2) were taken 
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from the data set.  To be consistent, the noise factor was also considered to produce 

singularities which could bridge two adjacent islands or add area to existing ones.  Because 

the area of these singularities is still less than the gap distances between islands, this would 

have to occur more than once in a row to link two islands.  Also, the amount of area in each 

singularity is not expected to add any significant amount to the existing features, and add far 

more error when counted as an isolated island.  For these reasons, only the isolated 9 pixel 

and smaller elements were removed from the counts. 

 

  

 

 

Figure 84: Histograms for number of particles per area (pixels).  Deposition conditions and substrate 
indicated in plot, with singularity identified. 

 

 

To the right in Figure 84 are histograms for the same images, with the singularities 

removed from the data set.  The absence of the singularities gives the distribution a smoother, 
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* singularities removed 
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more predictable appearance.  Also evident is the smoother appearance of the 20Å histogram 

than that of the 40Å sample.  This is likely due to the larger number of islands that exist in 

the thinner films, resulting in a larger data set to build the histogram from. 

A comparison of statistics taken from non-modified images with those where islands 

are removed is shown in Table 6 through Table 10.  Data in columns labeled “Full Frame” 

are taken from images where no edge and no singularities are removed.  In comparing 

average area, islands formed on the wet oxide are generally larger than those on the dry 

oxide.  This is consistent and easily observable in the SEM images.  Comparing analysis of 

the full frame images with those with edge particles removed, the average areas increase as a 

result of removing the clipped islands from the data set.  With both the edge particles and 

singularities removed the average area increase even further because the smallest particles 

are not averaged in with the rest of the data.  The standard deviation also decreases when the 

singularities are removed because the area spread is reduced.  Calculations of average area 

with both the edge particles and singularities removed are considered to be the most accurate, 

and are in boldface in each of the tables.  The average areas vary on the dry oxide from 

81nm2 to over 1000nm2 between the 20Å and 60Å films.  On the wet oxide, the average 

areas vary from 93nm2 to over 478nm2 from 20Å to 40Å thick films.  Although data is 

collected for the 50Å and 60Å films, the small numbers of particles that exist in the data set 

make the analysis statistically inaccurate, easily seen in Table 10.  This is evident by 

observing the increasing error in plots of the full frame data.  The results shown in Table 6 

and Table 7 are plotted in Figure 85. 

The same trends are also apparent in the comparisons of average island perimeters.  

The average island perimeters are generally higher on the wet oxide substrate as compared to 

the dry oxide, where particles are smaller and more colloidal.  As the edge particles are 

removed, the average perimeters increase with the removal of clipped islands.  Again, when 

the singularities are removed, the average perimeter further increases as the smallest islands 

are taken from the data set.  As with the area statistics, the standard deviation decreases as 

the spread decreases.  The results shown in Table 8 and Table 9 are plotted in Figure 86. 
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Table 6: Island Area Statistics (Wet Oxide) nm2 
 Full Frame Edge Particles Removed Edge and Singularities Rmv. 

Thickness (Å) Mean Std. Mean Std. Mean Std. 

20 79.8332 61.9278 81.8772 62.1468 93.5181 57.7381 

30 193.27 143.39 200.03 140.815 206.773 138.229 

40 407.892 414.167 419.637 409.522 478.757 403.831 

50 3791.5 24833.3     

60 11489.7 54039.4     

 

Table 7: Island Area Statistics (Dry Oxide) nm2 
 Full Frame Edge Particles Removed Edge and Singularities Rmv. 

Thickness (Å) Mean Std. Mean Std. Mean Std. 

20 69.781 51.4467 70.7525 51.0043 80.9655 46.477 

30 178.854 120.331 186.639 119.246 192.023 116.619 

40 305.991 242.434 317.323 242.037 334.519 236.682 

50 559.664 531.324 622.565 525.731 644.424 521.554 

60 881.984 880.048 949.785 867.336 1000.97 861.144 

 

 

 

Table 8: Island Perimeter Statistics (Wet Oxide) nm2 
 Full Frame Edge Particles Removed Edge and Singularities Rmv. 

