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ABSTRACT

Atomic-Scale Investigation of Polydiacetylene Nanowires by 

Scanning Tunneling Microscopy and Spectroscopy

by

Rajiv Giridharagopal 

Nanowires comprised of polydiacetylene, a conjugated polymer, have been 

analyzed at the nanoscale using scanning tunneling microscopy (STM) and spectroscopy. 

STM analysis shows that these nanowires exhibit unique electronic behavior due to the 

different substrate electrode materials used, particularly graphite and molybdenum 

disulfide. The change in charge transfer behavior is evidence of the importance of 

polymer-electrode interactions. Nanowires are also shown to randomly desorb due to an 

interaction with the STM tip. A single disruption often results in the entire nanowire 

desorbing, and the underlying monolayer is reordered within milliseconds. Additionally, 

spectroscopic data has been acquired using a novel technique called alternating current 

STM (ACSTM). ACSTM allows for the acquisition of differential capacitance 

information. Analysis of the nanowires yields a peak in differential capacitance, as is 

typical of metal/insulator/semiconductor structures. The ACSTM is sensitive to both 

carrier concentration and dopant type, making it ideal for future metrological 

applications.
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Chapter 1 

Introduction

1.1 Organic Electronics at the Nanoscale

Organic electronics is a burgeoning field at both the industrial and fundamental 

research levels. The subject sprang to life in the 1970’s due to the work by Heeger, 

McDiarmid, and Shirakawaf 1). Their discovery of enhanced conductivity in iodine- and 

bromine-doped polyacetylene yielded the creation of an entire branch of materials 

science and a Nobel Prize in Chemistry. The field has matured rapidly, with devices such 

as organic light-emitting diodes(2), field effect transistors?.?), and solar cells(4) on the 

market or approaching commercial viability. Aside from these more common 

applications, organic electronics is even more intriguing when evaluated in the context of 

molecular level systems.

The impending crisis caused by the incompatible goals of producing smaller 

dimension electronics while at the same time maintaining traditional fabrication 

methodologies has been a difficult one to resolve. Rather than try to continually fit the 

round photolithographic peg into an increasingly square hole, alternative methods have 

been investigated. One solution, first proposed 30 years ago by Aviram and Ratner(5), is 

the use of molecular electronic devices. Such devices would employ a single, carefully 

designed molecule that would ideally allow for controllable switching behavior as is 

necessary for a transistor and by extension, molecular-scale integrated circuits. Switching 

has been observed in a number of molecules using various methods such as two-terminal 

break junctions^), three-terminal gated devices(7), and insertion into self-assembled 

monolayers as analyzed by scanning tunneling microscopy(S). While switching
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molecules for molecular electronics have received much attention in numerous 

publications, little focus has been paid to molecular interconnects. Interconnects are the 

components that connect various systems in an integrated circuit. The ability to define 

and grow specifically-oriented interconnects would accelerate the development of 

molecular circuitry. To be viable, such interconnects would need to be highly-conductive 

and of nanoscale dimensions.

An ideal material for interconnecting wires is a conducting polymer such as 

polydiacetylene. Polydiacetylene nanowires offer a number of advantages- they are one

dimensional Jt-conjugated structures(9-11), and thin polydiacetylene films can exhibit 

high conductivity when doped(12-14). Furthermore, such nanowires are easily formed 

from diacetylene derivative compounds via polymerization of Langmuir films to form 

polydiacetylenef 15, 16). Aside from potential applications, the simple structure of 

polydiacetylene nanowires makes them perfect testbeds for investigating low

dimensional organic electronic physics.

The study of nanoscale electronic properties of polymers is a young field with 

little in the way of established physical guideposts. Furthermore, the scale necessary for 

the study of molecular electronics is an impediment to traditional scientific spectroscopic 

methods. The invention of the scanning tunneling microscope (STM) in the 1982 by Gerd 

Binnig and Heinrich Rohrer(77) has overcome this barrier, allowing for single-molecule 

resolution and analysis of electronic characteristics of individual conducting polymer 

wires. The ability to glean not only topographic but unique spectroscopic information at 

the nanoscale is what makes STM more suitable than other spectroscopic techniques such 

as X-ray or ultraviolet photoelectron spectroscopy. Although other scanning probe
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methods such as atomic force microscopy (AFM) and near-field scanning optical 

microscopy (NSOM) might be appealing, both lack the ability to achieve atomic 

resolution of electronic information.

The STM has been around for scarcely twenty-five years, yet numerous advances 

continue to be made. The ability to use the STM for more than imaging is what makes it 

particularly well suited for organic electronic investigation. Alvarado, et al developed a 

method that adapted the STM’s spectroscopic strength to investigate exciton binding 

energies in organic conductors(78). A more recent paper investigated three-dimensional 

potential distribution in soft organic conductors using a similar approach(79). By taking 

advantage of the unique properties in the STM, it is possible to extract different 

information such as capacitance data from the surface. This can be done using what is 

known as alternating current STM (ACSTM), wherein microwave radiation stimulates 

the tunneling junction. Thus far, the ACSTM has only seen limited use in analyzing 

organic molecular systems (20, 21).

As polydiacetylene nanowire study is in its infancy, much work remains to be 

completed. Several groups have successfully imaged polydiacetylene using STM. Okawa 

and Aono, for instance, developed a method to controllably form polydiacetylene wires at 

desired locations on the surface(22-25). However, the polydiacetylene wire literature has 

focused largely on self-assembly chemistry of such wires as a template for nanostructures 

(26), with only a few exceptions(27, 28). An understanding of the electronic behavior of 

such wires is of great importance to the advancement of molecular circuitry and organic 

electronics as a whole.
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1.2 Outline

This thesis focuses first on STM then on ACTM characterization. Specifically, 

Chapter Two discusses the structure and experimental deposition of polydiacetylene 

monolayer films using Langmuir-Blodgett/-Schaefer techniques, and the background 

behind basic STM is discussed in chapter three. Chapter Three also discusses 

polymerization methods and electronic analysis of nanowires on different substrates and 

at different voltages. The fourth chapter goes further into desorption of nano wires as 

observed in STM. An analysis of the nanowires using ACSTM is presented in Chapter 

Five, with image and point spectroscopy data. This chapter also discusses the background 

and theoretical basis for pursuing ACSTM. The last chapter covers possible future 

experiments with different diacetylene derivatives and different polymers altogether. 

Also included is some preliminary work along these proposed research directions.
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Chapter 2 

Poly diacetylene Nanowire Formation

2.1 Polydiacetylene Structure

Polydiacetylene has been studied for decades, even before it was known to be a 

conducting polymer candidate. The structure of bulk polydiacetylene has been analyzed 

using indirect or bulk methods such ultravioletf29j and x-ray photoelectron 

spectroscopyf 75, 16), fluorescence yield near-edge spectroscopyf 50), electron spin 

resonance spectroscopy(57, 32), and Raman spectroscopyf33). Until recently, however, 

images of single polydiacetylene chains remained elusive. A few groups have 

successfully looked at polydiacetylene nanowires using the STMf22, 26, 34-36). Given 

this success, it seemed that such a system would be ideal for further investigation. Where 

this thesis differs from prior work is on the extended imaging of these wires using 

ACSTM while also looking more thoroughly at electronic and chemical behavior of the 

wires both in air and in UHV, as well as on different substrates.

Polydiacetylene is, as the name implies, a polymer based on diacetylene. 

Polydiacetylene (PDA) can be easily formed from diacetylene derivative molecules. PDA 

has the structure (=RC-C=C-CR'=)n, R and R' being the same as that of the side chains in 

the diacetylene derivative molecules used. The structure of such monomers is RC=C- 

C=CR'. The molecule used here is 10,12-pentacosadiynoic acid (PCDA), where R and R' 

are CH3(CH2)n and (CH2)gCOOH, respectively. If the PCDA molecules are ordered such 

that the diacetylene moieties are within a few AngstromsfiO) of each other, then 

polymerization can be induced to form PDA. Polymerization of diacetylene occurs via 

formation of a diradical intermediate (that is, has unpaired electrons at both ends of the
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diacetylene group); the diradical then forms a dimer through a 1,4 addition process with 

an adjacent diacetylene group. The process repeats symmetrically to form 

polydiacetylene (31, 32). Polymerization can occur via ultraviolet radiation or through 

heat application (15, 16, 29, 33) to initiate the diradical formation.

Figure 2.1 shows polydiacetylene forming from PCDA molecules. As can be seen 

from the image, the neighboring PCDA molecules are used to form a PDA molecule. 

Since the spacing is critical, a well-formed monolayer of such molecules on the surface is 

required. While groups have tried using simple methods such as drop-casting (37), it 

turns out that Langmuir-Blodgett/-Schaefer films offer much more in the way of 

ordering, stability, and reproducibility.

OH

OH

OH

HO

HO

HO

Figure 2.1. Schematic depiction of the polymerization of the diacetylene 
derivative 10,12-pentacosadiynoic acid. Note that the angle of the nanowire 
changes relative to the diacetylene moieties upon polymerization; 
alternatively, the nanowire can maintain the angle but then the alkyl chains 
substantially rotate. This property is discussed in chapter three.

2.2 Langmuir-Blodgett/-Schaefer Films

In the 1930’s, General Electric scientists Irving Langmuir and Katherine Blodgett 

explored the science and chemistry of monolayer films on water. Much as a drop of oil 

spread on a large enough body of water can spread to form a monolayer on the surface,
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hydrophobic and amphiphilic molecules can be made to form a monolayer on water. By 

measuring the surface pressure of these films as the area was slowly decreased or 

increased, Langmuir found that he could form a single monolayer on the surface and, 

perhaps most importantly, that the monolayers were ordered with the nonpolar ends of 

the molecules directed nearly perpendicular to the water. The development of such 

floating monolayers (often termed “Langmuir films” in his honor) spawned an entire 

branch of chemistry, which now heavily overlaps with biology and nanoscale physics. 

Blodgett joined Langmuir’s group a few years later and successfully developed a 

deposition technique to transfer these floating monolayers onto a substrate (38). When 

these monolayers are deposited onto a substrate for outside analysis rather than studied 

on the water, the deposited film is called a “Langmuir-Blodgett” (LB) or “Langmuir- 

Schaefer” (LS) film, depending on whether the substrate is dipped vertically or 

horizontally.

In an LB or LS setup, there are several principal components: the trough that 

holds the subphase, which is almost always ultrapure water, one or two Teflon barriers 

that touch the top of the trough, a sensor to measure the surface pressure, and a feedback 

circuit to control the motion of the barriers. After the trough is filled with the subphase, 

the amphiphilic molecule of choice is deposited in solution onto the surface, the solvent 

being necessarily immiscible in water, such as chloroform or hexane. The solvent is 

allowed to evaporate, leaving behind a monolayer of the molecules whose surface 

pressure is then measured. The surface pressure, n , is defined as the difference in surface 

tension between the floating monolayer surface and that of ultrapure water in units of 

Newtons per meter. Thus ultrapure water itself has a surface pressure of 0 mN/m. Surface
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pressure is, as the name implies, the two-dimensional analogue of pressure that is caused 

by the repulsion of the molecules on the subphase(39). The n  measurement continues as 

the barriers are moved inwards such that the monolayer on the water is compressed, until 

some target surface pressure is reached. At this point, a feedback circuit is employed to 

maintain the surface pressure while deposition occurs. It should be noted that many 

groups use such systems in vibration-isolated clean room environments to avoid 

contamination, as that will throw off the n  measurement.

At this point, deposition occurs. In the LB method, the substrate is held vertically 

while it is slowly lowered into and out of the subphase. Depending on the nature of the 

substrate, namely whether it is hydrophobic or hydrophilic, the film will adsorb either on 

the downstroke or upstroke, respectively. In fact, for hydrophobic surfaces such as highly 

ordered pyrolytic graphite (HOPG), the film will usually be a bilayer upon the vertical 

upstroke. To produce a monolayer film on a hydrophobic surface by vertical dipping, the 

substrate must be beneath the surface of the water before the molecules are deposited on 

the surface. Furthermore, in the LB technique the deposited films are more likely to lie 

perpendicular to the substrate. This is shown in Figure 2.2(a). To have the film lie parallel 

to the substrate, the LS method is employed. The substrate is held parallel to the water 

and slowly brought down until it just touches the monolayer. It is then slowly pulled 

upwards, lifting the monolayer as well, as shown in Figure 2.2(b). Because of this lifting 

transfer process, some papers refer to this method as the “horizontal lifting” technique. 

This method has been found empirically to produce films oriented parallel to the 

substrate through STM (40, 41). The mechanism for this is not yet clear, though it is 

expected that if the substrate-molecule interaction is stronger than the molecule-molecule
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interaction, the film will lie parallel to the substrate. Also, the surface pressure is usually 

lower for LS dipping than in LB dipping. This reduces the likelihood of forming 

perpendicularly-oriented films^dj.

Figure 2.2. (a) LB film deposition. In this case, the film is deposited on a 
hydrophilic substrate, (b) LS film deposition, where the molecules lie flat on 
the surface due to the lower surface pressure during deposition. Adapted 
from Roberts(39).

The development of LB films has proven vital to organic electronics work. LB 

films form single monolayers that serve as testbeds for chemical and physical analyses, 

especially in surface chemistry. Many groups have reported LB conducting and non

conducting polymer monolayer films (42) and even LB film organic field effect 

transistors (43, 44). STM of LB-deposited alkanes has also been reported in the 

literature(45). The more recent focus on thin film science, due to increasing commercial 

attention to thin films as well as the invention of more advanced instruments, has spurred

(a)

(b)
i
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renewed interest in LB film study. In particular, the development of the STM and AFM 

has encouraged LB investigations at the nanoscale.

