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ROBUCK, HOLLY ELIZABETH. Molecule-Based Negative Differential Resistance 
Across a Self-Assembled Monolayer: Its Dependence on Monolayer Coverage and 
Tunneling Gap. (Under the direction of Dr. Christopher B. Gorman.)  
 

 

A scanning tunneling microscope (STM) was used to perform current-voltage (I-

V) measurements over electroactive self-assembled monolayers (SAMs). It was 

hypothesized that the redox potential of an electroactive molecule influences the peak 

position of negative differential resistance (NDR). For this research, a ferrocene 

terminated alkanethiol, a ferrocenyl-ketone terminated alkanethiol, and a methyl viologen 

terminated alkanethiol were used, giving a range of redox potentials. Variability from the 

tip and the sample made the detection of any discernable differences impossible in the 

NDR peak position when the different SAMs were used. To address the variability, 

experiments were conducted where the order of the SAM was increased. The STM tip 

was also coated with 2,2,2-trifluoroethanethiol to make the tip surface more 

homogeneous. The results of the experiments discussed in this thesis suggest that the 

mechanism that leads to NDR is much more complicated than the resonant tunneling 

model suggests. 
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1.1 The State of Molecular Electronics 
 
 As computers continue to reach faster speeds, the size of the computer chip will 

need to decrease in size to allow for an ever increasing numbers of transistors. 

Decreasing the size of transistors will result in faster computing speeds and lower power 

consumption. This relationship between computer speed and the number or size of 

transistors is the basis for Moore’s Law, which states that the number of transistors on a 

computer chip will double every eighteen months.1 There are several problems associated 

with the miniaturization of electronics. Today, integrated circuits are prepared by 

photolithography. Using photolithography will become obsolete as circuits continue to 

get smaller because there are limitations to the feature size that can be produced. These 

limitations include using shorter wavelength to improve the resolution of lithography, 

which will lead to higher costs and problems in focusing the beam.2 The push for smaller 

and smaller transistors could eventually lead to transistors made of single molecules, i.e. 

molecular electronics. As components are reduced the nanometer scale, electromigration 

becomes a primary issue. Electromigration occurs when current transfers momentum to 

atoms in the surrounding metal, which can cause a connection to fail because the metal 

can diffuse causing a short.2 

 In order to understand why molecular electronics are desirable, one should look at 

the state of today’s transistor. In the 1960s, field-effect transistors (FETs) began to be 

used.3 Today, most transistors are metal oxide transistors (MOSFET) (Figure 1.1). FETs 

and MOSFETs are three terminal devices and are essentially the same except that 

MOSFETs have an oxide layer separating the gate from the rest of the transistor. In an n-

type MOSFET, a positive gate potential will allow charge to flow from the source to the 
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drain. As the positive charge on the gate increases, so does the current.3 The gate needs to 

be insulated from the source and drain for proper function. The oxide layer serves as the 

insulation. 

 
Figure 1.1 Schematic of an n-type MOSFET 

  

Resonant tunneling diodes (RTDs) are two terminal devices that consist of 

sandwich of a high-band-gap material such as AlAs, surrounding a lower band-gap 

material such as InGaAs.4 The lower band-gap material acts as a barrier. There is a 

quantum well between the two barriers consisting of accessible energy states. 

 RTDs exhibit a decrease in current with an increase in voltage, known as negative 

differential resistance (NDR).5 NDR in RTDs is produced when there is a peak at a 

specific voltage that corresponds to electrons tunneling through an accessible energy state 

in a quantum well between two barriers (Figure 1.2).5 In panel A of Figure 1.2, the device 

is in its ground state with the energy of the barrier below the energy of the accessible 

state. The peak in the current-voltage curve occurs when the energy of the electrons 

matches the energy of the accessible state (panel B). As the potential continues to 

increase, the energy of the electrons exceeds that of the accessible state, so the two are no 

longer in resonance (panel C).5 
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Figure 1.2 NDR in a resonant tunneling device 
 

NDR is a phenomenon of interest to scientists because the possible applications 

include multi-state memory and logic devices. These potential devices can produce 

multiple peaks in current-voltage curves. Peaks and valleys could be considered to 

represend high and low logic which in binary are represented with 1’s and 0’s.  

For molecular electronics to be a reality, electronic components will have to be 

implemented on a molecular scale. Due to the difficulties in contacting molecules, most 

molecular electronic devices will be two-terminal devices, unlike the conventional three 

terminal transistors. These components include diodes, wires, data storage, and switches. 

There have been several reports in the literature of molecules that can function as 

components in electronic circuits, which will be discussed in the following sections. 

The first effort in molecular electronics was Aviram and Ratner’s donor-acceptor 

molecule (Figure 1.3), which was proposed as a diode or a rectifier.2,6 This type of 
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molecule contains a part that is an electron donating species and also contains a part 

acting as an electron accepting species, usually connected by a methylene bridge. The 

donor-acceptor molecules exhibited rectification of current at a specific potential. In other 

words, current passes through the molecule only after a certain potential is reached. It 

was discovered that the rectifying behavior occurred in molecules not containing donor-

acceptor portions, indicating that the molecule was not the source of the rectification.  If 

the molecule was not the reason for the rectification, then maybe the contacts affected the 

behavior. 

 
Figure 1.3 Donor-Acceptor molecule 

 
 One component needed for functioning molecular electronics is a molecular wire. 

A wire allows current to flow due to a potential difference between the wire’s ends.7 One 

molecule investigated as possible candidate for a molecular wire was a metal terminated 

carbon chains (Figure 1.4).8 The molecules of interest in this experiment were 

synthesized to contain between two and ten alkynyl units and were characterized using 

solution cyclic voltammetry. It was found that as the molecules increased in length to 

n=10, the metals communicate less with each other because they become less coupled. 

Therefore, the molecules are not good candidates for a molecular wire since current can 

only flows over a short distance.  
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Figure 1.4 Metal terminated carbon chain 

 

Another molecule studied as a possible molecular wire was a fused porphyrin ring 

system, proposed by Crossley (Figure 1.5).9 These molecules are of particular interest 

because they are rigid and the monomeric units are large. Also, the fused porphyrins can 

be made with insulation by controlling of the meta substituents on the porphyrin, which 

shields the wire from electronic effects.10 Crossley et al. have synthesized over 100 

oligoporphyrins and have studied computationally the affects of substituents on the 

porphyrin ring, and bridging units.11 It was discovered that since the electrons in the 

systems are highly delocalized there is long range communication within the molecule, 

suggesting that these molecules are ideal for use as molecular wires. 

Figure 1.5 Fused porphyrin ring. Adapted from reference 9. 
 

For molecular electronics to become a reality, a form of molecular memory or 

data storage will have to be developed. In bitwise data storage, data is stored as either a 1 

or a 0. Molecules will have to have two stable states in order for this type of data storage 
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to be viable. Several groups have been working to find stable molecular assemblies that 

can be used as data storage. One of which used a fullerene inside a nanotube, known as a 

“bucky-shuttle” (Figure 1.6).12 It was decided that the fullerene needed to be charged for 

reading and writing to occur, which was accomplished by using a C60 with a potassium 

ion caged inside. Writing occurred when a voltage was applied to the electrodes at the 

ends of the nanotube surrounding the fullerene. A voltage of 1.5 V causes the fullerene to 

move to one end of the nanotube, making bit 1. With a negative voltage, the fullerene is 

shifted to the opposite end of the nanotube (bit 0). An important characteristic of data 

storage is that data can be written but also data can be retrieved or read. Reading the data 

stored in the “bucky-shuttle” was achieved by simply measuring the polarity of the 

nanotube. This process was nondestructive. 

 
Figure 1.6 Schematic of the "Bucky Shuttle" 

 

Another method for creating molecular data storage involves the use of 

metalloporphyrins (Figure 1.7).13 This specific family of molecules will undergo one and 

two electron oxidations that are reversible, resulting in three states for the molecule, 0, 

+1, and +2. The idea was to use the oxidation states of a metalloporphyrin for data 

storage. In order to write data, the voltage was stepped across one or more of the 

molecule’s redox states. The data was read by measuring the resultant current when the 

molecules were reduced. This current would be related to the oxidation state and the 
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number of molecules. Since the reading process is destructive, unlike the “Bucky-

shuttle”, the metalloporphyrin is not a feasible for memory applications.  