Thickness (Å) Mean Std. Mean Std. Mean Std. 

20 31.0476 18.653 31.5209 18.7075 36.1968 15.4734 

30 51.8776 29.2882 52.9787 28.6418 54.8666 27.3515 

40 78.8328 64.9649 79.7675 64.2324 91.432 60.6509 

50 236.617 1311.91     

60 231.807 1209.25     

 

Table 9: Island Perimeter Statistics (Dry Oxide) nm2 
 Full Frame Edge Particles Removed Edge and Singularities Rmv. 

Thickness (Å) Mean Std. Mean Std. Mean Std. 

20 28.2213 15.6837 28.4376 15.5476 32.6751 12.0622 

30 47.0952 22.8636 48.3679 22.4999 49.8497 21.2112 

40 63.9128 37.693 65.6128 37.2919 69.5906 34.7041 

50 90.1718 63.815 96.7608 62.3885 100.119 60.7847 

60 116.872 93.7437 120.849 91.5388 131.349 88.0661 
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Table 10: Number of Islands (Wet Oxide) 

 
Thickness (Å) Full Frame Edge Particles 

Removed 

Edge and Singularities 

Removed 

Full Frame with Singularities 

Removed (#/µm2) 

20 1752 1628 1424 3989 

30 932 826 799 2326 

40 545 453 397 1257 

50 76 33 27 180 

60 27 8 5 62 

 

Table 11: Number of Islands (Dry Oxide) 

 
Thickness (Å) Full Frame Edge Particles 

Removed 

Edge and Singularities 

Removed 

Full Frame with Singularities 

Removed (#/µm2) 

20 1835 1714 1496 4157 

30 955 853 829 2393 

40 650 563 534 1596 

50 411 324 313 1028 

60 279 215 204 689 

 

 

In Table 10 and Table 11, the results previously shown are further refined with the 

removal of both the edge particles and also the singularities.  As shown here and graphically 

in Figure 87, a larger number of particles considered singularities are removed from the 

thinner films than from the thicker films.  This is likely because the signal-to-noise ratio of 

images taken of thicker samples is higher than those of the thinner films, which contain more 

static in the image.  The last column lists the particle counts taken within the full frame with 

only these singularities removed, normalized to number of particles per square micron.  The 

condition with the largest counts is the 20Å DGF on dry oxide, which is numbered at 4157 

per µm2 islands with an average area of 81nm2 and standard deviation of 46nm2.  This is the 

equivalent of a 10nm diameter circle.  Again, the fill factor for this condition is 33%.  
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Figure 85: Average island area with edges and singularities removed.  The blue lines represent the wet 
oxide conditions and the grey lines the dry oxide conditions.  Fewer than 77 islands exist for the 50Å and 
60Å wet oxide, and once the edge and singularities are removed, as few as 5.  This is not considered to be 

statistically enough samples for the average area calculations. 

 

Figure 86: Average island perimeter with edges and singularities removed.  The blue lines represent the 
wet oxide conditions and the grey lines the dry oxide conditions. Fewer than 77 islands exist for the 50Å 
and 60Å wet oxide, and once the edge and singularities are removed, as few as 5.  This is not considered 

to be statistically enough samples for the average perimeter calculations. 
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Figure 87: Number of islands calculated with edges and singularities removed.  The blue lines represent 
the wet oxide conditions and the grey lines the dry oxide conditions. 