2.3 Langmuir Film Deposition 

2.3.1 Solution Preparation

To prepare the films, PCDA molecules from Sigma-Aldrich were first dissolved 

in chloroform to make a 0.75 mg/mL solution. During some of the experiments, hexane 

was used at the recommendation of Kibron, the LB trough manufacturer, though these 

trials were not quite as successful at producing ordered monolayer films. A concentration 

of 0.50 mg/mL PCDA in chloroform was also used, with success. Exploration of the 

chemical parameter space was not a priority, though it seems that the mass of PCDA 

molecules deposited on the surface is an important factor, as discussed below in section 

2.3.2.

The solution was shaken, not sonicated, and prepared in UV-filtered lighting. The 

solution vial was wrapped in aluminum foil to prevent extraneous light from inducing 

polymerization when being transferred from the chemical preparation room to the LB 

trough setup. At this point, two different film deposition methods were employed. It 

should be noted that the drop-casting technique used by Qiao, et al (37) was repeated 

numerous times with no success.

2.3.2 Film Deposition Process

Prior to acquiring an LB trough, a less elaborate method was used for initial 

Langmuir-Blodgett/-Schaefer film STM work. In this method, a glass Petri dish was 

filled up roughly 90% with 18MQ ultrapure water. The PCDA molecules were then
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spread on the water subphase surface. Specifically, 40pL of solution was carefully 

applied using a micro-pipette. The solvent was allowed to evaporate and the solution 

allowed to stabilize for 3 hours. Using some math and extrapolating from published ri- 

area isotherms (46), it was possible to roughly approximate the II on the surface despite 

the lack of a measurement device. Once the solvent had evaporated, the film was 

transferred to the substrate using both LB and LS transfer methods. To control the 

substrate motion, a ring stand affixed with an optical linear translator was used. Reverse- 

grip tweezers or double-stick tape were adhered to the translator for LB and LS dipping, 

respectively. The sample was then lowered into and out of the subphase. For LS dipping, 

the substrate was affixed to the end of the translator using double stick tape such that it 

was held horizontal to the surface. Although this method was not robust from a technical 

standpoint and suffered severe limitations in stability and measurement applicability, it 

was surprisingly successful in forming well-ordered PCDA monolayers on the surface in 

multiple trials. However, this method is not nearly as controllable as a proper LB trough.

The second deposition method used just such an apparatus, specifically the 

Kibron Microtrough S. The first method has never been revisited since the acquisition of 

the LB trough. Prior to deposition, the LB trough and the Teflon barriers were cleaned 

using several rounds of ultrapure water and pure ethanol. The trough was then dried using 

compressed air. Initially, an air gun was used, but this proved inefficient. The trough and 

barriers were replaced in the setup, and the trough was filled with ultrapure water. The 

exact quantity is somewhat arbitrary; as long as the top of the surface of the water is 

above the bottom of the barriers, the level is fine. The trough was then calibrated and 

zeroed using the Kibron software, as controlled by computer. The barriers were then fully
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relaxed. Once calibration was completed, the PCDA solution was spread on the ultrapure 

water and allowed to stabilize and evaporate for at least 30 minutes. The exact deposition 

quantities varied, depending on the concentration used. The solutions applied varied, with 

volumes of 20, 30, or 40pL of 0.25, 0.50, 0.75 mg/mL concentration solutions. More 

recently, it has been observed that depositing between lOpg and 20pg of molecules on the 

surface is preferable for ordered film formation and Langmuir film stability. The exact 

quantity is not important, but rather the stability of the deposition conditions is 

paramount.

Once the solution was applied and the solvent allowed to evaporate, deposition 

began. To accomplish this, the solution was first compressed to a specific target pressure. 

Unfortunately, due to the fact that the trough is not in a clean room or other dust free 

environment, the surface pressure can be subject to significant error. To ensure that the 

readings were accurate, several Fl-area isotherms were acquired by slowly compressing 

and relaxing the Teflon barriers while simultaneously recording the surface pressure 

measurement. This produced a set of reproducible curves as shown in Figure 2.3. The 

hysteresis observed is most likely attributable to the formation of crystals during 

compression that do not relax evenly upon expansion of barriers/47). The surface 

pressures were in the range of 5 mN/m to 14 mN/m. Also, constant area deposition, 

where the feedback loop is disengaged and the barriers stay in place during deposition, 

was used with success. The films were then either deposited via LB or LS techniques, the 

LS technique being more reliable. The LB trough comes with a pair of magnetic tweezers 

for LB dipping. For LS dipping, a simple tool was formed from aluminum to which 

double stick was affixed. The films were lowered at a constant 2 mm/min rate. For both
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methods, when either the substrate is completely submerged (LB) or when the substrate 

touches the surface (LS), the substrate is allowed to sit for at least 3 minutes and is then 

pulled up at the same 2 mm/min rate. The deposited films were promptly transferred to a 

case where the substrates could lie horizontally. This is necessary for substrates like 

HOPG and molybdenum disulfide (M0 S2) where both sides appear the same. While a 

film is transferred to both sides of the substrate via LB deposition, only one side of the 

substrate has a monolayer in LS deposition, hence the need to track which side faces 

upward. The cases were wrapped in aluminum foil and transferred to a desiccator that 

was flushed with nitrogen gas each time it was opened. The films were allowed to sit in 

UV-filtered light for at least a day before being scanned via STM.

E,
<D

(0w

(/)

40

35

30

20

15
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5
0

AD. 5D•5

Mean area (A2/chain)
Figure 2.3. Surface pressure-molecular mean area isotherm at the air-water 
interface with 20 pL of 0.75 mg/mL PCDA/CHCI3 solution deposited on the 
surface. The Teflon barriers were compressed and expanded twice to yield 
the resulting four curves, the first compression/expansion represented by the 
bold solid lines (-/—) and the second by the light solid lines (—/—). The 
hysteresis observed is probably a result of the non-uniform expansion of the 
compressed PCDA film after the point of collapse.
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The specific substrates used were mostly HOPG (grade ZYA, from SPI), M0 S2 

(from SPI), and gold-on-mica (from Molecular Imaging). The overwhelming majority of 

the work in this thesis was done on HOPG, though some of the work was on 

molybdenum disulfide (M0 S2). Films deposited on the other substrates, such as silicon, 

have not proven well-ordered and have thus not been successfully analyzed.
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Chapter 3 

Scanning Tunneling Microscopy of Polydiacetylene Nanowires

3.1 Basic Principles of Scanning Tunneling Microscopy

At its core, the scanning tunneling microscope is a simple instrument. A bare 

metal tip is brought close to a surface, within a few angstroms or so, until a detectable 

current flows between the tip and the substrate. The current flow is due to the well- 

established quantum mechanical phenomenon of tunneling, wherein an electron has a 

non-zero probability of “tunneling” through a classically impenetrable energy barrier, in 

this case the air or vacuum gap between the tip and the substrate. If the tip is close 

enough to the substrate, the electron wavefunction becomes appreciably non-zero in the 

material, implying that an electron can penetrate the barrier and enter an available state in 

the material, should one exist. A voltage bias applied to either the tip or the substrate 

gives the electron an available state to tunnel into, the direction of tunneling being 

dependent upon the bias polarity. The bias voltage aligns an occupied electron state on 

one side of the barrier with an unoccupied or empty state on the other side, thus allowing 

for a net electron flow. The tunneling current is typically on the order of nanoamperes to

9 12picoamperes (10" to 10" A). Piezoelectric scanning elements move the tip back and

forth in the x/y direction (raster-scanning), while at the same time sophisticated feedback 

electronics maintain a constant tunneling current by moving the metal tip up and down in 

the z-direction as necessary. The z-piezo motion is mapped to form a “topographic” 

image of the surface. Because the end of the microscope tip has a finite density of states 

along with the substrate, and because the tip is probing electron states, the acquired image 

is a convolution of both the topography and electronic structure of the surface. Thus, a
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feature that is highly conductive may appear “higher” on the surface because the tip must 

move farther from the highly-conductive structure to maintain a constant tunneling 

current even though the conductive structure is not topographically any higher than the 

surrounding substrate. The STM image is not sufficient to correctly determine the actual 

structural nature of the object being studied. The requirement of an available state to 

tunnel into also mandates that the substrate be either a conductor or semiconductor- 

insulators cannot generally be imaged through STM, with few exceptions.

The advantage of the STM is the exponential dependence of the tunneling current 

as the distance between the tip and surface changes. This allows for tips to be 

mechanically cut, rather than chemically etched, since the lateral tip geometry is not as 

critical as in other scanning probe systems, such as AFM. The exponential drop-off in 

tunneling current allows for atomic-scale lateral resolution since a few angstroms of 

movement corresponds to an order of magnitude change in current.

3.2 Equipment and Software for STM Imaging and Image Processing

Most of the data was taken in ambient conditions with a homebuilt STM 

controlled by commercial electronics from RHKf^Sj. All of the ACSTM data here was 

taken in ambient conditions with the microwave wire antenna and associated equipment 

included as specified in chapter five. The UHV data was taken on a commercial UHV 

variable-temperature STM from Omicron, with main chamber pressures in the 10"10 torr 

range. The STM tips were all Pt/Ir tips with composition ratios of 87:13 or 80:20, the 

latter being more rigid. All tips were mechanically cut from 0.01" wire purchased from 

Alfa-Aesar. Data analysis was performed using a combination of MatLab
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(http://www.mathworks.com), XPMPro from RHK (http://www.rhk-tech.com), and 

WSxM image processing software from Nanotec Electronica (http://www.nanotec.es).

3.3 Monomer Ordering

Scanning tunneling microscopy is well-suited to imaging ordered films on the 

surface and can provide critical details related to self-assembly, ordering, and electronic 

structure. Figure 3.1 shows a set of representative PCDA monomer images on HOPG 

with the molecules lying flat on the surface in a well-ordered monolayer along with an 

atomic resolution image of the molecules. The large-scale image shows a set of 

alternating dark and bright stripes, with the thickness of the dark stripes also alternating. 

The bright stripes are indicative of the molecules whereas the dark regions are the spaces 

between molecules, where the widths of the dark stripes alternate due to the orientation of 

the molecules on the surface. The arrangement of the molecules forces this alternating 

pattern- the COOH group of one PCDA molecule is adjacent to the COOH group of the 

neighboring molecule, producing the thicker dark stripe, while the thinner dark stripe is a 

result of adjacent methyl groups. This conclusion is in direct contrast to the proposed 

model in Okawa and Aono’s work(23), where they assumed that the enhanced interaction 

between adjacent COOH, not methyl, groups gives rise to the thinner dark stripes. The 

atomic scale image in Figure 3.1(b) proves the alternative view posed here. The thin dark 

feature down the center of the image in 3.1(b) is an example of neighboring methyl 

groups. According the chemical structure of PCDA, the shorter alkyl chains on each 

molecule are COOH-terminated while the longer alkyl chains that meet near the center
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are methyl-terminated. By counting the atoms present, it is clear that the central dark 

region is where the methyl-terminated alkyl chains on the molecules are adjacent.

The bright objects in the center of each molecule are the diacetylene moieties. 

Although there are four carbon molecules in diacetylene, the STM images the two 

carbons in each triple bond indistinguishably, presumably due to the delocalization of the 

electrons within the n orbitals. The reason the diacetylene moiety in each PCDA 

molecule is brighter is because of the enhanced conductivity due to these 7t-bonds(49). 

This is an example of the unique imaging properties of the STM; while the STM image 

implies that the diacetylene groups are topographically higher on the surface, they are 

actually in the plane with the neighboring alkyl chains in each molecule. The convolution 

of electronic and topographic structure in STM images resolves the discrepancy.

Figure 3.1. Representative STM topography images of a well-ordered PCDA 
monolayer on HOPG. (a) Large scale image (125 nm x 125 nm, -1 V, 20 pA) 
shows dark and bright regions, as described further in the text, (b) High 
quality atomic-resolution STM image (6.5 nm x 3.9 nm, -1.3 V, 3.5 pA) of the 
PCDA monomers(50), with a schematic at the bottom indicating the 
orientation of the molecules on the surface. The diacetylene moiety 
—C=C—C=C— appears brighter than the neighboring alkyl chain in each 
molecule due to the enhanced conductivity inherent in multiple-bonds. The 
molecules are oriented such that the methyl-terminated ends are adjacent to 
each other in the center, resulting in the dark feature present.
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Although the LS method was used by other groups investigating solid-air PDA 

wires, it was found that the LB technique could also deposit molecules with parallel 

orientations to the HOPG surface. This was particularly surprising given that HOPG, 

being hydrophobic, should cause a bilayer to form upon LB deposition, with the 

molecules perpendicular rather than parallel to the substrate (40, 45), as was discussed in 

the previous chapter. The LB method did, however, produce a higher number of 

disordered areas that did not show any ordered molecules in STM images. These 

disordered areas are attributable to either molecules perpendicular in an expected bilayer 

or randomly-oriented molecules that were not ordered on the subphase during deposition, 

possibly due to an insufficient surface pressure. LS films also displayed such disordered 

regions. Bilayer formation could be the result of high surface pressure during deposition. 

If the surface pressure is too high, Langmuir films typically “collapse” onto themselves 

(51), producing bilayers on the subphase that may then be transferred. Alternatively, low 

surface pressure results in a liquid rather than solid phase on the water layer, resulting in 

poorly ordered deposition. Although it is difficult to quantify, it appeared that the LB 

method was more likely to produce disordered areas than the LS method. Using the LS 

method, it was possible to produce a high-quality film using a variety of different surface 

pressures as noted earlier.

3.4 Forming Poly diacetylene Nanowires Using Ultraviolet Light

For the most part, the polydiacetylene wires were formed by UV polymerizing the 

PCDA films. The UV source (Spectroline 11 SC-2 pen lamp) with wavelength X, = 254 

nm was held above the sample at a height from 3 cm to 8 cm, the height differing
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between samples. The exposure time varied from 1 minute up to 10 minutes. This method 

produced wires of random lengths at random locations on the surface. To avoid 

extraneous polymerization due to room lighting, all experiments were performed in UV- 

filtered lighting. Figure 3.2(a) is a representative image of several linear polydiacetylene 

nanowires on HOPG formed by UV polymerization.