 
Figure 1.7 Structure of a metalloporphyrin. Adapted from reference 2. 

  

A switch is a device that allows for current to flow or not. There have been 

several reports of molecular switches in the literature.14-18 Stoddart and coworkers have 

published a switch that uses a rotaxane molecule and can function as an exclusive OR 

(XOR) gate (Figure 1.8).14 Rotaxane is a molecule consisting of a ring surrounding a rod. 

The addition of either 2X or Y leads to a separation or unthreading of the rotaxane 

molecule, resulting in bit “1”. The addition of Y or X again results in the rethreading of 

the rotaxane, which is bit “0”. So this system functions as an XOR gate because when 

either X or Y was present but not both, then the rotaxane was unthreaded resulting in a bit 

of 1. The threading and unthreading processes could be reversed. Upon unthreading the 

rotaxane, there was a change in the fluorescence of the system, which allowed the 

switching to be detected. 
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Figure 1.8 Rotaxane Scheme 

 
 

Several attempts at making molecules function as electronics components have 

been discussed. Most of these examples will not be usable in actual devices because the 

data is not always reproducible, it is difficult to make contacts to the molecules, and the 

synthesis is complex. These problems will lead to higher costs. Metal-molecule-metal 

junctions, which can be ascribed as two-terminal devices should be easier to “wire-up” 

than a present day transistor, a three terminal device.2 The possibility of using molecular 

NDR for molecular electronics has been studied by several groups19-31 and will be 

discussed in Chapter 2. Monolayers could provide a feasible alternative because they are 

cheap, easy to make, and very reproducible. There is still large amount of discovery left 

to do in the field of molecular electronics to find usable and practical molecular systems. 

The scanning tunneling microscope (STM) is a tool that offers a way to study molecular 
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components.  With the STM, it is possible to look at molecular scale and to address one 

or a few molecules. 

 
 
1.2 Monolayer Formation 
 
 There are several methods that can be employed to form organic monolayers 

including vapor deposition, Langmuir-Blodgett technique, and self-assembly. Self-

assembly is a process in which molecules arrange themselves into ordered structures 

without an external force.32 Self-assembly leads towards a thermodynamic minimum in 

the energy of the system, which means that the organization happens spontaneously and 

that defects are rejected. Self-assembled monolayers (SAMs) are formed because a head 

or tail group has a strong affinity for the substrate resulting in a film of organic molecules 

a couple of nanometers thick. The molecules can form a two-dimensional crystal 

structure on the substrate that they are adsorbing on.32 

 Several types of SAMs have been studied in the literature. Silanes have been 

adsorbed onto oxide substrates. Thiols have been adsorbed onto metals, such as gold, 

silver, and copper, as well as platinum, palladium, and gallium arsenide. The most 

studied of which is an alkanethiol adsorbed onto a gold substrate.32 The advantage in 

using the thiol-gold system is that gold does not form a surface oxide, and large 

atomically flat regions can be grown. Also, gold has a high affinity for sulfur. The gold-

sulfur bond is polar covalent, making it a very strong interaction. The alkane chains 

assemble on the gold substrate so that there is a 30° tilt (Figure 1.9). This tilt maximizes 

the collective van der Waals interactions between the alkane chains and leads to a dense 

crystalline packing. 
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Figure 1.9 Densely packed alkanethiolate SAM on Au(111) with a 30° tilt of the alkane chains. 

  

The gold substrate is arranged in a face centered cubic structure. The most 

common atomically flat gold substrate is Au(111) due to its lowest energy. The Au(111) 

is formed by making a plane through the Miller indices (100), (001), and (010) of the face 

centered cubic crystal of the gold (Figure 1.10). 

 
Figure 1.10 (111) plane of a face centered cubic crystal. 

  

The Au(111) plane is hexagonally closed packed in structure (Figure 1.11). The 

sulfur groups in the adsorbing thiols are believed to bind to the gold in the three-fold 

hollow sites. Binding to the three-fold hollow sites allows for maximum interaction 

between the sulfur and the gold because the sulfur interacts with four gold atoms. Since 
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sulfurs bond to the three-fold hollow sites, a √3x√3 R30 add layer is created. Figure 1.11 

shows the unit cell of the gold substrate, which has a lattice constant α. The lattice 

constant of the unit cell formed by the thiolate molecules is √3α. The thiolate molecules 

are 30o apart from each other (Figure 1.11). 

 
Figure 1.11 √3x√3 R30 add layer of thiolate molecules on Au(111). 

 
 
1.3 Scanning Tunneling Microscopy 
 

In the 1980s, Rohrer and Binnig developed the scanning tunneling microscope 

(STM), which allows for atomic resolution of conducting surfaces.33 The STM functions 

by applying a bias between the tip and a conductive substrate, causing tunneling current 

to flow as tip approaches the substrate. Tunneling current occurs when electrons flow 

from a tip to a sample even though there is not enough energy for the electrons to do so.34 

The tip and the substrate are not in contact with each other. The tunneling current decays 

exponentially with distance (equation 1.1). 

I ≈ exp(-2kz), where k is a constant and z is distance  equation 1.1 

 When the tunneling current reaches a predetermined setpoint the STM enters into 

feedback mode and begins rastering over the surface. For most experiments, the STM 
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functions in constant current mode. To maintain a constant current, the tip-sample 

separation is adjusted by the feedback. For example, when the tip scans across a high spot 

in the topography of the sample the tunneling current will increase due to the smaller tip-

substrate distance. The electronic nature of the substrate also affects the tip substrate 

distance. A change in resistance affects the tunneling current because current in 

proportional to the inverse of the resistance, according to Ohm’s law. For instance, if 

there were conjugated and non-conjugated molecules on a substrate, the conjugated 

molecules would appear as bright spots in the STM image relative to the insulating 

background. The molecule would appear as a bright spot because an increase in tunneling 

current was detected due to the lower resistance of the conjugated molecule. The increase 

in tunneling current would lead to a larger distance between the tip and the sample. The 

conjugated, more conductive molecule would appear as a bright spot even if there no real 

height difference between the conductive and non-conductive molecules. The image 

output of the STM is a convolution of height and electronic properties the substrate.   
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2.1 Introduction 

In Chapter 1, molecular counterparts to components of electronic circuits were 

discussed. The resonant tunneling diode is a device with a non-linear current-voltage (I-

V) relationship, known as negative differential resistance (NDR). This chapter will 

discuss molecular NDR. The proposed mechanisms for molecular NDR will be discussed 

later in this chapter. It has been shown in the literature that electroactive molecules 

exhibit NDR with a greater frequency than molecules without redox centers.1-3 

 Tao et al. have previously shown that there was an increase in the apparent height 

of protoporphyrins containing an iron center than those that do not have an iron center.4  

For this experiment, self-assembled monolayers (SAMs) consisting of coadsorbed 

protoporphyrins (Figure 2 I) on a pyrolytic graphite substrate were chosen. This 

experiment was conducted using an Electrochemical Scanning Tunneling Microscope 

(EC-STM), where a platinum wire was used as the counter electrode and a silver wire 

was used as the quasireference electrode. At a low bias, it was observed that there no 

difference in the apparent height of the two molecules (Figure 2 II A). As the voltage was 

increased to a medium bias, some porphyrins appear brighter than others (II B,C,D). The 

porphyrins appeared to be at the same height at high biases (II E). The change in 

apparent height of the porphyrins is shown with the cross-sections of the STM images (II 

F, G, H, I, J.). It was concluded that the Fe center of the protoporphyrin was responsible 

for the changes in apparent height. The apparent height of the protoporphyrin was largest 

when the bias on the substrate was close in energy to that of the lowest unoccupied 

molecular orbital (LUMO) of the Fe causing an increase in resonant tunneling.  
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Figure 2.1 I: molecules used in Tao's experiment II: apparent height contrast of Fe protoporphyrin 
as the bias is increased4 Reprinted with permission from Tao, N. J. Phys. Rev. Lett. 1996, 76, 4066-

4069. Copyright by the American Physical Society. 
 

Hipps and coworkers have also shown that there is enhanced resonant tunneling 

through molecules with certain metal centers.5 In this experiment, copper phthalocyanine 

and cobalt phthalocyanine were used (Figure 2.2). The copper center was seen as a hole 

in the STM image, while the cobalt center was an extremely bright spot signifying a 

greater apparent height (Figure 2.2). In both molecules, the benzene rings were the same 

apparent height. The authors suggest that copper was imaged as a hole because the 

highest occupied molecular orbital (HOMO) and LUMO on the copper were over 1 eV 
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away from the Fermi energy, decreasing the chance for resonant tunneling. The 

molecular orbitals (MOs) of the cobalt are at different energies due to the different 

electronic confirguration compared to copper. The enhanced electron density resulting 

from the additional orbital participation in the HOMO and LUMO was used to explain 

the larger apparent height of the cobalt center. 