 

 

5.3 Morphology of Island Formation using Atomic Force Microscopy 
 

For comparison with the SEM images, a surface scan for each of the wet oxide 

samples was performed using a Digital Instruments Dimension 3000 Atomic Force 

Microscope (AFM).  The images shown in Figure 88 and Figure 89 are from the boundary 

conditions of 20Å and 60Å respectively.  In each of the figures, the left scan contains raw 

height data and the right scan is the phase data.  It is typical for the phase data to have a more 

“smoothed” appearance.  The scans were performed in 500nm by 500nm square region of the 

samples, and the parameters extracted in Table 12 are from the maximum boundaries in each 

of these scanned regions.  
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Figure 88: Digital Instruments Dimension 3000 AFM height (left) and phase (right) images for 20Å DGF 
on wet oxide. 

 

 

Figure 89: Digital Instruments Dimension 3000 AFM height (left) and phase (right) images for 60Å DGF 
on wet oxide. 

20Å on Wet Oxide 

60Å on Wet Oxide 
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Table 12: Ra for DGF on Wet Oxide 

 
Average Thickness (Å) Mean Roughness, Ra (nm) 

20 0.322 

30 0.347 

40 0.336 

50 0.432 

60 0.456 

 

 

 

In comparing the scanned images between both conditions, the morphology 

differences as determined by SEM are, in the most general sense, confirmed.  Although AFM 

microscopy is uniquely suited for extracting precise surface structure at the atomic scale, the 

island structure (as quantified by SEM) represents an imaging challenge.  To extract island 

area and perimeter from the AFM images, the ability to accurately delineate islands is very 

important.  This delineation would require the gaps between islands to appear as distinct dark 

regions in the surface scans, as a result of the scanning tip moving down into the trenches.  

This contrast between island and substrate requires the use of a tip which is atomically sharp 

and has a high aspect ratio to minimize convolution.  Convolution occurs when the tip is not 

sufficiently sharp as compared to the features scanned, and results in rounding of edges and 

possibly incorrect depth measurements if the tip cannot reach fully into the features.  Based 

upon the feature sizes of these gold islands, the required tip is at the limit of products 

currently available on the market for AFM analysis.  For this reason, the AFM scans will 

generally provide more accurate height (z) information and the SEMs more accurate spatial 

(x, y) information. 

As seen from the images in Figure 88 and Figure 89, the general island morphology is 

trending towards larger particles and gaps for the thick film.  Readily apparent in the AFM as 

compared to the SEM is the inherent topography of each gold island.  Although this 

topography is seen in the SEM images as slight changes in intensity within each gold island, 
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the AFM image shows these height features to a much greatly level of detail.  The data in 

Table 12 contains the mean roughness (Ra) for each of the five thicknesses deposited on the 

wet oxide surface.  As expected the trend is for the roughness to increase as more film is 

deposited.  This is also evident in the SEM images, where the thicker gold islands at 60Å are 

much brighter than the thinner gold at 20Å.  Because data is taken from such a small region 

of the sample, a more accurate analysis is needed to further understand the correlation 

between Ra and the average deposition thickness for each substrate.  This would entail the 

analysis of multiple sites on each sample and a statistical analysis involving the averaging of 

such data.   

 

 

5.4 Statistical Conclusions 
 

High resolution FESEM is a method to easily and accurately obtain spatial 

information of deposited gold nanoparticles on silicon dioxide.  AFM analysis provides 

further information on height and roughness characteristics of the same films.  Placing the 

two measurement techniques together, a complete understanding of nucleation and growth 

can be achieved. 

As determined from SEM image analysis, it is possible to quickly and easily deposit 

and pattern regions on silicon dioxide containing over 4,100 per µm2, each with an average 

area of approximately 80nm2.  The fill density at this condition is just over 30%, which can 

be increased at the cost of fewer particles.  The perimeter-to-area ratio generated by these 

structures is more than 60 times larger than a continuous film of gold over the same region.  