Polydiacetylene has been reported to undergo a phase transition from a well- 

ordered, one-dimensional “blue phase” to a more disordered “red phase” depending on 

various factors, such as excessive UV polymerization (16, 29, 33) changes in temperature 

(15, 52, 53), or increases in surface pressure (54). It was also found experimentally that 

film degradation in air over time caused a blue to red phase transition. This is not likely a 

result of humidity, as the samples were always stored in a desiccator between scans. The 

color associated with the name of the phase describes the optical characteristics. For 

example, when making solutions of PCDA, thermal effects cause polymerization to occur 

in the form of visible red particles. For electronics purposes, the blue phase is clearly 

preferable as it is exhibits fewer defects. Figure 3.2 shows representative images of blue 

phase PDA wires and red phase PDA wires. In the red phase, it is rare to find an ordered 

PCDA monolayer structure on the surface unlike the case with the blue phase, as in 

Figure 3.2(a). The phase change is possibly the result of gauche conformations rather 

than the typical all-trans alkyl group formations (33). The irregular conformation disrupts 

the molecular ordering and makes resolution of the surrounding alkyl chains difficult. 

The image in Figure 3.2(c) actually shows both phases. In an admission of the limitations 

of STM, it is impossible to directly verify that this is in fact the red phase since they are 

similar from an electronic point of view. Another scanning probe tool such as NSOM
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might be useful in this regard given its ability to optically analyze a surface, though the 

resolution in NSOM may not allow for single wire discrimination.

Figure 3.2. Representative STM topography images of (a), (b) blue and (c) 
red phase polydiacetylene wires on the surface, (b) Zoomed in image of (a) 
that more clearly shows the nanowires in a well-ordered PCDA monolayer.
In (c) the PCDA monolayer is largely unresolvable and not ordered as in (a) 
due to the formation of the red phase. Scan parameters: (a) 180 nm x 180 
nm, -1.0 V, 20 pA, (b) 93.8 nm x 93.8 nm, -1.0 V, 20 pA (c) 219 nm x 219 nm,
-0.9 V, 9.4 pA.

3.5 Explaining the STM Imaging Characteristics of Polydiacetylene

The question of why the PDA wires are brighter in STM images than the 

surrounding monolayer is not one with an easy answer. Three factors are responsible for 

the characteristic properties of PDA nanowires in STM images, such as enhanced 

brightness. Conformational changes resulting in a raised polydiacetylene backbone, 

enhanced conductivity in the 7t-conjugated system upon polymerization, and the charge 

transfer due to the substrate all contribute to the apparent brightness in the normally low- 

conductivity PDA nanowire.

Unlike with the diacetylene moiety where enhanced electron transfer was 

determined to be the sole cause of increased brightness, different groups have contended 

that the PDA wires are physically raised up from the surface upon formation (23, 26). 

The reason this occurs arises from the necessary change in bond angle between the
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neighboring alkyl chains and the polydiacetylene wire due to the change in hybridization 

in the polymer backbone from sp (diacetylene) to sp2 (polymer). This would require 

either the alkyl chains to substantially tilt in the HOPG plane or the polymer to be raised 

slightly from the HOPG plane. This is shown below in Figure 3.3. After polymerization, 

the alkyl chains do not appear to substantially alter their arrangement to the degree 

necessary if the polymer is to be in the HOPG plane, as verified through STM. Thus, the 

only option explaining polydiacetylene formation is if a conformational change occurs. 

The raised polymer is therefore topographically higher and thus appears brighter in STM 

images than the neighboring alkyl chains or the diacetylene groups in unpolymerized 

PCDA molecules. This model is tentative, though, and may yet be proven incorrect.

Skto view 

Flat lying

Lifting up

Figure 3.3. Schematic depicting the change in alkyl chain bonding angle upon 
polymerization of model diacetylene derivative monomers, (a) If the 
molecules are not constricted, the alkyl chains change angle such that the 
backbone is in the plane of the alkyl chains, (b) In a system such as an LB 
film on a substrate, physical limitations prevent the alkyl chains from fully 
rotating, thus forcing the polymer backbone to be lifted up relative to the rest 
of the molecule. Taken from Miura, et al (26).

Monomer

(a)

(b)

hv

hv

Top view
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Another factor is the enhanced conductivity inherent in extended ^-conjugated 

system, which would also produce a brighter image relative to the unpolymerized 

molecules. In an undoped system such as this, it may be more appropriate to think of the 

“enhanced conductivity” as instead an enhanced density of states at the Fermi level. 

Though the highest occupied molecular orbital-lowest unoccupied molecular orbital 

(HOMO-LUMO) gap in PDA is reportedly about 1.6 eV(9, 55), the HOMO-LUMO gap 

in PCDA is 3.1 eV(56). The difference in bandgap values might explain the enhanced 

brightness in PDA wires relative to the diacetylene moeities. The existence of a bandgap 

in the PDA wires implies that, when not doped, the wires should be poor conductors and 

thus should not image as brightly as they do in STM absent some other factor. For 

example, the tails of the electronic states may extend close to the Fermi level, thereby 

allowing an increase in the density of states at that energy. This idea has been used to 

explain images of xenon atoms on nickel(l 11)(57). The degree to which this occurs is 

dependent upon the substrate.

Substrate doping may thus explain the ability to image PDA wires at all. It has 

been proposed that the substrate can contribute to the conductivity in otherwise poorly 

conducting systems, allowing for imaging of nearly-insulating materials such as 

multilayer LB films of alkanes(45). The HOPG substrate may exhibit an enhanced charge 

transfer to the PDA wire when compared to an isolated wire in solution. The conductivity 

of polydiacetylene is affected by interaction with the HOPG substrate, thus allowing for 

imaging even though the wire is inherently a poor conductor. It is possible the HOPG 

exhibits limited hole transfer to the PDA wire, which improves the conductivity, 

particularly at negative sample biases. This comment holds extra weight when evaluated
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in the context of positive versus negative bias images later. Though the nanowire may be 

raised, it is still in contact with the HOPG through the adjacent alkyl chains. At least one 

paper argues that the STM tip itself can contribute to the creation of polaronic states in 

the PDA nanowire, though this is a controversial and not entirely persuasive contention 

that authors themselves remark upon with some doubt(28).

The combination of these three factors in varying degrees results in a brighter 

image of PDA wires when compared to the diacetylene moieties in the PCDA molecules. 

This is also an instructive example of how STM “topographic” images can exhibit 

multiple levels of complexity. The convolution of electronic with topographic structure 

provides keen insight into the nature of the substrate. AFM images of such wires are only 

sensitive to the topographic change, not the other two fac to rs^ ).

3.6 STM Tip-Induced Polymerization

The original motivation for this work was to form nanowires through STM tip- 

induced polymerization, as has been done in a number of recent works (22-26, 34, 35). 

This was successfully replicated in producing wires at specific locations on the surface, 

with voltage pulse parameters of -3 V to -4 V and a duration of 10 ps. Although this has 

been reported in air at both the solid-air(22) and solid-liquid(34) interfaces, the work 

reported here is the first to demonstrate successful solid-vacuum STM tip polymerization.

During a scan, the applied voltage bias is ramped to a much higher magnitude 

value at specific points on the surface. The feedback loop is momentarily interrupted 

during voltage pulse application so that the tip does not move closer to the surface. The 

increased voltage pulse causes an electronic excitation in the diacetylene chain directly
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beneath the tip apex, thus initiating polymerization (58, 59). The STM tip has to be over 

or very close to a diacetylene group for tip-induced polymerization to occur, implying 

that the probability of polymerization is dependent upon the high electric field around the 

tip apex.

STM tip-induced polymerization is probabilistic. Not every voltage pulse, even if 

at the diacetylene moiety, results in polymerization. Also, depending on how well- 

ordered the monolayer is, the polymerized wire may end up as a short oligomer wire of 

only a few units. These oligomers can be confirmed to be oligodiacetylene by taking a 

height cross-section, as polydiacetylene wires on HOPG are typically in the 0.6 -0.8 nm 

range, depending on the tip state. There was no observed difference in height between 

those formed through UV polymerization or through tip-induced polymerization.

3.6.1 Ambient Environment

STM tip-induced polymerization has been demonstrated at the solid-air interface. 

This has been accomplished previously, though, so the results and images here are not 

discussed in-depth. More information will be provided in chapter four when discussing 

desorption at the solid-air interface. Figure 3.4 shows a typical example of STM tip 

polymerization in air. When the STM tip reaches the point indicated by the dashed circle, 

the voltage bias is increased to -4 V. This causes polymerization to occur. As can be seen 

from the image, the tip-induced polymerization process does not disrupt the neighboring 

alkyl chain ordering. This would imply that, as was proposed earlier, the polymer 

backbone is raised above the surface in order to satisfy the bonding angle changes upon 

polymerization.
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(a)

Figure 3.4. STM tip-induced polymerization in air (90.3 nm x 90.3 nm, -1.0 
V, 10 pA). (a) Area prior to applied voltage pulse. The location of the pulse is 
indicated by the dashed circle, (b) Image showing the formed polydiacetylene 
nanowires.

3.6.2 UHV Environment

Although evidence of polymerized wires imaged in UHV conditions is mentioned 

briefly (but not shown) in one paper(27), the work here is the first evidence of controlled 

STM tip-induced polymerization in UHV conditions. Controlled polymerization was 

observed several times on two different samples. The procedure is the same as in air, 

although the software on the Omicron system allows for better control over the specific 

point at which to apply a voltage pulse and allows for pulse application during a scan, 

unlike the RHK software. Figure 3.5 shows a before and after image of controlled 

polymerization. The voltage applied was only -3.5 V for 10 ps rather than -4.0 V as in 

ambient conditions. Just as in air, the neighboring alkyl chains do not appear to be 

substantially shifted or reordered upon polymerization, though this assumption is made 

without the advantage of atomic resolution of the ordered monolayer. The disordered 

region in the images is indicative of a domain boundary between areas of different 

symmetry on the surface. The intersection of the two regions results in an unresolvable 

disordered section on the HOPG substrate.
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Figure 3.5. STM images (-0.9 V, 90 pA, 149 nm x 149 nm) in UHV showing 
controlled STM tip-induced polymerization scanned from bottom to top. (a) 
Image prior to applying voltage pulse (-3.5 V, 10 ps), the point of pulse 
application indicated by the dashed circle and the arrow, (b) Image acquired 
after pulse applied, the pulse location again indicated by the dashed circle. 
The scan was restarted after pulse application to show the entire extent of the 
polymerization.

The significance of the polymerization in UHV is that it dispels the notion that 

any electrochemical effect from the air layer may contribute to polymerization. In 

ambient conditions, high voltage biases can result in electrochemical reactions on the 

surface due to the waterfdO). This is because the gap in ambient conditions contains 

molecules that contribute to the formation of a water layer at the substrate surface(<57). To 

ensure that the STM polymerization was a result of the localized field from the voltage 

pulse and not a result of the air gap, UHV evidence was necessary. UHV polymerization 

was observed multiple times. It is reasonable to conclude that the polymerization is not 

enhanced by the air layer in ambient conditions, which supports the contention that 

electronic excitation initiates the polymerization mechanism.

The mechanism by which a voltage pulse causes polymerization is not entirely 

clear. In a liquid-solid environment, an electron avalanche effect has been proposed to
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explain tip-induced polymerizationf35), which is plausible given the large electron 

reservoir in the solution environment. Excitation of the solvent forces electrons to 

bombard the diacetylene, resulting in a diradical intermediate. At the solid-air interface, 

the polymerization is more difficult to explain. Arguably, the rapid increase in electric 

field causes a transient excitation of the diacetylene into the necessary diradical(58).

3.7 Positive versus Negative Sample Bias Imaging

Changing the bias voltage while scanning semiconductors has been shown to 

produce different images, even without changing the polarity of the bias voltagef62). 

When switching imaging conditions from negative sample bias voltages to positive ones, 

the STM is imaging occupied versus unoccupied states. This could also be interpreted as 

going from imaging hole carriers at negative sample bias voltages to imaging electron 

carriers at positive voltages.

Accordingly, the images of polydiacetylene should vary to some degree as the 

bias voltage is changed and should vary considerably more so when the bias polarity is 

changed. This is shown below in Figure 3.6, along with a height profile taken along 

multiple bias voltages. The heights were determined by averaging the values along 

multiple points on different wires both in the same image and various other images taken 

at the same bias voltage. This was not as critical at negative bias voltages where imaging 

conditions were far more stable, producing higher-quality images. At positive bias 

voltages, unstable feedback parameters make the measurement of height more difficult 

and subject to error. The change in tips, and thus the change in the tip density of states, is 

also another source for the range of heights at each point. At smaller voltage biases, such
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as +/- 0.2V, there are fewer results to pull height values from, resulting in a smaller error 

range that belies the true range of height values at these bias voltages.