 

Figure 2.2 Left: General structure of a metal phthalocyanine. Right: STM image of Co and Cu 
phthalocynine on Au(111)5 Reprinted with permission from reference 5. Copyright 1996 by 

American Chemical Society. 
 

 The previous two literature examples have dealt with enhanced resonant tunneling 

lead to larger apparent height contrasts. In order to understand how these two examples 

relate to NDR, the possible mechanisms of NDR must be discussed. The first proposed 

mechanism involves resonant tunneling and is similar to what occurs in a resonant 

tunneling device, as discussed in Chapter 1. To start, the Fermi energy of the tip and 

substrate is lower than the energy of discrete molecular orbitals (MOs) of the molecules 

in the self-assembled monolayer (Figure 2.3 A). As the voltage on the substrate is 

increased, the Fermi energy of the tip moves closer in energy to a MO of the molecule, 

thus increasing the current (B). Any broadness in the local density of states (LDOS) in 
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the tip will allow an overlap with the MOs of the molecule. There is a maximum in 

current when the Fermi energy of the tip is in resonance with a MO of the molecule (C).  

The current will decrease when the tip is no longer in resonance with the MOs (D). This 

decrease in current continues until the potential is large enough to overcome the barrier 

leading to an increase in current, also known as thermionic emission (E).6  

 

Figure 2.3 Resonant tunneling mechanism of NDR 
 

 Another possible mechanism of NDR was proposed by Tour and coworkers.7 In 

order to explain the occurrence of NDR in phenylene ethynyene oligomers a two-step 

reduction mechanism was proposed (Figure 2.3). The reduction of the molecule would 

modify the charge transport through a molecule. As the bias is increased, the molecule 

undergoes a one-electron reduction to form the radical anion (Figure 2.4 B). This 

reduction would supply a charge carrier. As the voltage continues to increase, the 

molecule would undergo another reduction to the dianion (Figure 2.4 C). The authors 

state that the dianion is an insulating state, blocking the flow of electrons. Ab initio 
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calculations were used to study the resonant behavior of the molecule when an external 

voltage was applied.8 The findings were in agreement with the proposed mechanism. 

 

Figure 2.4 Two-step reduction mechanism of NDR 
 

The most recognizable example of molecular NDR was presented by Reed and 

Tour. Tour and coworkers used phenylene ethynyene oligomers, some of which 

contained nitroamines or nitro groups, and molecules that had no amine or nitro 

subsituents were used as a control (Figure 2.5).1 The molecules were assembled in a 

nanopore and had a top and bottom Au contact.7 They showed NDR on a nitroamine 

containing molecule that had a peak-to-valley ratio of 1030:1 (Figure 2.5),1 and the 

experiment was done at 60 K. At room temperature however, the peak-to-valley ratio was 

much lower. The temperature does not affect tunneling. However, at 60 K thermal 
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interferences are eliminated. The authors attributed the NDR to a two-step reduction of 

the molecule that was previously described. 

 

Figure 2.5 Left: Molecules used in Tour's experiment. Right: Resulting I-V curve when molecule A 
was used.1 Reprinted with permission from reference 1. Copyright 2000 by Society of the American 

Institute of Physics. 
 

 Gorman and coworkers have shown NDR on a ferrocence terminated 

alkanethiol and a galvinol terminated alkanethiol.6 It was shown that NDR occurred when 

ferrocene and galvinol were the headgroups but there was no NDR when there was just 

an alkanethiol present. It was also shown that the NDR peak distribution was centered 

around a specific voltage.  The authors attributed the NDR to the resonant tunneling 

mechanism described previously. 

 To date very little has been done to explore whether or not the potential at which a 

NDR peak occurs can be altered or tuned by varying the molecules used. One example 

was published recently by Bard and coworkers. They used oligo(phenylene ethynylene)s 

with various redox potentials.2 It was shown that there was a linear dependence between 
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the calculated energies of lowest LUMO energies, the experimental voltage of the first 

negative peak, and the electrochemical reduction potentials of the molecules studied. 

 It is hypothesized that the voltage at which NDR occurs can be tuned by using 

molecules with different redox potentials. In order to investigate the hypothesis, a 

ferrocene (FcC11S), ferrocene ketone (FcCOC10S), and methyl viologen (MVC11S) 

terminated alkanethiols were proposed as candidate molecules. These particular 

molecules were chosen because they have three very different redox potentials (Figure 

2.3), and the synthesis of the molecules has been described in literature. The FcC11S (317 

mV) and FcCOC10S (569 mV) were chosen because of they have similar structures and 

considerably different redox potentials. MVC11S (-412 mV) was chosen because its redox 

potential is negative, while the redox potential for the other two molecules is positive. 

The redox potentials were ascertained by cyclic voltammetry and were in agreement with 

literature values.9,10 

 
Figure 2.6 Structures and redox potentials of molecules used in the proposed experiment. 
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2.2 Results and Discussion 
 
 
2.2.1 Cyclic Voltammetry 
 
 Cyclic voltammograms (CVs) were taken of the molecules used in this 

experiment. It was determined that the FcC11S-SAM had a redox potential of 317 mV 

(Figure 2.7 A). The FcCOC10S-SAM had a redox potential of 569 mV (B), and the 

MVC11S-SAM had a redox potential of -412 mV (C). These values correspond to the 

values in the literature. 9,10 

 
Figure 2.7 Cyclic voltammograms of molecules.  (A) FcC11S-SAM (scan rate =100mV/s, 1 M HClO4), 
(B) FcCOC10S-SAM (scan rate =100mV/s, 1 M HClO4), and (C) MVC11S-SAM (scan rate =200mV/s, 

0.1 M Na2SO4). All cyclic voltammograms were conducted using a gold working electrode, a 
platinum counter electrode, and an Ag/AgCl reference electrode.  

 
2.2.2 I-V Collection 
 

Current-voltage (I-V) measurements were performed on each type of SAM. I-V 

curves were collected with the Scanning Tunneling Microscope (STM) using continuous 

imaging tunneling spectroscopy (CITS).  The I-V curves of the FcC11S-SAM contained 

NDR peaks at both positive and negative potentials (Figure 2.8 A). Previously published 

FcC11S-SAM I-V curves showed occurrences of NDR only at positive potentials.6 The 

peaks themselves ranged in height from 0.2 nA to 0.7 nA. The representative curves for 

FcCOC10S-SAM were more apparent at negative potentials and appeared to have a 

smaller peak-to-valley ratio that the FcC11S-SAM (Figure 2.8 B). There were occurrences 
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of multiple NDR peaks in the FcCOC10S-SAM. The MVC11SAM also had NDR peaks in 

its I-V curves (Figure 2.8 C). From the representative curves, the curves contain peaks 

only at positive or negative potentials. Multiple NDR peaks were also seen with the 

MVC11S-SAM. The peak-to-valley ratios of the peaks were similar to those of the 

FcC11S-SAM.  

The position of the NDR peak varies in each sample. The possible reasons for this 

variation in potential include differences in tip shape, the order of the monolayer, and the 

tunnel junction. The effects of tip shape will be discussed later in this chapter. To address 

the order of the monolayer, an experiment has been proposed in which the SAM would 

be backfilled with an alkanethiol. This experiment will be discussed in Chapter 3. The 

tunnel junction could affect the potential of the NDR peak and will be discussed in 

Chapter 4. The STM tip could be coated in order to have a more uniform tunnel junction. 

 
Figure 2.8 Representative I-V curves for each type of SAM. Conditions: 200 nm x 200 nm scan area, 

10 pA set current, a bias scan of 4000 mV, and a sample period of 50 µs. 
 