Thicker films can also be deposited that contain islands more than ten times larger in area, in 

much lower numbers and at a much higher density.  The gaps between particles appear, on 

average, to be around 5nm but could range in values from approximately 2-3nm to as many 

as 10nm.  The gaps appear to be smaller for the thinner films and become slightly larger for 

thicker films just before islands merge to form a continuous sheet.  These nanometric gap 

distances, along with the spread in number of particles and density at various deposition and 
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substrate conditions, makes this technique suitable for the backbone of a cross-linked 

network of molecular elements.  For larger gap distances when fewer molecular junctions are 

desirable, thicker films consisting of larger islands require less cross-linking to form a 

continuous path between electrodes.  For a much higher level of interconnectivity, thinner 

films should be used on a choice of substrates.  Shown in Table 13 is a summary of 

conditions which would be suitable for applications requiring specific interconnectivity and 

electrode distance requirements. 

 

 

Table 13: Interconnectivity verses Electrode Distance 

 
 Electrode Distance 

Interconnectivity Micron-scale Nanometer-scale 

Low Wet oxide / 50Å Dry / 50-60Å  or Wet / 30-40Å  

High Wet / 20Å or Dry / 20-30Å Dry oxide / 20Å 

   

 

Ultimately, the properties of the organic / molecular elements will determine which 

type of integration is appropriate.  Many of the molecules under investigation for their 

conductivity properties are known to conduct very little current as compared to other nano-

scale devices such as carbon nanotubes or nanowires.  In systems comprised of very resistive 

elements, lower levels of connectivity are necessary to limit the series resistance, device 

width and stimulus voltage required.  In cross-liked networks of more conductive materials, 

higher levels of interconnectivity could be used to enhance the number of binding sites (in 

sensor applications) or possibly increase the variability of states in a memory17.  The 

flexibility to deposit and pattern nanometer-scale metallic clusters at a variety of particles 

sizes and densities makes this technique desirable from both engineering and integration 

perspective.  As more research is conducted on nanometer-scale organic and inorganic 

devices, the integration of these films into other structures and application towards other 

metallic systems could potentially enable new devices based up cross-linked architectures. 
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6 CONCLUSIONS AND FUTURE WORK 
 

 

 

 

6.1 Conclusions and Novel Claims 
 

Methods for fabricating a 2D array of gold nanoparticles were investigated for the 

purpose of creating a cross-linked molecular network.  Although previous research has 

shown cross-linking gold colloids with molecular elements can exhibit a change in 

conductivity, these island arrays have not been patterned, cross-linked into networks and 

studied for their scaling properties into smaller features. 

A controllable process for quickly and easily depositing and patterning regions of 

gold nanoparticles was developed.  This process involves first patterning gold electrodes 

used for electrical measurement on the wafers.  Regions are then defined in photoresist where 

the dense gold nanoparticles are desired.  Finally, the nanoparticles are deposited using a 

short evaporation, resulting in island formation through the Volmer-Weber growth 

mechanism.  The resist is then stripped in a process known as liftoff, and the result is a 

wafer-scale substrate with well-defined regions for molecular interconnect.  Before assembly, 

these structures conduct less than 110pA of current at submicron electrode gap distances, and 

often less than 20pA.   

Subsequent molecular attachments of functionalized gold nanorods have shown 

selectivity towards the region of discontinuous film.  Although the increased conductivity 

and two-stable states are likely from nanofilament formation, the technology was shown to 

scale down to 350nm.   Refractory metals such as Pd or Pt could be integrated into the 

system both in the form of islands and electrodes. 

As determined from SEM image analysis, it is possible to quickly and easily deposit 

and pattern regions on silicon dioxide containing over 4,100 per µm2, each with an average 

area of approximately 80nm2.  The number of particles, average area and fill density can be 
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controlled to allow for a number of applications and at a variety of scales.  The smaller, more 

numerous particles integrate into sub-500nm gaps, and the larger, meandering lines into 

micron-scale structures, providing a technology to integrate molecular devices into micron 

and sub-micron scale features. 

 

 

6.2 Future Work and Applications 
 

Although the use of DGFs for molecular cross-linked networks has been 

demonstrated, many other applications exist that leverage off the strong optical properties of 

metallic nanoparticles.  One advantage of forming nanoparticles through deposition 

techniques is the ability to integrate these films into existing semiconductor process steps.  