Figure 3.6. Representative (a) negative (-1.0 V, 20 pA, 350 x 350 nm) and (b) 
positive (+1.0 V, 10 pA, 258 x 258 nm) sample bias voltage images of 
polydiacetylene nanowires at the same color scale [Onm, 1.104nm]. The 
positive bias voltage image barely shows the nanowires at this scale, (c) A 
measured height profile along various bias voltages, indicating a degree of 
bias-dependence in the nanowire height due to changing imaging conditions 
and energy levels. Error bars indicate +/-1 standard deviation. Heights were 
measured on numerous nanowires, with a range of 8 height values (at -.2 V) 
to 40 height values (at -1.0 V) used to calculate each point.
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As is evident from Figure 3.6(b), two prominent trends in height measurements 

are visible- one bias voltage polarity-dependent, the other bias voltage magnitude- 

dependent. The measured heights at positive bias voltages are far less than those at 

negative bias voltages. This difference in height with respect to voltage polarity is due to 

the change in carriers. The data seems to support the contention of a p-type structure of 

the wires on the graphite surface that arguably arises due to the aforementioned doping 

effect from the substrate. In that case, the nanowire would exhibit higher conductivity at 

negative sample biases than at positive ones due to the prominence of hole conductivity 

in p-type materials, resulting in a “taller” wire in negative voltage bias images. It may 

also be the case that the HOPG-nanowire interaction is affected by the bias polarity. Hole 

injection from the substrate may be more prominent than electron injection, assuming 

that hole injection is in fact occurring. The effect of bias polarity also plays a role in 

ACSTM analysis, as is discussed in chapter five.

The height of the nanowires also decreases as the magnitude of the voltage bias 

decreases, regardless of the polarity. The decrease in measured heights as the bias voltage 

approaches 0 V from either negative or positive voltages is likely due to the energy 

bandgap present in the wires. As the sample bias voltage magnitude is reduced, it may 

eventually approach that of the bandgap edge. This would imply limited tunneling 

probability, given that the density of states in the substrate affects the tunneling current, 

which translates to the tip needing to move closer to the surface to maintain a constant 

current and thus recording a “shorter” wire at smaller bias voltages. The fact that the 

nanowire still appears at low bias voltages, meaning at energies within the bandgap, is 

presumably due to the effect of the substrate material, as noted earlier. The charge
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transfer effect may allow for sufficient states within the energy gap to produce an image 

of the nanowires. This is still an issue of investigation, however, and it has been argued 

that, rather than a substrate effect, the STM tip creates a polaronic state in the nanowire 

within the energy gap(28). Further investigation may clarify the voltage-dependent height 

measurements.

3.8 Nanowires Formed on MoS2

As was noted earlier in section 3.5, one of the contributing factors to the observed 

brightness in PDA nanowires is the charge transfer from the substrate to the wire. Given 

this, it is reasonable to assume that different substrates would cause the wires to be 

imaged with different apparent heights on the surface, even if the wires are still bare. In 

this case, bare means not exposed to iodine vapor or some other chemical to controllably 

dope the nanowire. Deposition on several alternative substrates was attempted, although 

to date the only successful work has been on molybdenum disulfide (M0 S2). Only one 

other paper has provided any actual evidence of single wires on a different substrate, in 

that case AFM of nanowires on mica(46). However, since mica cannot be scanned in 

STM and since AFM does not provide any substrate-polymer electronic information, it is 

impossible to accurately compare the findings in that work to the findings on HOPG or 

on M0 S2 .

M0 S2 has a similar layered structure to that of HOPG. The images of bare M0 S2 

are similar to HOPG, with large flat terraces. M0 S2 substrates have a higher number of 

regular defects, though. These defects have been known to show up as either bright 

bumps or dark holes in the acquired image depending on the bias polarityf63-65).
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Experimentally, it was found that in general the defects are bright at negative sample 

voltages and dark at positive voltages, as expected from previous work. Furthermore, the 

M0 S2 substrate was expected to inherently dope the structure on the surface, far more so 

than might occur on graphite. This is because the surface sulfur atoms should function as 

acceptors, similar to iodine when it is used to dope organic materials, contributing to 

enhanced conductivity. It was thus expected that the nanowires should image with 

brighter contrast than on HOPG.

The PCDA molecules were LB deposited on MoS2 substrates (natural M0 S2 , from 

SPI) in the same manner as with HOPG. The molecules were then UV polymerized for 1 

min with the pen lamp held 5 cm up. This produces wires of random lengths at random 

locations, just as on HOPG. Nanowires can also be controllably produced using the STM 

tip as was done on HOPG, but for the sake of avoiding redundancy these images are not 

shown. The monolayer appears the same; however, atomic-scale resolution images were 

not successfully acquired. A typical image of a PCDA monolayer on M0 S2 is shown in 

Figure 3.7(a), along with an image (Figure 3.7(b)) of wires on the surface formed from 

UV polymerization. Figure 3.7(a) shows a monolayer with a number of bright points, 

namely M0 S2 defects on the surface. The MoS2 surface defects appear brighter than the 

monolayer on the surface, and they are randomly distributed on the surface. Despite 

numerous attempts to polymerize the film in 3.7(a), only a monomer film was observed. 

A different sample prepared using the same LS method and subsequently UV 

polymerized produced the nanowires shown in Figure 3.7(b). A height cross section 

across these wires and a surface defect indicates that the defects appear to be roughly 0.5 

nm high, while the heights of the nanowires are in the 1.1 nm to 1.26 nm range.
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Figure 3.7. (a) PCDA monolayer on M0 S2 with evidence of different 
domains and native defects (-1.01 V, 3 pA, 151 nm x 151 nm). Several, but 
not all, defects are depicted by the dashed circles, (b) Some PDA nanowires 
on M0 S2 and a typical surface defect (-1.23 V, 6 pA 120 nm x 120 nm), with 
a height cross-section along the dashed line as shown in (c). The M0 S2 

defect is circled. The three nanowires measure roughly 1.15 nm, 1.11 nm, 
and 1.26 nm high, from left to right.

Figure 3.8 shows the nanowires on both M0 S2 and HOPG, with height cross- 

sections taken on both samples. The brightness in each image in Figure 3.8 is altered such 

that the color scales are equal. The difference in height is thus readily apparent in such 

images. The height of PDA wires on M0 S2 is in the range of l.lnm-1.3nm, almost double 

the height of PDA wires on HOPG, which range from about 0.6nm-0.8nm. The height 

measurements made in Figure 3.7(c) are confirmed by evaluating height cross-sections
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Figure 3.8. Representative images of PDA wires on (a) HOPG (-1.0 V, 10 
pA, 198 nm x 198 nm) and (b) M0 S2 (-1.23 V, 5 pA, 254 nm x 254 nm), 
with color scales adjusted to reflect an absolute scale for both images. The 
color range is [0,1.4] nm from black to white. (c),(d) Height cross-sections 
of the images in (a) and (b), respectively, both axes in units of nm. In the 
HOPG image, the wires measure approximately 0.70 nm and 0.77 nm. In 
the M0 S2 image, the two wires measure approximately 1.18 nm and 1.28 
nm.

across the nanowires, as in Figure 3.8(c)-(d). The change in charge transfer behavior from 

M0 S2 appears to contribute to brighter contrast in PDA wires. The physical mechanism 

occurring is not entirely clear at this point. This data illustrates the importance of 

understanding the fundamental polymer-electrode interaction. The height of the wires 

was confirmed on two different substrates with PCDA monolayers independently formed
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from different solutions at different times, scanned with different STM tips. This was 

done to eliminate the tip DOS as a variable in the increased brightness on M0 S2 .

It was thought that taking images of wires on M0 S2 near the presence of an 

explicit defect would greatly enhance the conductivity. This effect was not observed in 

topographic images, as can be seen in Figure 3.9. In the first image it is difficult to make 

out the defect, thus Figure 3.9(b) shows a high pass-filtered image, clearly displaying the 

defect location beneath the nanowire. The height profile is shown in Figure 3.9(c), but the 

height of the wire is similar to that of other wires found elsewhere on the surface. The 

M0 S2 substrate as a whole, not just individual defects, are responsible for the enhanced 

brightness. That is promising from a device physics standpoint- the characteristics of a 

M0 S2 electrode are more or less uniform.

However, as is common with STM images, the reason for the change in apparent 

height of these nanowires on M0 S2 is not simple or obvious. While on HOPG it was 

argued that hole doping allows for imaging of the nanowire, and that may also be the case 

here, it is controversial description. Two explanations can be proposed, though many 

more are possible. One possibility is that the substrate supplies an excess of holes to the 

wires, which are distributed along the conjugated chain. In this way, the bare wire is 

“doped” to a limited extent by the M0 S2 , far more so than occurs with HOPG. The 

conductivity of the wires improves, and accordingly the nanowires appear brighter in 

STM images. This would provide support for the idea that M0 S2 would function as a 

better electrode material than HOPG. However, an alternative explanation might be that 

the M0 S2 is poor at charge transfer to and from the nanowires, causing charge to build up 

at the surface of the PDA. Though the charge transfer efficiency is poorer, the excess
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charge at the surface would correspond to a perceived enhancement in conductivity along 

the M0 S2 in STM and thus result in brighter contrast. The fact that M0 S2 affects the 

nanowire heights is intriguing, and hopefully future experiments may elucidate the 

physical description.

Figure 3.9. (a) Image of 
PDA wires on a M0 S2 

surface defect (-1.23 V, 5 
pA, 118 nm x 49.1 nm). 
The dashed square 
indicates the zoomed-in 
area shown in (b) a 
derivative-filtered image 
showing a defect, circled in 
teal, beneath a PDA wire.
(c) Height cross-section 
taken along the dashed 
white line in (a), indicating 
that the height is not 
affected by the presence of 
the defect. The wires 
measure 1.23 nm, 1.19 nm, 
and 1.15 nm in height, and 
the defect (circled in teal) 
is approximately 0.53nm 
high. The width of the 
second wire is greater due 
to the defect, but the 
height is not changed, 
indicating a lack of 
electronic interaction due 
to direct contact with the 
M0 S2 defect.

X[nm]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

3.9 Other Substrates

3.9.1 A u (lll)

The PCDA molecules were also deposited on gold using the same LB and LS 

methods. Numerous attempts on several pieces of A u( l l l )  on mica yielded little in the 

way of ordered monolayers. The cause may be the ordering of the gold at the surface. The 

surface structure of HOPG and M0 S2 may be more amenable to the formation of well- 

ordered monolayers. This may be due to step density and structure. A u( l l l )  has much 

smaller terraces and a much greater step density than HOPG and M0 S2 . It should be 

stressed that it is clear after deposition and imaging that some molecules, presumably 

polydiacetylene or possibly unpolymerized PCDA molecules, were on the Au( l l l )  

surface; however, they were disordered and largely unpolymerized such that imaging and 

analysis was inconclusive.

3.9.2 Iodine on A u (lll)

Sakaguchi, et al have reported successful formation of poly (3-hexylthiophene) 

nanowires on an iodine monolayer surface deposited on gold(66, 67). They noted that 

bare gold was unable to form such wires. In a similar fashion, PCDA molecules were 

deposited onto a freshly prepared iodine-on-Au(l 11) substrate and subsequently 

polymerized through UV exposure. The reasoning was that the iodine layer may provide 

a better substrate than A u( l l l )  for ordering the PCDA molecules and, as an added 

benefit, may possibly contribute to doping the formed PDA nanowires. The resulting 

images were more structured than the PCDA molecules on bare Au(l l l ) ,  but no well- 

formed wires were found. The image below, Figure 3.10, shows an atomic scale image of 

the iodine layer on the Au(l 11) surface along with an image of the surface after LS film
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deposition. It is clear that the disordered feature is not indicative of any normal feature on 

the iodine-on-Au(lll) surface. These are thought to be polydiacetylene wires, though 

heavily disordered.

Figure 3.10. (a) Atomic scale image of iodine molecules on A u (lll) prior to 
LS deposition (-.7 V, 9 pA, 2.3 nm x 2.3 nm). (b) Image of the deposited 
nanowire on the surface (-1.0 V, lOpA, 105 nm x 105 nm), with the color 
adjusted to highlight the features assumed to be disordered nanowires on the 
surface, shown as red structures on the blue surface. The disordering makes 
it difficult to accurately verify the nanowire, but a similar structure was 
found at various points on the surface only after the LS deposition process.

3.10 Iodine-Doped Nanowires

It has been reported that iodine doping greatly enhances the conductivity of 

polydiacetylene through p-type doping of the conjugated backbone(72-/4). 

Conductivities in the 10'3 S/cm range have recently been reported along thin films 

using a double-tip STM (13). However, no one has reported successful imaging of 

iodine-doped nanowires, only iodine-doped large-area films. Attempts were made to 

iodine-dope various samples of PDA wires on HOPG through immersion in iodine 

vapor for various times, usually less than two hours. Iodine crystals of varying 

quantities, usually less than 10 mg, were heated within a sealed vial. The HOPG 

sample was held upside down within the vial, in the hope that iodine vapor would 

dope the nano wires. The resulting images showed wires with similar measured
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heights, implying that doping did not occur. According to previous reports (13, 68), 

the wires should be noticeably more disordered after exposure to the iodine vapor, 

implying a transition from red to blue phase polydiacetylene. Although this was 

observed in one case, it cannot be conclusively determined that the area scanned 

before and after doping was the same. It is possible that the area scanned after iodine 

doping was in fact already disordered beforehand, perhaps due to stray UV 

polymerization or the age of the film. Currently, experiments are being undertaken to 

dope the wires during the LB deposition process by mixing certain amounts of iodine 

in the PCDA solution. These have met with limited results so far, but many 

parameters have yet to be explored.
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Chapter 4 

Desorption of Polydiacetylene Wires

4.1 Desorption Processes

A polydiacetylene wire, whether formed by UV polymerization or through STM 

tip-induced polymerization, can desorb from the surface. This was found to occur at 

various bias voltages. Two different desorption processes were observed: the wire is 

sometimes desorbed during a single scan or can entirely desorb upon any slight 

interaction with the tip. Desorption was explored both in air and in UHV by examining 

wires controllably and uncontrollably polymerized on the surface as detailed above. Only 

one group has previously addressed this phenom enon^), and that was superficial in its 

description of the chemical process involved.

Figure 4.1(a) shows a typical UHV STM image of a PCDA monolayer with a 

single nanowire, formed in this case through UV polymerization. At the point indicated 

in the image in 4.1(b), a voltage pulse is applied that initiates controlled polymerization. 