 
2.2.3 Reproducibility 

There are aspects of this experiment that cannot be controlled, which leads to 

reproducibility issues. The two main aspects that cannot be controlled are the tip and the 



   27

nanoscopic order of the SAM. Figure 2.9 shows the effects of two different tips used to 

collect I-V data on the same FcC11S-SAM sample. The tips were chosen randomly and 

gave similar resolution in imaging mode. There was a lower occurrence of NDR when tip 

1 was used as opposed to tip 2. This can be seen by the lower counts in the histograms. 

Also, there was a more Gaussian distribution of the potentials where the current 

maximum occurred in the I-V curves for tip 2.  

In these experiments, only electrochemically etched tips were used in order to 

have a more consistent tip shape compared to mechanically cut tips, where the shape is 

not controllable. However, there is no guarantee that the tips will be similar. Some tips 

had a wider shape, while some were narrow. The sharper tips are more difficult to align 

to the substrate. The tunnel junction could be altered when different tips are used. 

Different shaped tips would not have the same local density of states (LDOS). This 

change in the LDOS should alter the overlap of the molecular orbitals of the electroactive 

headgroup with the LDOS of the tip in the resonant tunneling mechanism of NDR. The 

resulting change in overlap could affect the potential at which NDR would occur. 
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Figure 2.9 Histograms of peak current maximum in I-V curves of the same sample when different 

tips were used. 
 

Different samples of the same type of SAM can also affect the reproducibility of 

the data. Each sample has a slightly different orientation on the gold surface. The 

molecules used in this experiment do not form densely packed SAMs, giving more 

variability between samples because the molecules are more likely to bend or twist. The 

tip to molecule distance could change in the time needed to perform an I-V measurement 

because of the molecules degrees of freedom. In an effort to reduce disorder on the 

surface, the substrates were incubated for at least 24 hours. Figure 2.10 shows the 

variation between samples when the same tip is used. From the histograms, it is apparent 

that some samples give a more Gaussian distribution of the voltages of where NDR 

occurred (sample 2) while other samples do not. Also, some samples yield higher counts 

in the histograms than others. It is impossible to determine which sample will yield better 

results without performing the experiment.   
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Figure 2.10 Histograms of peak current maximum in I-V curves of different samples when 
the same tip was used. 

 

There are still reproducibility issues between good data sets. Figure 2.11 shows 

four FcC11S-SAM data sets taken on different days with different tips. It becomes 

apparent that the number of counts in the histograms is a major difference between data 

sets. Histogram A has more occurrences of NDR than the other histograms. The shape of 

the distribution is different between the data sets. The distribution at negative potentials 

for histogram B is broader than the others. These four data sets could all be fit to a 

Gaussian, however there is still variability in the potential where the center of the 

Gaussian is located. The distributions at positive potentials have centers that range from 

1550 to 1900 mV, and C has no distribution on the positive side. 
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Figure 2.11 Histograms of peak current maximum in I-V curves to show variability between 
good data sets. 

 

2.2.4 Comparison of the molecules 

 FcC11S and FcCOC10S are molecules with minimum differences in structure that 

have a discernable difference in redox potential. The only difference in structure of these 

two molecules is a ketone group. Since there is approximately a 200 mV difference in the 

redox potential of these two molecules, it was hypothesized that there would be a 

difference in the voltage where NDR occurred. When the first histogram of the NDR 

peak potentials was examined, there was an approximate 200 mV shift in the voltage of 

NDR between FcC11S-SAM and FcCOC10S-SAM at positive potentials (Figure 2.12). 
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However, the peak potential at negative potentials was similar for the two types of SAMs. 

Upon further repetitions of the experiment, there was a wide variability of potentials 

where NDR occurred for each type of SAM. 

 Since these molecules have very similar structures, the SAMs should have similar 

packing. Both types of SAMs are expected not to be densely packed because the 

molecules have bulky headgroups. Therefore, the molecules will be able to rotate and 

twist, causing variation between data sets of the same type of SAM. The tips used to 

collect data would also introduce variation into the data sets, as discussed previously. 

These variations in sample and tip in the data sets could overshadow any change in the 

potential of current maximum between the FcC11S-SAM and FcCOC10S-SAM. 

 
Figure 2.12 Representative histograms of peak current maximum in I-V curves for FcC11S-SAM and 

FcCOC10S-SAM 
 

In an attempt to overcome the variability of tip and sample on the voltage of 

maximum current, a MVC11S was chosen. Since the redox potential of MVC11S is -412 

mV, a large change in the potential where NDR would occur was expected compared to 

FcC11S-SAM and FcCOC10S-SAM. Figure 2.13 shows a representative histogram of the 
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peak current maxima in the I-V curves. Upon examining the histograms of MVC11S-

SAM, it was discovered that the potential of NDR was usually between 1500 and 1800 

mV at positive potentials and -1500 and -1800 mV at negative potentials. These potential 

ranges were similar to those of FcC11S-SAM and FcCOC10S-SAM. It is unclear why the 

NDR peak potentials of the MVC11S-SAM are similar to those of FcC11S-SAM and 

FcCOC11S-SAM. It is possible that there is too much variation in the tip and sample for a 

change in potential to become apparent.   

 

Figure 2.13 Representative histogram of peak current maximum in I-V curves for MVC11S-
SAM 

 

The MVC11S-SAMs had broader peak distributions than those of FcC11S-SAM 

and FcCOC10S-SAM as seen in the representative histograms and by the average peak 

width at half height (Figure 2.14). The width of the MVC11S-SAM NDR peak 
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distribution, ~850 mV, was more than two times greater than the peak widths of FcC11S-

SAM and FcCOC10S-SAM, ~350 mV. It is not clear why MVC11S-SAM has a broader 

NDR peak distribution than the other molecules. One possible explanation is that 

MVC11S-SAM forms a more disordered SAM. The structure of MVC11S-SAM could 

play a role in the large distribution. Since MVC11S-SAM is a cation, it is not clear how 

the charge of the molecule affects the tunneling through the molecule. The counter ion, 

PF6
-, might affect the packing of the MVC11S-SAM monolayer and the tunneling.  

 

Figure 2.14 Width of histogram distributions for each type of SAM 
  

 

When the NDR average peak potentials for each type of SAM are plotted (Figure 

2.15), it becomes apparent that there is no difference in the voltage at which NDR occurs. 

Figure 2.15 shows the average NDR peak potentials of each type of SAM from each tip 
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that was used. The tips used were different for each type of SAM. The graph shows that 

the redox potential of the molecule does not affect the voltage at which NDR occurs. 

However, the variability of the tip and sample could mask any change in the potential at 

which NDR occurs. 

 

Figure 2.15 Average NDR peak positions for each type of SAM 
 

2.3 Conclusions 

 The various redox potentials of the molecules did not appear to affect the NDR 

peak potential. In the data there was too much variation to see a difference in the NDR 

peak potential. This variation could due to the variation in the order of the monolayer or 

the shape from tip to tip. In order to observe any change in the potential where NDR 
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occurs, experiments need to be preformed to minimize variation from the sample and the 

tip. These experiments will be addressed in later chapters. 
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3.1 Introduction 

 It was seen in Chapter 2 that the potential at which negative differential resistance 

(NDR) occurred was not dependent on the redox potential of the molecules in the self-

assembled monolayer (SAM), which was not in agreement with theory in the literature 

and with the hypothesis. In an attempt to rationalize the result, several possibilities were 

mentioned in Chapter 2 as to why the hypothesis did not hold true. The first possibility, 

variation in the sample, will be discussed in this chapter.   

 The molecules that are being investigated are ferrocene terminated alkanethiol 

(FcC11S), ferrocene ketone terminated alkanethiol (FcCOC10S), and methyl viologen 

terminated alkanethiol (MVC11S) (Figure 2.6). These molecules have bulky headgroups 

which will lead to a higher degree of disorder due to vacant three-fold binding sites. 

Figure 3.1A shows a densely packed alkanethiol SAM. B is an assumed depiction of a 

SAM that is not densely packed because of bulky head groups. The molecules in the 

MVC11S-SAM would repel each other because the methyl viologen headgroup is a cation 

and like charges repel each other. This repulsion would also lead to a lower packing 

density in the MVC11S-SAM.  