This potentially allows for the integration of these nanoparticle films into countless 

semiconductor devices such as optical sensors and photodetectors, CMOS devices and 

microelectromechanical systems (MEMS.) 

Nanoparticles, particularly those of noble metals, have attracted a great deal of 

interest because of their stability139, surface area-to-volume ratio, ease of chemical 

synthesis139 and tunable optical properties138,140.  Many methods for fabricating these 

particles exist, including evaporation123,138, nanosphere lithography (NSL)140 and chemical 

synthesis139,141.  In addition to nanoparticles, block copolymers and anodized aluminum 

oxide layers (AAO) which are fabricated to contain nanometer-scale pores have found 

applications in many standard CMOS applications.   

Porous AAO films, although developed more than a decade ago, are of recent interest 

as a means to form nanodots and pits either through templating or as an etch mask142.  

Nanodots have found uses in research on quantum dots and superlattice structures.  AAO 

films are also used as a dry etch mask to transfer nanometric roughness into a polysilicon 

layer.  This layer can then be oxided and redeposited with a well-filling metal or silicon 

layer.  The resulting metal-oxide-semiconductor structure contains a much higher surface 

area than the smooth silicon film, translating to a higher capacitance between the metal and 
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semiconductor layers.  These films have found applications in many memory technologies 

that require a high capacitance for efficient, low power read/write operations.   

An alternative to AAL or block copolymers could potentially be the use of highly 

colloidal discontinuous gold films.  The conditions shown in Chapter 5 which increase the 

perimeter-to-area ratio by 60X could be translated into a surface area-to-volume ratio through 

dry etching.  The ability to easily deposit and pattern these films with no limit to wafer size 

makes the technique attractive, and the average colloid size at 20Å-thick depositions would 

translate into a high surface area and subsequent capacitance.  Research into this application 

will require studies into the masking ability of these thin films to determine the selectivity 

towards polysilicon.  There will likely exist a tradeoff between etch depth and average island 

size, which will result in an ideal condition to maximize surface area of the etched silicon 

surface.  A pattern transfer from the gold film into a masking layer of silicon or silicon 

nitride, followed by a dry etch of silicon might be incorporated into this process.  In addition, 

the ability to dry etch gaps less than 5nm will require further study, possibly incorporating 

etching techniques such as inductively coupled plasma (ICP.)  Finally, the filling ability of 

the top metal deposition should be quantified, and materials such as tungsten could be 

incorporated. 

Other applications for noble-metal nanoparticles are in optical analysis of biological 

and chemical processes, such as DNA hybridization and alkanethiol-gold attachment 

reactions.  These applications are already finding their way into industry, pioneered by 

companies such as Nanosys, Inc. and Nanosphere, Inc.  Nanosphere143, a company founded 

by Robert Letsinger and Chad Mirkin, uses the optical properties of gold nanoparticles to 

detect very specific sequences of DNA in solution.  Their product family includes a desktop 

and soon to be released mobile analysis instrument that will identify the presence of very low 

concentrations of DNA and quickly register a response.  This technology can also be applied 

to a variety of other chemical and biological compounds.  

The technology is based upon the plasmon resonance absorption of gold nanoparticles 

in solution, which is the phenomenon that gives a bottle of nanoparticles its reddish 

appearance.  The ability to control the wavelength at which these colloids absorb is based 
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upon many factors, which include the interparticle distance144,145,146, presence of a dielectric 

core relative thickness139 and particle size138.  In Nanosphere’s technology, gold 

nanoparticles in solution are functionalized with single-stranded DNA.  When 

polynucleotides consisting of complementary sequences are introduced, they crosslink the 

nanoparticles causing aggregation, which reduces interparticle distance.  This aggregation is 

easily observed by a shift in plasmon resonance absorption.  In a study performed using 

oligonucleotides of specific lengths, they found the absorption is inversely dependent on the 

nucleotide linker length.   