However, Figure 4.1(b) shows both the wire in UHV being polymerized controllably and 

then disrupted within the same scan(69). The nanowire is abruptly terminated due to an 

interaction with the STM tip. The wire is replaced by well-ordered PCDA molecules 

within the time between subsequent line scans in the image. When the STM tip interacts 

with a wire in Figure 4.1, the nanowire completely desorbs. This is shown in the 

sequence from Figure 4.1(b)-(c). All of the images in Figure 4.1 were acquired 

sequentially- these were three consecutive scans of the same area, with no other scans 

acquired in between.
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(c) \

Figure 4.1. STM topography images of polymerization and desorption in 
UHV (all 130 nm x 130 nm, -1.0V, lOOpA), scanned bottom to top. (a) The 
film area prior to initiating polymerization. The wire in the image was 
formed by UV polymerization, (b) A voltage pulse was applied (-4 V, 10 ps) 
at the point indicated by the white arrow. Polymerization occurs and the 
wire is imaged during the scan, but it is subsequently cut through an 
interaction with the STM tip at the black arrow near the top of the image, (c) 
The wire has entirely desorbed after the STM tip interaction. The dashed 
circle indicates where the STM tip also cut the original UV polymerized wire 
from (a).

Ambient STM analysis also yields the same results on some wires, where a tip 

interaction will cause the entire wire to desorb. However, in ambient conditions the STM 

tip can also cut the longer wire into shorter oligomer segments as seen in Figure 4.2, an 

effect that was never witnessed in any of the UHV scans. In Figure 4.2, two images of the 

same area scanned in air are shown, where the images are taken from a greater set of 

images of the same wire. The wire is interrupted by the STM tip at the point indicated by 

the dashed circle, thus cutting the wire and causing the remaining part of the wire to 

desorb. The entire nanowire is not gone, though; in fact, the subsequent scan in Figure 

4.2(b) indicates that the wire was still on the surface, as it is still imaged, though shorter 

in length. Another STM tip-wire interaction occurs and the nanowire is cut shorter during 

the second image. The monomer order is again restored immediately. The reordering 

occurs within a single line in the scan acquisition, as was seen in UHV.
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Figure 4.2. Images in air showing explicit cutting of a polydiacetylene wire by 
an STM tip (56.1 nm x 56.1 nm, -1.0 V, 20 pA), scanned from top to bottom.
(a) The image was taken from a set of images where the wire was much 
longer, and cut at the point indicated, (b) The dashed circle indicates where 
the STM tip interrupts the wire again, causing desorption within the scan 
and showing how the PCDA molecules fill in to restore the ordering of 
monolayer.

Nanowire cutting and full desorption is shown in Figure 4.3, with another 

nanowire nearby as a sort of ruler to measure the progressive interruption in the 

nanowire. A wire is controllably formed through STM tip-induced polymerization of the 

monolayer at the point in indicated in the first image, thus creating two parallel 

nano wires. The length of the original wire can be compared to the unaltered length of the 

created nanowire in Figure 4.3(b). By comparing the two, it is clear that the wire exhibits 

both desorption effects; it is first cut shorter through an interaction with the tip in Figure 

4.3(c), then it fully desorbs upon a second interaction with the STM tip in the last image. 

Figure 4.3(a) and (b) are the same images from Figure 3.6.

Desorption can also occur randomly between scans. When the STM tip cuts or 

interacts with the PDA nanowires, a noticeable disruption in the acquired image is 

observed that shows precisely where the wire is abruptly terminated. During the next 

scan, the wire is either noticeably shorter or entirely gone from the surface. Figure 4.4 

compares two types of desorption of multiple wires on the surface. A single STM tip

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

disruption is barely visible at the point indicated by the arrow, where a discontinuous line 

appears in the scan much the same as in Figure 4.1. However, by Figure 4.4(b), a 

substantial percentage of the nanowires have disappeared from the image. The area where 

the STM tip interacted with the nanowires results in shorter structures, as is evident in 

Figure 4.4(b). It is surprising that none of the nanowires in Figure 4.4 that seem to 

randomly desorb are cut any shorter. Figure 4.5 shows this on a single nanowire in UHV 

as well. No tip interaction is evident in the first image, yet the wire has desorbed by the 

subsequent image in Figure 4.5(b).

Figure 4.3. Successive STM topography images of polymerization and 
desorption of a wire in air (all images 90.3 nm x 90.3 nm, -1.0 V, 10 pA). (a) 
Before and (b) after images of the same area where a voltage pulse (-4V, 8ps) 
was applied at the point indicated by the circle, resulting in a formed 
polydiacetylene wire. The other two wires were formed by UV 
polymerization. In (c), one of the UV-formed nanowires is noticeably shorter 
than in (b), as compared to the newly formed nanowire below it. In (d), the 
nanowire has fully desorbed, rather than simply being cut shorter as in (c). 
Images (a) and (b) are the same images from Figure 3.6.
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(b)

Figure 4.4. Desorption of multiple nanowires occurring between consecutive 
scans at the same scan conditions (-1.0 V, 10 pA, 198 nm x 198 nm) scanned 
in air from top to bottom, (a) STM image of numerous nanowires on the 
surface, where the arrow points out an area in the image where the STM tip 
seems to exhibit an interaction, (b) A large percentage of the nanowires have 
now desorbed, despite the interaction occurring at a small part of a few 
nanowires in the bottom left portion of the image.

Figure 4.5. STM topography images in UHV showing desorption between 
scans, scanned from bottom to top. Scan parameters: (a) -0.9 V, 100 pA and
(b) -1.0 V, 100 pA. Both are 130 nm x 130 nm.

Polydiacetylene desorption has been observed at constant bias voltages and when 

the bias voltage is progressively decreased or increased. This would seem to indicate that 

the voltage bias is not a substantial factor in the desorption process, nor is the tip height. 

The effect was observed multiple times in air and UHV under various scanning 

conditions. In air, desorption has been observed on over 100 different wires, and the 

surrounding monolayer is often restored upon desorption. In the case of red phase 

polydiacetylene, such as those in Figure 4.4, the monolayer is not resolvable. The
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chemical process involved is interesting given that all these experiments were performed 

at the solid-air/-vacuum interfaces, rather than at the solid-liquid interface.

4.2 Chemical Nature of Desorption

When the PDA wire is desorbed, the PCDA monolayer is often restored 

immediately. As the scanning in most images is usually at least 100 ms/line, that implies 

that the reordering takes place in that time scale. The fact that the monolayer is reordered 

at all is surprising. It is expected in a liquid environment given the surrounding material 

available to fill in for a desorbed wire. However, at the solid-air/-vacuum interface, this 

result is unexpected seeing as, in an LS film deposited with the surface pressure and film 

area used here, there should only be a single layer of molecules on the surface. Upon 

initial observation of the monomer fill-in, it was assumed that the STM tip was in fact 

piercing a secondary layer of molecules and imaging the molecules at the interface, as is 

done in liquid-solid interface experiments (34-36). On the contrary, it is almost assuredly 

a single layer and not a multiple layer effect as was shown in some of the earliest work on 

STM on ordered LS films. A bilayer is not expected to form on the surface in an LS film, 

and in fact the formation of bilayer is what is assumed to be the case when a noticeably 

disordered film is observed(40).

The chemical process involved in the monolayer order restoration is obfuscated 

by the successful observation of desorption in both UHV and air environments. One 

possible explanation is that, contrary to initial assumptions, the molecules do not have 

any surrounding material to restore the order but rather the molecules at the solid-air 

interface are in a liquid crystal state (42). This implies that the PCDA molecules have
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sufficient mobility to fill in and restore order upon desorption of the PDA wire. The 

liquid crystal state picture is reasonable given the relatively weak interaction of the 

monomers with the graphite substrate mentioned earlier, allowing for an increased 

mobility of PCDA molecules on the surface.

In order to sufficiently compare the work here to that of liquid-solid interface 

studies by Sullivan, et al, it is necessary to establish the errors in scanning technique in 

that paper(J4). The scanning here was not performed with “continuous scanning” to 

acquire images, as was done in the their report of PDA wire desorption. Also, the scan 

speeds used were far less than the rapid scanning reported there (less than 1 

minute/image). Rapid scanning is clearly likely to interfere with surface structures given 

that the feedback circuit must be much more responsive as the scan rate is increased, 

which would pose a problem at discontinuous features such as a PDA wire on the surface. 

It is conceivable that at high scan speeds the tip is unable to sufficiently react to the 

sudden increase in topography on the surface. This view is also consistent with the 

assumption that the wire is raised on the surface. In addition, Sullivan, et al scanned with 

parameters (-1.0 V and 130 pA) that they contend are indicative of a “low tip-surface 

interaction” of about 10 GQ tunneling gap resistance. The ambient work reported was 

largely done with gap resistances of 100 GQ or so, an order of magnitude difference in 

tip-sample interaction. In UHV, the gap resistance was comparable to 10 Gfi, yet in both 

environments desorption was observed. The lower gap resistance would clearly cause 

more direct tip-sample interaction effects, as the tip is closer to the surface. In their case, 

given the rapid speed, the much lower gap resistance, and liquid-solid interface, it is
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conceivable that the work here presents a more sufficient view of desorption effects on 

the surface.

Desorption can be explained by comparing three relevant interaction forces: tip- 

polymer, polymer-substrate, and tip-monomer. The observed desorption of nanowires due 

to a tip-sample interaction can be explained by comparing interaction strengths between 

the polymer and the monomers. Desorption occurs, even at high gap resistance levels of 

100GQ or so, because the weak interaction between the polymer and the underlying 

HOPG substrate is less than or comparable to the strength of the interaction between the 

STM tip and the polymer(34). The monolayer is not interrupted, however, due to a lower 

relative interaction with the tip than the nano wire. It was previously reported that 

tunneling currents less than 30 pA were sufficient to avoid collapse of the incidental 

monolayerf27j. In the work reported here, all scanning in air was done with currents no 

greater than 12 pA and sample bias voltages no greater in magnitude than 1.2 V. In UHV, 

however, currents of 100 pA were used for most scans due to hardware limitations. In 

both instances interaction with the PCDA monolayer was kept to a minimum, perhaps 

indicating that higher currents in UHV cause less of an STM tip-PCDA monolayer 

interaction than equivalently high tunneling currents in ambient scanning. This does not 

indicate that the tip-polymer interaction is weaker in UHV. In both ambient and UHV 

conditions, the tip-polymer interaction strength is greater than that between the tip and 

the PCDA monolayer, which is why desorption is observed in both environments. 

Accordingly, upon desorption the monolayer is not restricted by the STM tip and thus is 

free to restore the monolayer ordering as noted earlier.
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This also explains why the monolayer is stable over continued scanning yet the 

PDA wire can be disrupted. Images of other LB films on HOPG have previously shown 

evidence of interaction with the tip, which is a result of the low binding strength of the 

molecules to the HOPG substrate(45). The PCDA-HOPG binding strength may be high 

enough to avoid the effects of STM tip-induced desorption, yet low enough to allow 

reordering. The strength of the tip-polymer interaction may also determine whether or not 

the nanowire is cut or entirely desorbs. The stronger the tip-nanowire interaction, the 

more likely it is that the nanowire fully desorbs. This is consistent with the observation 

that nanowires were never cut shorter in UHV, since the interaction may be stronger in 

UHV due to the lower gap resistance. The effect of vacuum may also play a role, though 

that is uncertain at this point. It should also be noted that the desorption effects observed 

here can interfere with the observation of spectroscopic data. In that case, taking spectra 

without a concurrent image may lead to erroneous data due to interactions with the STM 

tip.
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Chapter 5 

Alternating Current STM of Polydiacetylene Nanowires

5.1 Introduction and Background

The STM itself is a versatile instrument that can be used in a number of ways 

aside from simply imaging. A well-known example is the acquisition of spectroscopic 

information concerning the density of states in the substrate using STM)70). This 

technique, called scanning tunneling spectroscopy (STS), is a powerful tool for 

investigating the electronic structure of surfaces at the atomic scale.

Aside from STS, the STM itself can be extended to perform more exotic and 

scientifically intriguing experiments. The tunneling current in the STM tip-sample 

junction can be altered by the application of external electromagnetic radiation. The 

nonlinear current-voltage (I-V) behavior of the junction means that the external 

electromagnetic stimulation will give rise to unique properties in the substrate)77) and 

has been proposed as a means to achieve STM imaging on insulators(72). For example, 

exciting the electric field in the junction through application of laser light has been shown 

to produce interesting results. Tunneling current rectification)73), surface photo voltage 

characteristics^), and even new tunneling states)75) have been observed by this 

method. For further information on this so-called photoassisted STM technique, the 

reader is directed to a thorough review of the subject)76).

Alternating current STM (ACSTM) is similar to photoassisted STM in that the 

STM is irradiated with microwave-frequency waves instead of laser light. However, 

whereas in photoassisted STM the laser light is focused directly on the tip, in ACSTM the 

microwave radiation can be propagated into the STM head without substantial concern

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

for directivity. ACSTM is thus experimentally advantageous relative to photoassisted 

STM as it obviates the requirement of tedious laser focusing, precise optical 

measurement, and the other unforgiving difficulties in optical science. Setting up a 

microwave frequency experiment is relatively simple given more recent advances. 

Furthermore, it is plausible that unfocused microwave radiation produces far less heat at 

the tip than does a laser; in fact, laser heating has been shown to directly contribute to tip 

expansionf77J. The photothermal modulation from the tip expansion would add an 

undesirable layer of complexity to the acquired signal, as thermal effects would become 

another variable to consider. Also in situations where the field must be modulated, laser 

pulses would cause a transient change in the tip that can cause it to crash into the surface.