 

Figure 3.1 A: Densely packed alkanethiol SAM. B: Non-densely packed SAM with bulky headgroups. 
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With a more disordered SAM, the degrees of freedom of the molecule are 

increased and are thus, able to rotate and twist more freely. This motion can cause the 

headgroups to move or flop over, causing the structure of the SAM to change. The tip can 

“see” different parts of the molecule if the molecule moving around. During tunneling, 

the electrons could move from the electroactive headgroup down the through the alkane 

chain, or if the molecule is leaning over, the electrons could move from the headgroup 

straight to the substrate. Also, the electrons could travel from the tip to the alkane chain 

and go through the headgroup if the molecule in leaning over. The movement of the 

molecule could effect current-voltage (I-V) measurements because when I-V 

measurements are performed, one line of the sample is imaged and the voltage of the 

piezo is recorded for the sample points. The I-V measurements are then performed at 

each sample point with the established distance. From the time the distance is established 

in the first scan and the when the measurement is actually made, the molecules could be 

in completely different orientations.    

 Since the SAMs being investigated were not densely packed, it needs to be 

determined how this affects at what potential NDR occurs. To study the effects of order 

on NDR, a propping experiment was proposed (Figure 3.2). Therefore, current-voltage (I-

V) data was collected from the as prepared SAMs made of FcC11S, FcCOC10S, or 

MVC11S. Afterwards, the sample was immersed in a decanethiol solution in order to fill 

the empty binding sites. By filling the empty three-fold hollow sites, the degrees of 

freedom of the redox active headgroups decreased and thus, more order was created. 
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Figure 3.2 Propping scheme 
  

There is very little literature precedent for using alkanethiols to backfill the voids 

of a monolayer. One recently published example used hydroxyundecanethiol to stand up 

a template-assembled synthetic polypeptide (TASP) (Figure 3.3).1 When the 

hydroxyundecanethiol was not present the TASP lied flat on the gold substrate. Upon 

addition of hydroxyundecanethiol, the TASP was upright. The authors used time-of-flight 

secondary ion mass spectrometry to determine whether the TASP molecules are in an 

upright or flat orientation. When the ion Au(proline)- was present and the ion of the 

TASP molecule was absent indicated that the molecule had adopted the flat 

configuration. The molecule was in the upright configuration when TASP ring- was 

present and the Au(proline)- was absent. 
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Figure 3.3 Molecular structure of TASP. Amino acid code is P, proline; Ser, serine; K, lysine; G, 
glycine. 

  

Weiss and coworkers have used vapor-phase annealing to alter the local 

environment and order of a SAM.2 In the first step, conjugated oligo(phenylene-

ethybylene) (OPE) were inserted into a decanthiol SAM. The inserted molecules 

adsorbed into defect sites in the decanethiol SAM, and were forced to stand upright due 

to the densely packed SAM. Then, the sample was exposed to dodecanethiol vapor, 

which inserted in the remaining vacant sites around the OPE. The addition of the 

dodecanethiol molecules further reduces the space around the inserted OPE molecule.  

 Most examples in the literature use alkanethiols as an insulating background 

where electroactive molecules are inserted. Using this process allows the electronic 

properties of single molecules or small groups of molecules to be investigated. Several 

groups have looked at conductance switching of electroactive molecules inserted in to 
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alkanethiolate monolayer.3-5 Conjugated phenylene ethynylene oligomers4,5, 

ferrocenylundecanethiol3 and a methyl viologen terminated thiol3 were studied in the 

“blinking” experiments. Patrone et al. examined the coupling efficiency of sulfur and 

selenium to gold by inserting α,ω-bisacetylthio-terthiophene and  α,ω-bisacetylseleno-

terthiophene into a dodecanethiol SAM.6 

 

3.2 Results and Discussion 

3.2.1 Changes in images 

When a FcC11S-SAM was imaged before it was incubated with decanethiol, there 

was very little order in the monolayer, as seen in Figure 3.4A. There also appeared to be 

some phase separation in the monolayer. The FcC11S-SAM was then incubated with a 5 

mM solution of decanethiol for two hours. The images after the addition of decanethiol 

showed much more order, as evidenced by a clearer image. There appeared to be more 

phase separation in the monolayer. It has been reported in the literature that binary SAMs 

can phase separation, and the degree of separation depends on the mole fraction of the 

substituents.7,8 The reason for the phase separation is unclear at this point. In order to 

minimize the phase separation, it was decided that a lower concentration of decanethiol 

should be used. 
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Figure 3.4 Images of FcC11S-SAM before (left) and after (right) propping when incubated with 5mM 
decanethiol solution 

  

The concentration of decanethiol that was chosen was 1 mM. With the lower 

concentration there were obvious changes in the images. The changes were just not as 

dramatic as the ones seen in Figure 3.4. Before the addition of decanethiol (Figure 3.5 

left), the image contained some definition. Step edges which were not clearly resolved 

could be seen. After incubating the FcC11S-SAM in a 1 mM decanethiol solution for two 

hours, the image was clearer, with more defined features indicating an increase in 

monolayer order. 

 

Figure 3.5 Images of FcC11S-SAM before (left) and after (right) propping when incubated with 1mM 
decanethiol solution 
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 The same procedure was followed with the FcCOC10S-SAM. The before image of 

FcCOC10S-SAM shows that the monolayer is not well ordered (Figure 3.6). However, 

step edges are visible. The SAM was incubated with a 1 mM decanethiol solution for two 

hours, like the FcC11S-SAM. After incubation, step edges were still visible, but the 

quality of the image did not improve. The poor image quality indicates that the 

monolayer remained unordered.  

 

Figure 3.6 Images of FcCOC10S-SAM before (left) and after (right) propping when incubated with 
1mM decanethiol solution 

 

 The results for the MVC11S-SAM were similar to those of FcC11S-SAM. Before 

the MVC11S-SAM was incubated with decanethiol, the image contained visible step 

edges, but the image was noisy (Figure 3.7). This noise is indicative of a monolayer that 

is not well ordered ad therefore difficult to image. After the addtition of 20 µL of 1 mM 

decanethiol solution, the image became clearer, indicating a more ordered monolayer. 

Also, there appeared to be some phase separation in the SAM. 
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Figure 3.7 Images of MVC11S-SAM before (left) and after (right) propping when incubated with 
1mM decanethiol solution 

 
 
 
3.2.2 Changes in histograms of the position of NDR 

 From the images of the SAMs before and after the monolayer was incubated with 

decanethiol, it is apparent that the addition of decanethiol caused the monolayers to 

become more ordered. The effects of order on NDR will now be discussed. The FcC11S-

SAM had four distinct populations of NDR occurrence in the histograms (Figure 3.8) 

with potentials of -1551 mV, -1096 mV, 1478 mV, and 1870 mV. The distribution of the 

histogram peaks were relatively narrow, and the maximum peak counts for one bin were 

around 15, expect for the distribution at 1870 mV, which had a count of 45. After 

incubating with 1 mM decanthiol, there were still four populations with similar 

distributions as before. The populations centered around -1546 mV, -1141 mV, 1422 mV, 

and 1883 mV. There was a small shift in the center of each population distribution but the 

shift occurred in a non-uniform way, since some of the peaks shifted to more positive 

values and others shifted more negative. The main difference in the histograms of NDR 
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occurrence was the number of counts. After the addition of decanethiol, the total number 

of NDR events increased from 306 to 431.  

 
Figure 3.8 Representative histograms of peak current maximum in I-V curves of FcC11S-SAM before 

and after insertion of decanethiol 
 
 FcCOC10S-SAM had more dramatic results from before and after the insertion of 

the decanethiol than FcC11S-SAM (Figure 3.9). Before the addition of decanethiol, there 

were two populations, one at positive potentials and the other at negative potentials. The 

total number of NDR peaks was 310. The distribution of NDR peaks centers around -

1532 mV and 1492 mV. After the FcCOC10S-SAM was incubated in a 1 mM decanethiol 

solution, the distribution of NDR peaks had a sharper Gaussian distribution.  Also, the 

counts for the histogram after insertion were increased. The total number of counts for 

the distribution at negative potentials nearly doubled to 549, and the total number of 

counts for the distribution at positive potentials also increased. The centers of the NDR 

peak distributions were at -1548 mV and 1500 mV. The shift was not significant because 

the width of the distributions was large. 
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Figure 3.9 Representative histograms of peak current maximum in I-V curves of FcCOC10S-SAM 
before and after insertion of decanethiol 

 

MVC11S-SAM was the next type of monolayer used for the propping experiment. 