The application of discontinuous metallic films into this technology area presents the 

opportunity to study a variety of integrated applications.  Using on-chip deposited 

discontinuous gold films, the ability to integrate sensor films with photodetectors is one area 

to explore.  Patterning of these films would allow the definition of sensors in specific regions 

on the chip.  Although previous technologies are based upon the aggregation of gold colloids 

as a result of DNA binding, other research suggests the binding event itself would shift the 

resonance absorption by changing the dielectric constant of the surround medium139,140.  If 

aggregation is required for sufficient absorption shifts required by measurement limitations, 

cross-linking of these discontinuous films with functionalized gold colloids would also 

provide a method for optical detection.  In addition, as shown in Figure 73 and in previous 

research138, the DGFs can easily be tuned to absorb at a variety of wavelengths even before 

attachments.  Finally, previous research suggests that the binding efficiency of DNA in these 

sensors is strongly dependent on temperature.  A layer of discontinuous gold film could be 

deposited on polysilicon heating wires in much the same way on-chip polymerase chain 

reaction (PCR) reactors are fabricated.  The definition of DGF regions and different wire 

resistances would allow a variety of sensors and heating zones to be integrated on one single 

chip, potentially increasing flexibility and throughput. 
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6.3 Extending the Technology 
 

To extend the technology of discontinuous gold films to the above applications, 

several areas for future studies exist which could include: 

 

1. Extending the techniques to develop nanoparticles through 

deposition of refractory metals such as Pt or Pd 

2. Development of dry etching techniques to further define the 

robustness of DGF-based etch masks for enhanced capacitive 

structures 

3. Chemical modification of substrates to further control gold 

island morphology 

4. Plasmon resonance sensitivity to chemical attachment of 

molecules and biomaterials 

5. Integration of DGFs with photodetectors and other 

semiconductor devices  

 

As research into the nanomaterials continues to increase, applications for integratable, 

definable regions of noble metal nanoparticles on classical semiconductor materials is certain 

to warrant much attention.  Whether this includes molecular electronics, DNA sensing, 

chemical detection or electronic materials, many new areas will certainly continue to develop 

fueling research into these technologies.  
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A ELECTRON BEAM INTERACTIONS FOR DISCONTINUOUS GOLD FILMS 

 
 
 

A.1 Introduction 
 

The growth mechanism of gold films on silicon dioxide is a topic that has been under 

investigation for at least 20 years.  Previous research70,71 has shown that the high surface 

tension of Au (strong Au-Au interactions) coupled with the weak Au-glass interactions 

(bonding energies) result in agglomeration during the first stages of growth.  This growth 

mechanism is known as Volmer-Weber growth and results in a three-dimensional island 

formation of gold on the silicon dioxide surface.  An example of this growth is shown in 

Figure 90.  The silicon substrate was oxidized for form a 1000Å silicon dioxide film.  The 

gold film was deposited by electron beam evaporation, at a base pressure of 5*10-6 T and at a 

rate of 2Å /s until the quartz crystal microbalance indicated an average thickness of 40Å.  

The number of nucleation sites and the size of each gold island are consistent for the 

described deposition conditions, as shown in the SEM image in Figure 90.  

 
 
 

 
Figure 90: Discontinuous gold film grown on SiO2. 
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According to atomic force microscopy analysis performed on these samples, the gold 

islands have an average peak height of approximately 15nm.  These samples are particularly 

difficult to image, due in part to the small size and height of each gold island.  As 

experimentally determined with the JEOL 6400 FESEMs in the NCSU Analytical 

Instrumentation Facility, image contrast suffers at the higher beam energies (30keV), but 

steadily increases at the beam energy is reduced.  The purpose of these Monte Carlo 

simulations is to determine the beam energy that should result in the best contrast between 

the regions with and without gold on the sample. Since the backscattered electron 

coefficients should differ dramatically between gold and silicon dioxide due to differences in 

the average atomic numbers, the relative contrast between these regions is correlated to the 

ratio of backscattered electron coefficients for a given beam energy striking an area with and 

without the 15nm gold film. 