Kochanski first explored the microwave frequency method in 1989 using a 

microwave resonator cavity within which the STM was operatedf 72). Microwave 

radiation was coupled into the cavity, which would then alter the tunneling current in a 

way that could be analyzed through microwave frequency signal detection equipment. 

This method unfortunately limited the system to a single microwave frequency. A tunable 

cavity was later usedf78), allowing for some limited freedom in the frequency used. 

Other systems were later developed, such as affixing a microwave wire directly within 

the STM head(79) and using a loop antenna around the STM tip(80). Furthermore, much 

of the original ACSTM work involved a single frequency and thus required high- 

frequency signal detection equipment and the associated issues of high-frequency 

impedance matching and reflection loss minimization. A more recent technique involving 

microwave frequency mixing has proven useful(20, 81). Instead of a single frequency, 

this method uses two microwave frequencies offset by a low-frequency difference,
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typically a few kilohertz. The tunneling current signal is still modulated by the high- 

frequency signals, but the response can be captured and detected at this low-frequency 

difference using conventional lock-in amplifier equipment. The work in this thesis uses 

this frequency mixing method in combination with a monopole antenna near the STM tip. 

The antenna functions as a radiating source while the STM tip acts as a receiver antenna, 

thus coupling the microwave radiation into the junction.

Before delving into experimental details of the microwave setup, the critical 

question remains: what purpose does microwave radiation at the junction serve? As it 

turns out, it can be used to obtain capacitance data of the substrate due to nonlinearities in 

the STM tip-sample junction. This allows for previously unexplored nanoscale 

capacitance measurements of materials such as polydiacetylene wires using the STM.

5.2 ACSTM Theory

The nonlinear current-voltage (I-V) behavior in the junction allows for interesting 

effects to occur, the nonlinearity stemming from the high electric field at the junction. 

Such electric fields are necessary for higher order effects like frequency mixing or second 

harmonic generation to occur- this has been well-established in the field of nonlinear 

opticsf82). Because the tunneling junction is extremely small, the electric field at the 

tunneling junction is exceedingly high despite the small voltage bias applied between the 

tip and sample plate. The existence of high fields in STM has motivated scientists to 

exploit it for nonlinear effects, such as in ACSTM. However, accurate modeling of the 

STM tip-substrate interaction is complicatedfSi, 84), thus making prediction difficult.
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As opposed to a truly robust physical description, a simple model for the ACSTM 

junction response can be used, as adapted from Bourgoin, et al(85). One such model is to 

view the tip-sample junction as a circuit in series with a lumped resistor-capacitor (RC) 

element to account for losses. This is based on the assumption that nonlinearities in either 

the R or C response with respect to bias voltage would result in observed nonlinear 

effects, such as frequency mixing. The behavior of the STM junction can also be viewed 

as a metal-insulator-semiconductor (MIS) capacitor structure, where the metal is the tip, 

the insulator is the air/vacuum barrier, and the substrate is a semiconductor, an accurate 

assumption for typical linear conducting polymer materials(86). Combination of these 

two rough models results in a predicted capacitive response due to microwave radiation.

A lumped RC circuit modeling the junction is shown below in Figure 5.1. The RC 

elements are indicative of series conductive and capacitive losses. The tunneling current 

is expressed as an alternating current version of Ohm’s Law in equation (1), wherein G 

and C are the conductance and the capacitance in the circuit, respectively(87). The term 

coC here represents the susceptance. The capacitance results from the air gap and 

properties of the substrate, while the conductance terms are related to the effects of the 

tunneling current, resistance in the substrate material, and differences between the density 

of states in the tip and the substrate(SS). External high-frequency radiation will modulate 

the behavior of the capacitive element at the applied frequency co.
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Figure 5.1. Lumped RC model of the STM tip-sample junction. G is the 
series conductance loss and C is the series capacitive loss, each representing 
different loss components of the tunneling current in the junction. V(ac) is 
the voltage from the microwave radiation that successfully couples into the 
junction; V(bias) is the applied sample bias voltage, here shown as positive 
but can be either positive or negative.

Assuming a semiconductor substrate, the capacitance term can be expanded into a 

Taylor series about the bias voltage, as shown in equation (2). The conductance terms can 

be assumed to negligible in light of the C-V response in semiconductors and are thus 

ignored. There is clearly a term proportional to the dC/dV at the frequency applied to the 

junction.

In the frequency mixing method the signal of interest is Aco, the difference 

between two applied frequencies. In order to take advantage of this difference frequency, 

two frequencies need to be “mixed,” which means the signals are multiplied (in the time 

domain). Ideally, a mixer produces two signals at the sum and difference frequencies,

I , =(G + jOJC)V (1)

a)V2 cos(tar) + (2)
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each of half the amplitude of the input signals, assuming the inputs are of equal 

amplitude.

The purpose behind mixing two frequencies is that, after going through the 

appropriate trigonometric relations, there will be a frequency at half the amplitude at the 

sum and difference frequencies, the latter of greater importance in this situation. This is 

shown in Figure 5.2 for the case of two generic waves multiplied together. By taking into 

account that V=V cos((Oit)cos(a>2 t) (assuming each signal has an equal input amplitude 

V), it can be shown that V=0.5V2[cos ([cor  a>2]t)-cos ([a>,+a)2]t)]. The equation in (2) can 

be altered to include such difference and sum frequency terms. The tunneling current will 

respond to both microwave signals and thus at a difference frequency as well. As 

mentioned earlier, by acquiring the signal at the frequency coi- ( 0 2  using traditional lock-in 

amplifier equipment, the dC/dV signal due to the high-frequency stimulation can be 

directly obtained at a much lower and more experimentally advantageous frequency. It 

should be remembered that the mixing is indicative of the nonlinear behavior of the two 

high frequency signals, and that the current is not being directly modulated by a low- 

frequency input. Furthermore, because the nonlinear mixing is enhanced at the junction, 

the dC/dV response is indicative of the junction behavior; the mixing from the microwave 

power combiner could be viewed as a uniform background signal. The Taylor expansion 

in (2) must be altered slightly to account for the (co]-a>2 ) term as shown in (3).

Thus by taking the output of the lock-in amplifier signal at the difference 

frequency, a signal proportional to dC/dV can be acquired, although this is only accurate 

on semiconductors. On metals, this response has been shown to be proportional to dG/dV, 

the differential conductance^ 7).
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Figure 5.2. Example of frequency mixing. Signals at 100 Hz (—) and 110 Hz 
(—) are shown. The mixing of the two results in a periodic wave (—) that is 
partially comprised of a half-amplitude signal at 10 Hz (—).

i a c
' ~ " ' + 2 d V

(#>! - a ) 2)V2 cos[(ty, -  o)2)r ] +. (3 )

5.3 ACSTM Construction and Signal Application

To apply the microwave frequencies at the junction, a monopole antenna is used 

in the ambient STM. The STM is a custom-built scope that is run by commercial RHK 

electronics. No ACSTM setup was present in the UHV data shown. Figure 5.3 contains 

two high-resolution photographs of the setup. The setup is largely based on work done by 

Kelly and Weiss(SS). Two frequencies, supplied by microwave frequency generators 

(Model HP 8648C and Agilent 8648C), are summed by a power combiner (Minicircuits 

ZX10-2-12) and then fed into a high-frequency amplifier (Minicircuits ZFL-2500VH). 

This amplifier has a gain of approximately 20 dbm when powered at +15 V, though the 

output gain saturates at around 23 dbm(89). During some of the experiments, the 

microwave amplifier was not needed. The output of the high-frequency amplifier or
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power divider (if the amplifier was not presented) was connected to a 13 db coupler, 

which allowed for a reference signal to be tapped from the main signal with minimal 

disturbance. The output of the main line in the coupler was then connected to the antenna. 

This is also shown in Figure 5.4 on the next page.

Figure 5.3. Photographs of two parts of the microwave setup, (a) A picture of 
the microwave amplifier and 13 db coupler, (b) The antenna near an STM 
tip. The heat shrink is pushed back slightly for clarity(90)*

The antenna was composed of a UT-34 semirigid coaxial cable designed for high 

frequency applications, terminated at one end by an SMA connector (model 11SMA-50- 

1, Huber-Suhner) and at the other by an exposed inner conductor measuring 0.5 cm. The 

UT-34 cable and SMA connector were purchased from Micro-Stock, Inc. The SMA 

connector was injected with microwave-absorbing epoxy (Vary Flex resin and hardener 

in a 1:1 ratio) to reduce reflections. The exposed conductor, which was used as the 

antenna emitter end, was covered by a piece of standard heat shrink to prevent accidental 

shorts between the wire and the sample plate or piezoelectric elements. The antenna 

length was 22 cm. The reason for this particular choice was to attempt to use proper A/4 

segments for the frequencies used. However, due to the discontinuity at the connector

^  To lock-m amp STM tip
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end, bends in the wire, and the bare termination at the antenna end, the functional length 

of the transmission line is almost certainly not 22 cm. To provide grounding, the outer 

connector of the UT-34 cable was connected through various elements to a common 

ground shared by all the electronics in the STM, preventing any extraneous ground loops.

Power
Combiner Microwave

Directional
Coupler

Amplifier

d e te c to r
* Antenna

Lock In 
Amplifier ► High E- 

fieldtunneling
curren t

Control
Electronics

Bias

STM

Figure 5.4. Schematic of the microwave mixing setup for the ACSTM. The 
two frequencies are offset by a small difference, Af, combined, and 
amplified before being fed to the antenna (shown in red), which emits the 
radiation towards the tip-sample junction as shown. The directional 
coupler feeds the difference frequency reference signal to the lock-in 
amplifier. The tunneling current is the signal input The lock-in outputs X 
and Y are relayed to the STM control electronics for spectroscopic 
imaging.

It may help if the idea behind the monopole antenna is established. A dipole 

antenna is commonly found in the form of “bunny ear” antennas used with older 

televisions. If instead of two metal poles, one of the poles is turned into a flat ground 

plane with the other pole held perpendicular, a monopole is formed. As it turns out, the 

optimal length of a monopole antenna is X/4, where X is the wavelength of the radiation 

being applied to the antenna. In an STM, the STM tip is functionally a monopole antenna.
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Thus the ACSTM setup is a two-antenna system. Though the ground plane of the 

monopole is immense, and is connected to a common ground, it is oriented perpendicular 

to the antenna end. How this affects the radiation aspects of the experiment has not yet 

been determined.

The work described here used three different wires constructed at various points 

in time. However, no effort was made to fully explore the parameter space regarding 

antenna lengths, and the different wires used were to replace antennas broken through 

experimental error. In more recent experiments, a loop antenna mentioned in a previous 

reports(SO) has been employed. A piece of 50 Q semi-rigid UT-34 coaxial cable is 

stripped of the outer conductor and inner dielectric, leaving only the bare inner 

conductor. This is then wrapped into a square shape twice, forming a two-coil loop 

antenna. One end of the antenna is soldered to the end of the UT-34 monopole antenna 

constructed as above and the other to the outer ground conductor. This has greatly 

improved the strength of the antenna response in more recent experiments, but none of 

the data in this thesis contains data acquired using the loop antenna design.

5.4 Measurement Methods

To measure the ACSTM signal, two low-noise preamplifiers (Stanford Research 

Systems SR560) and a lock-in amplifier (Stanford Research Systems SR830) were used. 

In the ambient STM used here, the tunneling current signal is fed through a preamplifier 

that transforms the current signal into a voltage signal for the electronics to use in 

maintaining the proper feedback conditions. In order to acquire the ACSTM signal, the 

preamplifier voltage output is taken from the control electronics through the “current
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monitor” output and fed into one of the low-noise preamplifiers. The reference frequency 

signal for the lock-in amplifier is taken from the 13 db coupler, which is also fed through 

a low-noise preamplifier. The current monitor signal is filtered by the SRS preamplifier 

and fed into the lock-in amplifier input. This is all depicted in the schematic below 

(Figure 5.5). The frequencies usually used were 400MHz and 400.004 MHz, which 

means that the preamplifiers were set to bandpass filter between 3kHz and 10 kHz, 

allowing the 4 kHz signal through. The frequencies used here are much higher than those 

used in other works(97); this was intentional in order to ensure that the capacitive 

response truly overwhelms any possible conductive response in the substrate.

Low noise preamp MixerTunneling
curren t X/R

Aux

R eference Af

X/Y ->  R/0 
O perationsLow noise preamp

nl2 P h a se  
S hifter

Aux 1
Y IB

Mixer

Lock-in Amplifier

Figure 5.5. Schematic of connections to the lock-in amplifier for 
measurement and signal acquisition. The phase shifter and second mixer 
allow acquisition of both X, the signal in phase, and Y, the signal out of 
phase with the reference signal. The amplifier can also compute R/6 from 
the X/Y signals. These are fed to the Aux/Aux 1 inputs on the RHK control 
electronics.

The lock-in amplifier takes a signal, in this case the current monitor signal, and 

measures the value at some specified reference frequency signal. It then amplifies that 

signal to a [-10 V, 10 V] range, providing either rectangular or polar outputs (X/Y or R/0,
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respectively). These two signals, either X/Y or R/0, are then connected to the auxiliary 

inputs of the RHK control electronics. The signals are acquired during a scan and the 

value at each point is then reproduced on the screen as an image. Using this method, it is 

possible to simultaneously acquire a topographic image along with a spectroscopic image 

of both X and Y or R and 0 of the measured difference frequency signal.