MVC11S-SAM had similar results to those of FcC11S-SAM and FcCOC10S-SAM. Before 

the addition of decanethiol, the histogram of NDR peak potentials had two broad 

distributions centered at -1532 mV and 1492 mV. The maximum count for the histogram 

was 15, and the total number of NDR peaks was 240. After the SAM was incubated, the 

histogram still had two distributions, one at positive potentials and the other at negative 

potentials. The distributions were centered at -1548 mV and 1500 mV. The counts more 

than doubled from 240 to 540. 
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Figure 3.10 Representative histograms of peak current maximum in I-V curves of MVC11S-
SAM before and after insertion of decanethiol 

 
 

The increase in counts of the histograms of NDR peak potential was expected. 

Once the decanethiol molecules are backfilled into the space around the electroactive 

molecules, the electroactive molecules are less able to rotate and twist, which forces 

headgroups in a more upright position (Figure 3.2). The increase in order means that the 

STM tip sees a more uniform SAM. Since more electroactive headgroups are aligned at 

the top of the monolayer, there is a better chance that the tip will be over one when an I-V 

curve is collected, thus increasing the occurrences of NDR.  

Unfortunately the added order did not affect the previous results, discussed in 

Chapter 2 that the voltage where NDR occurs does not depend on the redox potential of 

the molecule. There was no change in the potential where NDR occurs by propping up 

the electroactive molecules. This result indicates that some variability may still remain 

that is over shadowing any shift in potential. The variability is probably from the tip. 

Also, the added order did not affect the width of the distributions. It is unclear what affect 

the free decanethiol has on the I-V measurements 
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3.3 Conclusions 

 From the experiments discussed so far, there were no data that supported the 

hypothesis that the position of NDR is related to the redox potential of the molecules in 

the SAM (Chapter 2). This experiment was designed to see if the order of a SAM could 

be increased by backfilling with an n-alkanethiol and then to see if there was a 

discernable difference in the distributions of NDR voltages with different redox active 

molecules. While a more ordered SAM could be achieved and lead to an increase in 

NDR, the position of the NDR peak did not change relative to the monolayer not 

backfilled. 
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Chapter 4 
  

 
 
 
 

Effects of the chemical functionality of the 
tip on negative differential resistance 
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4.1 Introduction 
 

It has been shown in Chapter 2 that the potential at which negative differential 

resistance (NDR) did not appear to depend on the redox potential of the molecules in the 

self-assembled monolayer (SAM). It was hypothesized that there was too much variation 

in the sample and the tip for any shift in NDR peak potential to be observed. In Chapter 

3, the variation in the sample was addressed. This chapter will address variations in the 

scanning tunneling microscope (STM) tip. 

The STM tip can vary in several different ways. The first is in the shape of the tip. 

Different shaped tips will have a different local density of states (LDOS), which can 

effect resonant tunneling through the molecules in the SAM. The LDOS can overlap with 

the molecular orbitals of the molecule, leading to a broader peak. Also, the shape of the 

STM tip can affect the alignment of the tip to the substrate. Sharper tips are more difficult 

to align, which can cause the tip to not be directly perpendicular to the substrate. 

The other aspect that can lead to variations between tips is the surface of the tip 

itself. The STM tip used in experiments is composed of Pt/Ir. Most metals have relatively 

high surface free energies, which causes molecules to physisorb. To alleviate 

physisorption, modifying the surface of the tip was proposed to ensure a homogeneous tip 

surface.  

Several groups have proposed modifying a STM tip.1-5 For example, Wassel et al. 

showed that there was a systematic decrease in the current of the NDR peak as the length 

of the n-alkanethiol chain adsorbed on the tip was increased (Figure 4.1).1 The current 

decreased from approximately 0.6 nA in the uncoated tip to 0.1 nA for the tip coated with 



   52

16 carbon n-alkanethiol. The reason for this decrease was that the increased chain lengths 

results in an increased tunneling barrier. 

 

Figure 4.1 I-V curves showing a decrease in the current of the NDR peak as the molecule adsorbed 
on the tip increases in length.1 Reprinted with permission from reference 1. Copyright 2004 by 

American Chemical Society. 
 

 
Umezawa has used chemically modified STM tips to identify specific functional 

groups.2-4 In one experiment, tips were coated with 4-mercaptopyridine, 4-

aminothiophenol, 4-hydroxythiophenol, and thiophenol and used to image a 1-

octadecanol monolayer and a 1-octadecanoic acid monolayer adsorbed on highly ordered 

pyrolytic graphite (HOPG).2 When the uncoated tip was used, there were bright bands in 

the STM images with lengths that corresponded to the length of the C18 carbon chain. 

Therefore, the authors concluded that theses bright bands were the octadecyl chains. An 

enhanced contrast in the monolayer of the STM image was observed when tips coated 

with 4-mercaptopyridine, 4-aminothiophenol, and 4-hydroxythiophenol were used, as 

opposed to uncoated tips. The coated tips yielded STM images that contained bright lines 

that were twice the width of the bands from the coated tip images. The authors concluded 

that the bright lines were the hydroxyl groups and that these groups from each molecule 
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were point at each other. The contrast was attributed to hydrogen bond interactions 

between the functional groups on the tip and the monolayers of the substrate. Polypyrrole 

coated tips have also been used to detect the OH and COOH groups of 1-octadecanol and 

1-octadecanoic acid.3 The nitrogen moieties of the polypyrrole group can hydrogen bond 

with the OH and COOH functional groups on the monolayer. As discussed in the 

previous example, the hydrogen bonding of groups on the tip and the sample will lead to 

enhanced contrast in the STM image. Umezawa also imaged porphyrins containing zinc, 

nickel, and a metal free center (Figure 4.2) and showed that the centers were imaged as 

bright spots with a tip coated with 4-mercaptopyridine. Tips coated with other molecules 

imaged the same porphyrin centers as dark spots.4 

 

Figure 4.2 Structure of porphyrins used in Umezawa's experiment. 
 

Go et al. have also shown that the chemical structure of the STM tip can alter the 

apparent topography of an STM image5. In this experiment, tungsten STM tips were 

coated with aluminum hydride oligomers, (AlH3)x and used to image a Al(111) surface 

with isolated aluminum hydride oligomers. When the surface was imaged with an 
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uncoated tip, the surface alanes appear as protrusions. However, when the coated tips are 

used, the surface alanes appear as depressions. 

As seen from the literature examples, STM tips can be modified to change the 

tunnel junction. In order to minimize variation between tips, STM tips will be coated, so 

that the tip will have a more homogeneous surface. It is hypothesized that the variability 

in the potential at which NDR occurs could be caused by surface contaminates on the tip. 

To eliminate surface contaminates, the STM tip was coated with 2,2,2-

trifluoroethanethiol.  

 

Figure 4.3 Structure of 2,2,2-trifluoroethanethiol 
  

There were two reasons why 2,2,2-trifluoroethanethiol was chosen for this 

experiment. First, 2,2,2-trifluoroethanethiol is a short chain molecule, so there are a 

minimum number of carbons to tunnel through. Therefore, the tunnel junction will not be 

affected too greatly. NDR will not be completely attenuated. The second reason 2,2,2-

trifluoroethanethiol was chosen was because the fluorines give the molecule a low 

surface free energy. A low surface free energy means that the molecule does not attract 

molecules or particles to it leading to a relatively clean surface to the coated tip. 

 

4.2 Results and Discussion 

 Pt/Ir STM tips were coated with 2,2,2-trifluoroethanethiol and used for I-V 

measurements on FcC11S-SAM. One concern of this experiment was that the molecule 
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adsorbed on the tip would desorb into the dodecane in the STM cell. To alleviate this 

concern the initial, I-V measurements were done in air (Figure 4.4 A).  

Histogram A shows the NDR peak distribution for a tip coated with 2,2,2-

trifluoroethanethiol when the I-V measurements were performed in air. The highest 

number of NDR peaks occurred at approximately -1800 and 1800 mV. The counts of the 

histogram seemed to be higher than any previously seen. Dodecane was then added to the 

STM cell, and I-V curves were collected. Histogram B shows the distribution of the NDR 

peaks for these I-V measurements. The distribution for both histograms are very broad. 