 
 

A.2 Materials and Assumptions 
 

A.2.1 Description of Sample 
 

The discontinuous gold films are all modeled as a 15nm gold film on a 1000Å thick 

silicon dioxide film, which is grown on a single crystal silicon substrate.  Shown below in 

Figure 91 is a sample with a 15nm gold film, 100nm silicon dioxide film and silicon 

substrate stackup.  Two samples were created to approximate the discontinuous gold films: 

one sample with the Au/SiO2/Si stackup as described above and another with only the 

SiO2/Si materials.  The sample with the gold is used to simulate the electron beam-sample 

interaction when the beam is focused on a gold island.  The sample without the gold is used 

to simulate the electron beam-sample interaction when the beam is focused on a region 

between gold islands. 
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Figure 91: Materials Stackup 

 
 

A.2.2 Simulator Choices 
 

Casino v2.42, a Monte Carlo electron beam simulation tool developed at the 

University of Sherbrooke, Sherbrooke Quebec, was chosen for these experiments.  

Unfortunately, no Monte Carlo tool was found that could ideally model the discontinuous 

gold films as a truly discontinuous layer.  Another tool, Electron Flight Simulator v3.1 by 

Small World, allows the modeling of samples containing individual Au particles, but does 

not allow accurate position of the electron beam with respect to this particle or allow the 

diameter of the electron beam to be specifically set.  Because simulations are performed 

across beam energies from 1 to 30 keV, the need to set the spot size was considered very 

important.  Although Casino v2.42 does not allow for particle modeling, it does allow for 

setting specific beam diameters, along with a variety of histograms and charts. 

 
 

A.2.3 Simulator Parameters and Assumptions 
 

For each Monte Carlo simulation, 30,000 electron trajectories were simulated.  This 

number of trajectories minimized calculation differences between simulations yet executed 

15nm Au

100nm

Si



161 

quickly enough to allow the completion of many iterations.  The beam diameter was chosen 

to be 1.5 nm for the 5-20keV simulations, 3nm for the 1 to 5keV simulations, and 5nm for 

the 0.1-1.0keV simulations. This spot size was determined from the published resolution 

limit for the JEOL 6400 FESEM and confirmed with Dale Batchelor in the NCSU Analytical 

Instrumentation Facility.  The spot size was adjusted to these three regions to keep the beam 

interaction volume as accurate as possible.  Is should be noted that because of this, the exact 

values of the backscattered electron coefficients should not be compared between regions, 

rather, only the trends of the ratios in each region. 

 

Because the regions with the discontinuous gold films are modeled as uniform films, 

any effects from the topography are not captured.  This is likely to suggest a smaller 

interaction volume than actually occurs since electrons that ricochet off an angled surface 

and back into the sample are not modeled.  Also, and most importantly, since the regions 

between gold islands are modeled as a 1000Å SiO2 film on Si, any effects from neighboring 

gold islands are not taken into account.  This is likely to result in a higher than actual 

backscattered coefficient since the effect of neighboring gold islands would likely prevent 

some electrons backscattered in the silicon dioxide film from escaping the sample.  Because 

the optimal contrast energy is determined by evaluating the ratio of backscattered electrons in 

regions with and with out the gold film (ηAu/η), this is likely to result in a more pessimistic 

ratio.  It should also be noted that the accuracy of these calculated ratios diminishes as the 

beam energy increases beyond 10keV.  This is because the interaction volumes within the 

sample at beam energies above 10keV would most certainly involve neighboring gold 

islands.    