In this ACSTM system, there are three sources of frequency mixing, with varying 

effects. One stems from the coaxial power combiner in the input microwave system and 

the other from the nonlinear characteristics of the STM tunneling gap. Fortunately the 

inherent mixing response from the microwave components is incredibly weak. The 

difference frequency signal due to the microwave input system is orders of magnitude 

lower in power than the input signals, as measured by a spectrum analyzer. A 40-50dbm 

difference between input power and difference signal power was commonly observed by 

measuring the signal immediately at the output of the microwave amplifier. A second 

mixing effect is due to the receiver antenna, in this case the STM tip. This should occur 

in all antenna-based difference-frequency systems, and it could arguably be considered as 

a sort of background noise. The antenna mixing effect allows for the lock-in amplifier to 

detect a signal even if no sample is present in the STM, or even a tip. Without a tip, the 

conducting syringe tube into which the tip is inserted functions as the antenna. The third 

mixing source is the one of importance, namely the stronger mixing response due to the 

nonlinear behavior in the junction that gives rise to second-order susceptibility 

effects(92). This is the signal of interest because it is proportional to the 8C/8V signal.

Before each set of measurements, the scan speed is set low enough so that the 

lock-in can sufficiently acquire a correct data signal. In general, the time constant was left

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

at 3 ms/point. If a scan image is at 256 x 256 resolution, then the scan speed per line must 

be greater than 768 ms (256 x 3). The scan speed was thus set to 800 ms/line when 

acquiring the ACSTM signals.

To verify that this ACSTM setup was working properly, image spectroscopy was 

taken on pieces of silicon doped in various ways with p- or n-type stripes. These samples 

were fabricated at The Pennsylvania State University and used in previous workfSS, 91). 

The general idea behind using dopant stripes on silicon is that n- and p-type silicon 

exhibit different C-V characteristics, and thus via ACSTM should appear differently. 

However, in the topographic image the regions should the silicon should have a 

somewhat constant apparent height in the image, since the tunneling current does not 

change substantially between n- and p-type regions. Figure 5.6 shows an example of 

silicon analyzed with ACSTM.

Figure 5.6. A piece of silicon as analyzed via ACSTM, with the (a) 
topographic as well as the dC/dV signal (b) magnitude and (c) phase taken at 
the difference frequency (-1.0 V, 10 pA, 2.6 pm x 2.6 pm).

As is evident, the ACSTM setup clearly images the dopant regions with enhanced 

contrast relative to the simultaneously-acquired topographic image. This implies that the 

system works, and that the data taken on the polydiacetylene wires should be indicative 

of the dC/dV response. This also confirms that a monopole near the tip works as well as
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previously-reported methods in coupling microwave radiation to the junction. Such a 

method would be ideal in a UHV setup or other scope where a simple modification to 

allow for ACSTM is desired.

5.5 Scanning Tunneling Spectroscopy

In addition to ACSTM, it is possible to acquire dl/dV scanning tunneling 

spectroscopy (STS) data of the same polymer system. For the sake of completeness, a 

short treatment on dl/dV STS is presented. A thorough analysis of the subject is present in 

numerous works, for example in those by Chen(70), Stroscio(93) and Hipps(94), each 

presenting slightly different but equally instructive physical descriptions of STS. The 

information presented here is largely taken from these references; the reader should 

consult them for more information on STS.

In normal STS, the tip is held stationary over a point on the surface while the bias 

voltage is swept across a range of values. This yields an I-V curve that can give 

information on the density of states (DOS) in the material. Similar to bulk I-V 

characterization, STS of an ohmic material such as Au( l l l )  will produce a linear I-V 

curve. The information on the DOS comes from equation (4) below.

Here, ps is the DOS of the substrate while pT is the DOS of the tip. The voltage is 

swept over some range V, which translates to the energy range eV (not to be confused 

with electron-volts). Hipps and Stroscio include a term to account for the transmission

(4)
o
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probability of electron tunneling, T(E,eV). This probability becomes a significant issue 

when the applied voltage approaches the work function of the substrate being scanned, 

but it can be accounted for by using a technique known as variable gap spectroscopy 

wherein the tunneling gap is changed during the spectroscopic sweep. Stroscio gives a 

proper description of variable gap spectroscopy. Ignoring T(E,eV) for the these purposes, 

equation (4) implies that if px is constant within the measured range, the derivative would 

yield ps directly as shown in equation (5).

- 1 ocps (EF - e V  + E ) (5)
aV

One method to acquire this would be to numerically derivate an I-V STS curve. A 

more sophisticated method for directly obtaining information about the electronic 

structure is to modulate the bias voltage with some small-signal oscillator source and then 

measure dl/dV directly with a lock-in amplifier. The reasoning behind this is the same as 

above for measuring dC/dV via ACSTM. Specifically, the current is modulated by some 

small signal and, when expanded through a Taylor series, yields a derivative term at the 

modulation frequency.

Spectroscopic images are acquired in the same manner as above. A signal is 

acquired at each point and transmitted to the electronics, where it is converted to an 

image. In this way, images at the same voltage/current parameters can be compared using 

ACSTM and dl/dV STS techniques.
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5.6 ACSTM of Polydiacetylene Nanowires

The PDA wires on HOPG were analyzed using ACSTM. The ACSTM should 

provide some insight into capacitance in the wires and also provide information as to the 

dopant levels in intrinsic polydiacetylene. During the ACSTM experiments, the 

frequencies used were 400 MHz and 400.004 MHz, with an input power level of 3dbm.

For most of the acquired data, the tunneling gap was kept approximately equal 

while the voltage bias/tunneling current was slowly changed. This was done to avoid any 

possible effect of the change in tunneling gap on the measured ACSTM parameters. 

During each voltage/tunneling current level, a point-by-point spectroscopic image of both 

the in-phase (X) and out-of-phase (Y) components of the ACSTM signal at the 

microwave difference frequency was acquired, where X/Y are in-/out-of-phase with the 

reference signal and 7t/2 out of phase with one another. By comparing these images to the 

topography, it is possible to deduce differences in the wire response to the ACSTM 

signal. The X and Y images are proportional to jo)(dC/dV)V2 To ensure the acquired data 

was truly representative of dC/dV and not dl/dV, a similar set of data was acquired with 

the voltage bias modulated. A set of point-by-point spectroscopic images corresponding 

to the X and Y components of the 6I/8V signal was also acquired.

In each set of data there are three columns: topography, X image, and Y image, 

where the rows indicate the respective voltage bias/tunneling current levels. A 

comparison of the respective rows indicates the voltage-dependent behavior of the lock- 

in signal. It should be noted that due to a large 60 Hz noise signal in the lower bias 

voltage region (< 10.4 VI), the images were Fourier filtered to cut out that signal 

periodicity. The color scales are equal in the images of each type.
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Figure 5.7 shows one of several data sets, this one taken as the voltage bias is 

changed, but with a constant gap resistance of 100 GO. In this way, the number of factors 

affecting the resulting dC/dV image is kept to a minimum, as the constant gap allows for

Topography

-0.9 V/9 pA

-0.6 V/ 6  pA

-0.5 V/5 pA

-0.2 V/2 pA

SCISY In- 
Phase (X)

d c m  Out-of 
Phase(Y)

Figure 5.7. ACSTM topographic and spectroscopic images, from a larger 
set of 33 images. The columns represent the topography, the dC/dV 
magnitude, and dC/dV phase images, the latter two mapped from the 
signals acquired by the lock-in amplifier. The center two images in the 
magnitude column indicate the predicted dC/dV peak. Gap resistance is 
kept constant at -100 GO. All images are 146 nm x 146 nm.
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a true spectroscopic depiction of the system. The top row shows the topographic image 

over the different scans. The scans occur from right to left, with the y-axis as the fast scan 

direction. Notice that the wires are progressively desorbed due to a visible interaction 

with the tip (see chapter four for more details). The X and Y image show an interesting 

result, though; the brightness of the observed wire increases dramatically around the -0.7 

V level, while the topographic height stays the same. For the sake of comparison, the 

relative heights for each data range are shown versus the bias voltage in Figure 5.7(b). 

This increase in brightness at -0.7 V has been observed multiple times, with varying 

intensities, despite changing both samples and tips. That implies that it is a real response 

to the microwave frequencies involved that should be indicative of the dC/dV response.

Figure 5.8 shows a set of ACSTM data taken instead at positive bias voltages, 

where the gap is again held constant. The phase of the signal, represented here by the Y 

(out-of-phase) signal, is similar in appearance to that of the X (in-phase) signal, which 

implies that there is a phase shift between negative and positive bias voltages. There is a 

brightness peak at +1.1 V, which indicates a second peak at positive voltage biases.

Due to z-piezo drift, the area shifts between subsequent scans in Figure 5.8. A set 

of data on the same area of the sample over a range of positive and negative bias voltages 

is shown in Figure 5.9. Unlike Figure 5.8 and 5.7, this set is designed to indicate the 

change in difference frequency response as the voltage polarity and magnitude changes. 

The phase exhibits the expected change in polarity upon switching from negative to 

positive bias voltages. Because it is possible to automatically zero out the phase signal 

upon changing bias polarity, the value of the phase should be compared directly to that 

ofthe magnitude. The positive bias voltage images indicate that the phase image
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scm  Out-of- 
Phase (Y)

ecm  in
Phase (X)Topography

Figure 5.8. ACSTM topographic and spectroscopic images, taken at 
positive bias voltages with same gap resistance. Magnitude peak is again 
found but at +1.1V. The phase image is also seemingly shifted relative to 
Figure 5.1. All images are 202 nm x 202 nm.

expresses brightness in line with that of the magnitude images, unlike the case with 

negative bias voltages where the wires appeared as dark lines in the phase images.
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Topography dCISY Magnitude dC/dY Phase

0.6V/6pA

0.3V/3pA

+0.8V/8pA

+1.0V/10pA

Figure 5.9. ACSTM topographic and spectroscopic images, from a larger 
set of 6 6  images, taken over negative and positive sample bias voltages. 
Gap resistance is again kept constant at -100GQ. Drift due to changing 
bias polarity results in the positive bias scans occurring over a different 
area than the negative bias voltage images. The change in phase is evident 
when switching polarity. All images are 248 x 248nm.

Figure 5.10 shows two useful graphs mapping the relative signals in the figures 

above, for both X and Y signals at both negative and positive bias voltages. The two 

prominent peaks in the X signal at negative and positive bias voltages are shown. The Y
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signal changes behavior corresponding to a change in bias polarity, which causes a phase 

shift in the signal. The Y-image is indicative of the phase relationship to the substrate, 

while the X-image corresponds to the magnitude. Mapping the X/Y images to R/0 images 

shows little difference in Figure 5.7, 5.8, or 5.9, due to the strength of the X image.
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Figure 5.10. dC/dV data over range (a) negative and (b) positive sample bias 
voltages, taken from data in Figure 5.1 and 5.2. Points were determined by 
averaging height values taken along multiple points of different nanowires 
in each image. The magnitude and phase signals are calculated by 
converting measured heights from X/Y into R/0.
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5.7 Interpretation of the ACSTM Data

Interpreting the ACSTM data requires a resolution of two separate issues: the 

associated peaks in nanowire brightness across the swept voltage range, and the change in 

phase images based on a change in bias polarity. As additional issue to consider is the 

relative weakness in the response at positive bias voltages, as well as the shift in the bias 

voltage at which the peak is found depending on the polarity. Given the unique nature of 

the system under investigation, it is particularly difficult to resolve some of these 

concerns.

The occurrence of peaks in the image can be explained by a simplistic application 

metal-insulator-semiconductor (MIS) capacitor theory, where the STM tip-tunneling gap- 

semiconducting polymer serve function as a MIS structure. Typically, a MIS junction 

would exhibit C-V and 8C/8V curves as in Figure 5.11. The curves shown are typical 

high-frequency curves, where the sampling voltage is of some high enough frequency to 

counteract recombination effects in the systemf95); in this case the high frequency 

voltage is from the applied microwave signals. Figure 5.11(b) indicates that a single peak 

occurs for n- and p-type substrates at positive/negative dC/dV values, respectively. The 

voltage being swept here is the sample bias voltage. Of course, this is just a model of the 

system. The shape of the respective curves is dependent upon several factors, from the 

gap width to the tip geometry to the dopant level in the substrate, and other issues as well.

In the data presented, there are clearly two peaks, at -0.6 V and +1.1 V, which 

translate to the two expected peaks for n- and p-type semiconductors. Despite the fact 

that as formed, the undoped nanowire is neither strongly n-type nor p-type, the different 

bias polarities translate to a change from imaging hole carriers to electron carriers. This
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allows for observation of two peaks rather than only the one peak typical of an MIS 

capacitor as different bias polarities acquire different substrate dC/dV properties. The 

shift in voltages is not altogether unexpected; the capacitive response of the wires is 

probably dependent upon the carrier type. This may stem from differences in mobility but 

may also be attributable to the inherent p-type doping in the wires due to a substrate 

interaction, as noted in chapter three. The dopant level, and thus the associated shift in the 

Fermi level, would result in either an enhanced or diminished capacitive response in an 

MIS structure. Such an effect seems to be exhibited here. Future experiments using 

ACSTM on nanowires formed on M0 S2 might corroborate this assumption.

Figure 5.11. (a) C-V  and (b) dC/dV curves of a typical metal-insulator- 
semiconductor capacitor. Taken from (88).

Although the above figure would seem to indicate that the peaks would be of 

different polarities (i.e., one should be negative and one should be positive), the data 

belies this assumption, as both exhibit enhanced brightness at some voltage level. Instead, 

the change in signal is found through the acquired phase response. Rather than the phase 

of close to -7t at negative bias voltages, the phase approaches +n at positive bias voltages.

(a) Capacitance (b) dC/dY

OV

Tip Bias (V)
OV

Tip Bias (V)
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The phase change confirms that the differential capacitance is represented by the lock-in 

signal, as the capacitance signal should change phase based on the voltage bias polarity 

due to an expected phase shift from imaging different carriers. This is analogous to the 

shift in phase when imaging dopant stripes on silicon. Such a phase shift would not be 

expected in ACSTM of a metal. In that case, the ACSTM data would be representative of 

the conductance and, accordingly, the signal should be immune to the type of charge 

carrier involved.