There is no change in the distribution of the NDR peaks from measurements taken in air 

or in dodecane. The histogram for a coated tip in dodecane is also centered around -1800 

and 1800 mV. Histograms A and B do not show a Gaussian distribution of the potentials 

where NDR occurred.  

 The tip was then cleaned with piranha solution (1:3 of 30% hydrogen peroxide 

and concentrated H2SO4) to remove any organic material. The same FcC11S-SAM was 

used for the I-V measurements with the now uncoated tip as was used for the tip coated 

with 2,2,2-trifluoroethanethiol. Histogram C shows the NDR peak distribution for the 

uncoated tip when the I-V measurements were done in air. There are two populations at 

both positive and negative potentials. The reason for the different populations is 

unknown. The populations are centered around -1750 mV, -1150mV, 1100 mV, and 1800 

mV. The counts in the histogram were higher normal. Dodecane was added to the STM 

cell and I-V measurements were conducted again. Histogram D shows the distribution of 

the NDR peaks for an uncoated tip in dodecane. The distribution is similar to that of the 

uncoated tip in air. There are two populations at both positive and negative potentials 
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centered around -1800 mV, -1150 mV, 1150 mV, and 1800 mV. The populations 

appeared to be more defined with the measurements were conducted in dodecane, and 

there were counts above 120.  

 The reject macro was not used to screen the data. Upon examining the I-V curves, 

there were curves that contained NDR peaks and saturated current responses. These 

curves would normally be rejected but there were not enough curves to explain the high 

peak counts. 

 From this experiment, it seems that cleaning the tip with a piranha solution gave 

better results than coated tips, including a narrower NDR peak distribution and higher 

counts of NDR. The higher NDR peak counts in the histograms are possibly a result of 

not rejecting I-V curves based on set criteria. Not rejecting the curves affected I-V data 

with both coated and uncoated tips. There was still a significant count increase from the 

data collected with a 2,2,2-trifluoroethanethiol tip and data collected from an uncoated 

tip. The tip shape could change a little from the piranha cleaning. Also, changing the 

environment of the substrate from air to dodecane and back to air could alter the SAM. 

Before measurements with the uncoated tip were performed, the dodecane was removed 

from the sample cell, the sample was rinsed with ethanol, and then dried with a 

dinitrogen stream. This procedure could change the SAM. Further investigation is needed 

on the effects of piranha cleaning on NDR peak distribution.  
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Figure 4.4 Representative histograms of peak current maximum in I-V curves of FcC11S-SAM with 
modified tip. A: coated tip in air, B: coated tip in dodecane, C: cleaned uncoated tip in air, and D: 

cleaned uncoated tip in dodecane 
 

4.3 Conclusions  

 Coating the tip with 2,2,2-trifluoroethanethiol increased the number of NDR 

occurrences, however cleaned tips were better, possibly due to a cleaner tunneling 

junction as compared to a coated tip. The role of surface free energy on the resonant 

tunneling mechanism in not known. The dielectric constant does not appear to affect 

NDR because NDR was present when the sample was in air and dodecane. The reason for 

having multiple populations in the histograms with cleaned tips is not known. 
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Chapter 5 
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The research discussed in this thesis was designed to see if the potential at which 

negative differential resistance (NDR) occurred could be tuned by varying the redox 

potential of the molecules used in the self-assembled monolayer (SAM). For these 

experiments, a ferrocene terminated alkanethiol, a ferrocenyl-ketone terminated 

alkanethiol, and a methyl viologen terminated alkanethiol were used, and the 

measurements were done utilizing the scanning tunneling microscope (STM). It was 

discovered in Chapter 2 that there was a large amount of variation in the current-voltage 

(I-V) data that was obtained. Therefore, there appeared to be no difference in the NDR 

peak position when molecules with different redox potentials were used.  

In an attempt to reduce the variability in the data sets, several experiments were 

devised. The first experiment was designed to see how the order of a SAM affected the I-

V data. The SAMs used in the experiments did not form well ordered structures because 

they contained bulky headgroups. In order to form a more uniform monolayer, the 

headgroups were propped up by backfilling the SAM with decanethiol. A more ordered 

monolayer was achieved and there were more occurrences of NDR. However, the 

increased order did not lead to a discernable difference in the NDR peak position when 

the different SAMs were used. 

The STM tip could also lead to variability between data sets. To eliminate 

variability due to surface contaminants on the tip, the STM tip was coated with 2,2,2-

trifluoroethanethiol. The coated tips gave broad distributions of NDR peak positions. The 

cleaned uncoated tips gave narrower distributions that the coated tips. There were more 

occurrences of NDR with the coated and uncoated STM tips than previously seen.  
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The results of the experiments discussed in this thesis suggest that the mechanism 

that leads to NDR is much more complicated than the resonant tunneling model suggests. 

There was too much variability in the position of NDR to determine if the redox potential 

could be related to the NDR peak potenial. The variability could arise from the 

differences in the tip and substrate. More research needs to be to make the monolayer 

more ordered.  
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Appendix 1 
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A1.1 Synthesis of FcC11S and FcCOC10S 
 

 
Figure A1.1 Scheme for molecule synthesis 

 
Preparation of starting material (1)  

All glassware was flame dried to ensure the removal of moisture. 

Br(CH2)10COOH (2.65g, 9.99 mmol) was refluxed in SOCl2 (7.23 mL) for 2 hours in a 
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round bottom (RB) flask to form the acid chloride. The solvent was then removed and the 

product was put under vacuum. The ferrocene (1.86 g, 1.00 mmol) was placed into 

another RB flask and dissolved in CH2Cl2 (DCM) (20 mL). The ferrocene/DCM was 

cooled to 0oC. DCM (40 mL) and AlCl3 (1.33 g, 9.97 mmol) were added to the acid 

chloride. The acid chloride solution was added to the ferrocene solution via cannula. The 

reaction was left for 10 hours under N2 without a vent and allowed to reach room 

temperature. The reaction was quenched with deionized (DI) water and extracted 3 times 

with saturated NaCl. The product was dried over MgSO4 and the remaining solvent was 

removed with the rotovap. The product was purified via flash chromatography eluting 

with a solution of 5% ethylacetate and 95% hexanes yielding 61.53%. 

 

Preparation of (2) 

 20 mL of DI water was added to a RB flask and chilled to 0oC. First, the 

Zn(Hg).HCl amalgam was prepared. HgCl2 (0.79 g, 2.91 mmol) was dissolved in 8 mL of 

concentrated H2SO4 and chilled in an ice bath. The HCl/HgCl2 was transferred to the RB 

flask and stirred vigorously. The Zn powder (7.91 g, 120.99 mmol) was added slowly to 

the RB flask while stirring. 1 (249.2 mg, .575 mmol) was dissolved in 10-15 mL of 

distilled toluene. The toluene mixture was added to the RB flask, and the reaction 

refluxed for several hours. The reaction was monitored by thin layer chromatography 

(5% ethylacetate, 95% hexanes). The solution was extracted 3 times with diethylether 

(Et2O). The organic layer was then extracted 3 times with saturated NaCl to remove the 

toluene. The solution was dried over MgSO4 and the solvent was removed with the 



   65

rotovap. The product was purified via flash chromatography eluting with hexanes to give 

a yield of 45.6%. 

 

Preparation of (3) 

 A RB flask and stir bar were heated to remove moisture and purged with N2 for at 

least 1 hour. Potassium thioacetate (0.01 g, 0.87mmol), 2 (0.25 g, 0.60mmol), and 6 mL 

of anhydrous DMSO were added to the RB flask and stirred under N2 for ~45 minutes. 

After 45 minutes, the reaction was refluxed at 68 oC for 12 hours.  Upon refluxing for 12 

hours, the reaction was allowed to cool to room temperature. The solution was then 

transferred to a separation funnel and diluted with Et2O and extracted at least 3 times 

with 2 N NaOH. The organic layer was dried over MgSO4, and the solvent was 

rotovapped off. The product was purified via flash chromatography eluting with 3% 

ethylacetate and 97% hexanes to give a yield of 88%. 