 
 

A.3 Simulation Results 
 

Shown below in Figure 92 are the backscattered coefficient ratios plotted against the 

beam energy.  The electron beam diameter was set to 5nm for all energies between 0.2 and 1 

keV.  The backscattered coefficient ratio, ηAu/η, was calculated by dividing the CASINO 



162 

derived coefficients for a given beam energy, on a sample with the gold film and on a sample 

without the gold film.  As shown in Figure 92, ηAu/η increases as the beam energy is 

increased from 0.2 to 1 keV.      
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Figure 92: ηAu/η for Beam Energies of 0.2-1 keV 

 
 

For beam energies from 5 keV to 20 keV, a spot size of 1.5nm was chosen.  As the 

beam energy was increased beyond 5keV, ηAu/η decreased, suggesting less contrast would 

result in an image taken at 20 keV verses 5 keV.  The plot in Figure 93 displays the results of 

these simulations. 
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Figure 93: ηAu/η for Beam Energies of 5-20 keV 
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For beam energies between 1 and 5 keV, a spot size of 3nm was chosen.  As shown 

below in Figure 94, the ηAu/η plot verses beam energy has a maximum at 3.2 keV, 

suggesting that this beam energy would likely yield the highest contrast image, in terms of 

backscattered electrons generated. 
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Figure 94: ηAu/η for Beam Energies of 1-5 keV 

 
 
 

To understand why 3.2 keV results in the highest ηAu/η ratio, the electron trajectories 

for beam energies just above and below this maximum condition are examined.  The 

trajectories for the first 200 electrons were plotted in each simulation containing the 15nm 

thick gold films.  The blue trajectories represent beam electrons that made it into the sample 

but did not make it back out.  The red trajectories represent backscattered electrons that went 

into the sample and were then kicked back out, for a detector to count.  It should be noted 

that the detector would count not all of these backscattered electrons.  Because this detector 

effect would not be biased towards any particular beam energy or sample, the trends 

analyzed above would still remain. 
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Figure 95: Monte Carlo for Beam Energy of 1.8 keV 

 
 

Shown in Figure 95 and in Figure 96 are the electron trajectories for beam energies at 

1.8 and 4.6 keV, or just above and below the peak.  At 1.8 keV, the interaction volume depth, 

or the RKO is on average less than 15nm.  This means that a large number of the beam 

electrons never make it to the gold-silicon dioxide interface.  As shown in Figure 95, 

virtually all of the backscattered electrons are generated within 6nm of penetrating the Au 

film.  At 4.6 keV, just the opposite occurs.  The RKO is on average greater than 15nm, 

resulting in a large number of electrons penetrating into the silicon dioxide film.  

Furthermore, at this beam energy backscattered electrons are actually generated below the 

gold film within the silicon dioxide.  Figure 96 illustrates that the interaction volume for 4.6 

keV is greater than the thickness of the gold film. 
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Figure 96: Monte Carlo for Beam Energy of 4.6 keV 

 
 
 

 
Figure 97: Monte Carlo for Beam Energy of 3.2 keV 

 
 
 

At 3.2 keV, the beam energy resulting in the maximum ηAu/η ratio, Figure 97 shows 

the interaction volume is very close to the thickness of the gold film.  Although some 

electrons penetrate into the silicon dioxide, almost all of the backscattered electrons are 

generated at a variety of depths within the 15nm gold film.    
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A.4 Conclusion 
 

Imaging discontinuous gold films, or islands, in a field emission scanning electron 

microscope is likely best accomplished at lower beam energies.  The beam energy that results 

in an interaction volume closest to the size and thickness of the gold island would likely 

provide the highest contrast image, in terms of backscattered electrons detected.  For a 

discontinuous gold film with an average thickness of 15nm grown on a 1000Å silicon 

dioxide surface, the beam energy which would likely result in highest contrast image was 

calculated to be 3.2 keV.  Although the features in these samples are typically in the 100nm 

range, higher beam energies with smaller spot sizes are likely to result in a less desirable 

image.  

 

 