 

Preparation of (5) 

A RB flask and stir bar were heated to remove moisture and purged with N2 for at 

least 1 hour. Potassium thioacetate (0.25 g, mmol), 1(0.74 g, 1.72 mmol), and 6 mL of 

anhydrous DMSO were added to the RB flask and stirred under N2 for ~45 minutes. After 

45 minutes, the reaction was refluxed at 68 oC for 12 hours.  Upon refluxing for 12 hours, 

the reaction was allowed to cool to room temperature. The solution was then transferred 

to a separation funnel and diluted with Et2O and extracted at least 3 times with 2 N 

NaOH. The organic layer was dried over MgSO4, and the solvent was rotovapped off. 

The percent yield was 79.5%. 
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Preparation of (4) and (6) 

 These reactions were completed by Ryan Fuierer. 

 

A1.2 Scanning Tunneling Microscope (STM) 

 Imaging and CITS measurements were carried out on Digital Instruments 

Nanoscope III and Nanoscope E Multimode scanning probe microscopes. The substrate 

was mounted into a custom designed Kel-F Teflon fluid cell. The etched Pt-Ir (Alfa-

Aesar 90:10) tip used in all experiments was aligned perpendicular to the facet. Expect 

for the tip coating experiments, dodecane was then added to the sample cell. The tip then 

approached the surface and scanning commenced.  Imaging conditions were +1 V 

substrate bias, 10 pA tunneling current, the number of samples was set to 512, and a scan 

rate of 1 Hz. Conditions of CITS data collection are describe in A1.3.  

 

A1.3 Continuous Imaging Tunneling Spectroscopy  

A1.3.1 Measurements 

Continuous imaging tunneling spectroscopy (CITS) collects 1024 current-voltage 

(I-V) curves over a square region of the sample in a matter of minutes. During CITS, a 

regular image is collected. In a line where CITS samples are taken, the tip moves to the 

first point and establishes the distance between the tip and sample based on previously 

recorded data. The feedback of the setpoint current is turned off, and the voltage is swept 

while the current response is recorded, yielding an I-V curve. The feedback of the 

setpoint current is then turned back on. This process is repeated 31 times at evenly spaced 
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intervals along the imaged line and imaging continues. At the next line of the CITS, this 

procedure is repeated. CITS yields a 32x32 sampling array (Figure A1.2) which gives 

1024 resultant I-V curves. The parameters used for all CITS measurements are in Table 

A1.1. 

 

   Table A1.1 CITS parameters 
 

 

 

 

 

 

 

 
Figure A1.2 32x32 sampling array and resultant I-V curve from CITS 

 

For the experiments in this thesis, the setpoint used was 10 pA, the bias was 1 V, 

and the sample size was 200 nm x 200 nm. The only exception was for the MVC11SAM 
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in which the bias used was 1.4 V. At this bias, the number of saturated current responses 

was at a minimum. 

 

A1.3.2 CITS data workup 

 The CITS data files are exported as ASCII files, which can be opened in several 

spreadsheet programs. The I-V data is screened and curves containing saturated current 

responses at positive or negative potentials are removed. Curves displaying no current 

response during the voltage sweep were also discarded. The curves that were not rejected 

were set to zero current at 0 V. A 7 point derivative was used to determine the voltage of 

any peaks in the I-V curves. Next, the peak-to-valley ratio is calculated for each NDR 

peak. Statistical analysis is then done on each data to create histograms of the NDR peak 

potentials. The bin size for the histograms was chosen to be 40. A Gaussian distribution 

is fitted to the positive and negative portions of the histogram, in order to determine the 

average potential of the NDR peaks. 

 

A1.4 Sample Preparation 

A1.4.1 Materials 

Dodecane, decanethiol, and 2,2,2-trifluoroethanethiol were purchased from 

Aldrich and used without further purification. FcC11S and FcCOC11S were prepared 

according to the previously described synthetic scheme.1, MVC11S was prepared 

according to a previously published procedure.2 FcC11S and FcCOC11S were dissolved in 

absolute ethanol to make 5 mM solutions for deposition. MVC11S was dissolved in 

acetonitrile in order to make a 5 mM deposition solution. 
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A1.4.2 Substrate Preparation 

Sample substrates were prepared by alloying a gold wire (Alfa-Aesar 99.999%) in 

a hydrogen flame to platinum foil (Alfa-Aesar 99.99%). The gold wire was then melted 

to form gold ball. The gold ball was flame-annealed to form large Au(111) facets. After 

the substrate was prepared, it was cleaned in a piranha solution (3:1 30% hydrogen 

peroxide and concentrated H2SO4). The substrate was rinsed with deionized water and 

dried in a dinitrogen stream. The substrate was then annealed in a hydrogen flame to form 

large facets.4 The gold ball was aligned so that the facet was parallel to the substrate. 

 

A1.4.3 Monolayer Preparation 

An annealed gold ball was incubated in the ethanolic solutions of FcC11S and 

FcCOC11S or acetonitrile solution of MVC11S for eight to twenty-four hours to form the 

self-assembled monolayers. The samples were mounted into a custom designed Kel-F 

fluid cell after being rinsed with ethanol and dried in a dinitrogen stream.  

 

A1.4.4 Tip Etching 

 A Pt/Ir wire was cut a few centimeters long and clipped into the tip holder of the 

etching machine. The tips were etched using a custom built machine. All etching was 

performed at 25 V and a frequency of 50 Hz. The tip was lowered into concentrated 

NaOH until the starting current was approximately 200 mA. Etching stopped when the 

current reached approximately 50 mA. The tip was removed and rinsed with DI water. It 

was then dried with dinitrogen was used without further cleaning. 
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A1.4.5 Propping Experimental Details 

FcC11SAM, FcCOC10SAM, and MVC11SAM were prepared as previously 

reported. The SAM were imaged with the STM and CITS measurements were performed. 

20 µL of the decanethiol in dodecane at various concentrations was then added to the 

sample cell. The sample was incubated in the decane solution for approximately 2 hours. 

The SAM was then imaged again and CITS measurements were taken. 

 

A1.4.6 Tip Coating Experimental Details 

Electrochemically etched tips were submerged in the 2,2,2-trifluoroethanethiol for 

at least 12 hours. A special tip holder was designed so that the tip would not be blunted 

upon removal. FcC11SAM was prepared as previously reported. CITS measurements 

were performed on the SAM with the coated tip in air. Dodecane was added to the 

sample cell, and more CITS measurements were performed. The tip was removed from 

the STM and submerged in a piranha solution for approximately 30 seconds. The tip was 

then rinsed with deionized water and dried in a dinitrogen stream. The sample was rinsed 

with ethanol and dried with dinitrogen. The tip was placed back into the tip holder of the 

STM and realigned to the facet. CITS measurements were then taken in air. Dodecane 

was added to the sample cell and more CITS measurements were performed. 

 

A1.5 Cyclic Voltammetry  

Gold slides were first cleaned in piranha solution (1:3, 30% hydrogen peroxide 

and concentrated H2SO4) for 30 seconds to remove any organic material. The slides were 
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rinsed with generous amounts of DI water, followed by rinsing with ethanol, and drying 

under a dinitrogen stream. The cleaned gold slide was then mounted into a Bowden cell. 

The gold slide was electrochemically stripped using a 0.1 M H2SO4/ 0.01 M KCl solution 

by sweeping the potential from 0 to 1700 mV for 11 segments. The cell was rinsed with 

DI water a minimum of 5 times, and then rinsed at least 5 times with ethanol. The 

solution of interest (FcC11S, FcCOC10S, and MVC11S) was added to the Bowden cell, and 

deposition occurred for 8 to 24 hours. After the deposition time, the solution was 

removed and the cell was rinsed a minimum of 10 times with ethanol. Before adding the 

electrolyte, the cell was rinsed with DI water. Cyclic Voltammagrams (CVs) were 

collected using a Bas CV-50W. Before the collection of data, the rest potential was 

measured. FcC11S-SAM and FcCOC10S-SAM were run in 1 M HClO4 with a Ag/AgCl 

reference electrode, and the scan rate was 100 mV/s. MVC11S-SAM was run in 0.1 M 

Na2SO4 with a Ag/AgCl reference electrode, and the scan rate was 200 mV/s. 
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