The ACSTM allows for a certain degree of dopant sensitivity, as holes and 

electron carriers affect the capacitance differently. The marked phase change, the 

associated shift in dC/dV peak depending on bias polarity, and the relative strength in the 

signal at different bias voltages translates to an ability to differentiate between carriers in 

the substrate. Extending this to controllably-doped systems may provide even greater 

insight, particularly on novel materials such as nanowire heterojunctionsf96).

5.8 dl/dV  Data

The ACSTM data must be compared to conventional dl/dV spectroscopy in order 

to verify that the spectral images acquired are not indicative of conductance. A similar 

lock-in technique was used for dl/dV data acquisition. The bias voltage is directly 

modulated at some frequency, in this case at 4 kHz with an amplitude of no greater than 

3.5 mV. By locking into the tunneling current signal at 4 kHz, it is possible to directly 

acquire dl/dV data.

Whereas dC/dV data should be indicative of the carrier concentration in the 

nanowires, dl/dV should be indicative of the density of states. This was explained in the
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theory on STS earlier in section 5.5. Because of the fundamentally different 

measurements, the acquired signals should appear differently even through the same 

voltage range.

Figure 5.12 indicates that this is, in fact, the case. This figure shows a set of dl/dV 

spectral images, where the tip is again kept at the same approximate height while the 

voltage bias is changed. It is clear from looking at the magnitude images that there is no 

prominent peak in the nanowires, as was the case in the dC/dV data. The signal is visible 

at -0.9 V, albeit barely so, but then the intensity consistently decays until no wires are 

visible in the acquired spectral images. This is in stark contrast to what was found with 

the dC/dV case, thus confirming that the ACSTM method does not result in conductance 

data. The results shown in Figure 5.12 are consistent with the contention made in section 

3.7 regarding the decreased density of states playing a role in the decreased height of the 

nanowires. Here, the decreased density of states is manifested as a decreasing signal in 

the nano wires.

Another interesting difference between ACSTM and this method is the sensitivity 

of the dl/dV signal to ordering in the monolayer film. An example of sensitivity to film 

ordering is presented in Figure 5.13. The topographic images show the ordered regions 

clearly, as indicated by the striped PCDA monolayer pattern. The dl/dV shows these 

regions as dark patches in the magnitude image. This may be useful in taking large-scale 

images, where it would be difficult to resolve the striped pattern that defines well-ordered 

regions. The dl/dV method provides a clear contrast despite the scale, making it easier to 

locate the ordered regions on the surface. This implies that the density of states in 

disordered versus ordered regions varies somewhat, but the differential capacitance is not
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Topography dl/dV
Magnitude

dl/dV Phase

-l.OV/lOpA

-0.7V/7pA

-0.5V/5pA

-0.2/2pA

Figure 5.12. dl/dV topographic and spectroscopic images, from a larger 
set of 30 images. The columns represent the topography, the dl/dV 
magnitude, and dl/dV phase images. No peak in the magnitude image is 
observed. All images 160.1nm x 160.1nm.

related to the PCDA ordering, a reasonable conclusion given that capacitance is related 

more to the molecules involved and less to the ordering of the molecules on the surface.
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Figure 5.13. (a) Topographic and (b) dl/dV  magnitude image (-0.8 V, 8  pA,
180 nm x 180 nm) of a PCDA monolayer on HOPG as imaged using 8I/8V 
spectroscopy. The darker regions in the magnitude image correspond with 
the ordered regions in the topographic image.

5.9 dC/dV  and dl/dV  Point Spectroscopy

Aside from spectroscopic images, it is possible to acquire single point spectra on 

individual nanowires. The STM tip is stopped at some preset location during an STM 

scan. At this point, the feedback loop is cut, allowing the tip to stay at the same height 

while the voltage is swept across some range, typically across negative and positive 

voltage biases. This allows for a single point observation of the 8C/8V magnitude and 

phase signals across multiple voltages without the need for imaging.

In order to ensure that the spectra were on a polydiacetylene wire, an image prior 

to spectroscopy was acquired. When a wire could be imaged, the scan was stopped and 

specific points on the nanowire were selected in the RHK software. During the 

subsequent scan, the wire image was acquired as normal until the points specified. The 

spectral curves were then acquired and imaging was resumed. In this way, it is possible to 

correlate the spectra acquired to specific locations on the nano wires. It should be noted 

that since the spectral curves shown here were taken in ambient conditions they may be
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subject to the effects of particles present in such environments. Due to this, it may be 

more reasonable to view the spectra in terms of qualitative analysis rather than as exact 

quantitative values. The spectra are used here to highlight differences in the ACSTM 

versus the dl/dV signals.

Figure 5.14 shows a series of dC/dV spectra taken along the same wire at three 

different locations. Shown are the I-V  curve, the dC/dV magnitude curve, and the 

numerically-derived dl/dV curve. Given the limitation of the lock-in equipment used, it 

was not possible to acquire both dC/dV and dl/dV signals simultaneously, hence the need 

to numerical derivate the I-V  curve. The spectra exhibit a similar, somewhat enhanced, 

response to the I-V  curve, although it appears that the dC/dV signal is strongest at 

negative currents/sample bias voltages and weaker at positive currents/positive sample 

bias voltages, opposite that of the I-V  curve. It is possible that the capacitance signal is 

linked to the conductivity of the acquired signal. It is clear from the numerical dl/dV 

curve that the dC/dV signal acquired is indeed unique.

Such spectra can be directly compared to a typical dl/dV spectrum acquired via a 

lock-in technique as well. Figure 5.15 shows one such spectrum, which illustrates how 

the lock-in signal corresponds well with the numerical derivative of the I-V  spectrum. A 

comparison of 5.14(b) to 5.15(b) illustrates different behavior of the lock-in signals, as is 

to be expected. In contrast to the work of Akai-Kasaya, et al(27, 28), the STS curves do 

not readily exhibit the 7t-band edge singularities expected(9). This may have to do with 

the interference from the air particles in the tunneling gap, and thus UHV spectroscopy 

should match more clearly with the previously published STS results.
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Figure 5.14. ACSTM (a) I-V, (T>) dC/dV in-phase and (c) dl/dV signal 
acquired via point spectroscopy on the single nanowire shown in the inset of 
(a). The circles show the points where the spectral curves of the 
corresponding colors were acquired. The dC/dV curve resembles the I-V 
curve flipped about the 0 V point, which implies a strong response in 
proportion to the tunneling current. Furthermore, the peak of the associated 
curves is dependent upon where along the wire the spectrum is acquired. The 
dC/dV curve changes behavior when changing bias polarity due to the change 
in imaging behavior as discussed in chapter three. The dl/dV curve is 
numerically derived from the I-V curve.
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Figure 5.15. (a) I-V and (b) dl/dV point spectroscopy, acquired via a lock-in 
amplifier by modulating the bias voltage with a 4kHz, l.lm V  amplitude 
signal.
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Chapter 6 

Future Research

6.1 Extending Polydiacetylene Research

Despite the progress that has been achieved so far, much remains to be completed 

in the field. Aside from the initial investigations into the bare polydiacetylene structure, a 

plethora of different experiments are possible. To continue the ACSTM experiments may 

require modifications to the experimental setup that couples the microwave radiation to 

the junction. Furthermore, it is worth exploring polydiacetylene wires doped with iodine 

so as to create p-type wires, or doped with some alternative method to create n-doped 

wires. A related approach would be to investigate different methods of forming 

polydiacetylene wires such self-assembling thiol-terminated diacetylene derivatives. 

Another direction would be to take the ACSTM and use it on different systems, such as 

different conducting polymers.

6.2 ACSTM Modifications

Though most of the work in this thesis utilized a monopole antenna, alternative 

antennas, such as loop antennas as used previously (80), have been employed. Though 

the monopole is still able to transmit microwave range frequencies, a properly 

characterized and deployed loop antenna may prove more efficient in that range. An 

alternative arrangement is to use a method wherein the microwave is “directly” coupled 

into the tip by alteration of the scanning head element (79). This obviates the need for the 

proper antenna as the free space radiation transmission loss is minimized. Either method
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may prove more desirable in the future, though the loop antenna would be much simpler 

to implement as it does not require any redesign of the STM itself. Another potential 

antenna design would be to use a printed circuit board (PCB) microstrip antenna, such as 

a patch antenna system. Given the relative ease with which the homebuilt STM used here 

can be altered to accommodate such an antenna, this may prove more attractive in the 

future. Though FR4 material (used in most PCBs) is lossy at frequencies exceeding a few 

GHz, that should not be a problem if the frequencies used in the future stay in the sub- 

GHz microwave range.

6.3 Alternative Polydiacetylene Systems

The polydiacetylene work done here, while thorough, barely scratches the surface 

of possible experiments. These could involve different substrates, alterations to the 

polydiacetylene wires, or entirely different diacetylene derivatives. As an example of a 

different substrate, M0 S2 was employed with remarkable results. Different substrates 

could yield distinctly different results depending on changes in the charge transfer 

behavior between the wire and the substrate. Several different substrates have been used 

so far, with limited results, as noted earlier. The most technologically important substrate 

would be doped silicon. So far, silicon has been used once with poor results. However, 

this may have been a problem relating to deposition parameters. Furthermore, the silicon 

used was not heavily doped. The advantage of using silicon is that it is a necessary 

substrate for most electronics applications, thus making characterization of any molecular 

electronic system on silicon a necessary step towards understanding of the system.
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Another variation of the current system would be to use sulfur-terminated 

diacetylene derivatives for use in self-assembled monolayers (SAMs). It has been well 

established in numerous reports that alkanethiol molecules form well-ordered monolayers 

on a clean Au( l l l )  substrate (97). A few different groups have attempted to form 

polydiacetylene on gold by synthesizing sulfur-terminated diacetylene molecules (98, 

99). These molecules can be UV-polymerized to form polydiacetylene wires embedded 

within the SAM molecules on the surface (100-102), as shown in Figure 6.1 below. 

Although various groups have performed indirect analyses of the diacetylene SAMs, 

neither has ever successfully imaged such a SAM.

Figure 6.1. Structure of a sulfur-terminated diacetyiene molecule on A u(lll). 
This shows how a polydiacetylene wire might form on the surface and be 
embedded within the molecular layer. Taken from Mowery and Evans (102).

Such a SAM would be useful in a few different respects. First is that the direction 

of the polydiacetylene wire would provide an indication of SAM ordering on the surface. 

When typical SAMs are imaged by STM, it is impossible to determine the tilt direction 

each domain in the SAM is oriented since the top methyl group is the only feature imaged 

in STM, not the underlying structure. The PDA wire is restricted to a certain direction 

based on how the molecules are oriented on the surface, thus providing information about

^CH2)n̂ CH2)n̂ CH2)n

tCH2)m(CH2U C H 2)(
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the SAM molecules’ direction. However, it is difficult to determine a priori whether or 

not the wire will even appear in the image, though it is speculated that, given the 

tremendously enhanced conductivity of the PDA wires relative to the alkyl chains, the 

PDA wires should be imaged via STM. Another advantage is that the PDA molecules 

may provide an ideal test case for subsurface imaging with the ACSTM. It is thought that 

since the ACSTM signal is sensitive to the capacitance of the substrate, features just 

beneath the surface the surface that contribute to capacitance, such as a PDA wire, should 

appear very prominently in the associated ACSTM spectral images. A last possible 

advantage would be to use the PDA wires as potential circuitry elements through 

insertion methods such as those used previously (8, 20). A SAM has various domain 

boundary defects into which different molecules can be inserted. If a molecule with the 

right chemical sidegroups is deposited, it may be possible that a connection to the PDA 

wire can be made. Because these polydiacetylene SAM molecules are also functional as 

photoresists (103), it would be possible to lithographically define the desired circuitry as 

well, a highly desirable goal in molecular electronics.

6.4 P3HT Nanowires

Polydiacetylene is not atop the list of candidate materials for organic electronics, 

mostly owing to its limited conductivity even when highly doped as compared to other 

potential materials, such as pentacene or poly(3-hexylthiophene) (P3HT). The advantage 

of polydiacetylene is the ability to controllably form one-dimensional wires on the 

surface, which is not typically feasible with other conducting polymers. However, recent
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papers have shown that single polymer wires of P3HT can be formed on the surface of 

iodine-on-Au(lll) (66, 67), graphite (104, 105), and silicon (106, 107).

Figure 6.2 shows two representative images of P3HT on HOPG at large and small 

scales. P3HT was deposited through a simple drop-casting method, then placed in a 

convection oven and heated to approximately 380 K for two hours. The resulting scans 

show the P3HT in multiple domains on the surface with several linear structures, 

presumably P3HT wires, clearly shown. The wires have an interdigitated structure, as 

noted in Figure 6.2 (b). The experiments on P3HT have been limited so far, though the 

successful deposition of P3HT through a process that eliminates the complications of LB 

deposition is promising. Using an LB technique, it may be possible to uniformly deposit a 

single layer, rather than produce sub-monolayer coverage as shown below.

<bF~

Figure 6.2. (a) Large scale image of P3HT on HOPG (-.6 V, 11.5 pA, 180 nm 
x 180 nm), with several different polymer domains. The black areas are bare 
HOPG beneath the P3HT layer, (b) Smaller scale indicating the 
interdigitated structure of the P3HT wires (-1.49 V, 10.9 pA, 113 nm x 155 
nm).

Extending the earlier results of PDA nanowires on M0 S2 , P3HT has been 

successfully deposited on M0 S2 substrates as well. Figure 6.3 shows images of P3HT on
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M0 S2 . Unlike the case with PDA nanowires, the apparent height of P3HT does not seem 

to change significantly when deposited on M0 S2 . The cause is not entirely clear. In their 

poly(3-dodecylthiophene) (P3DDT) work on HOPG, Scifo, et al contend that the HOPG 

substrate has minimal charge transfer effects on the P3HT( 105), an argument that is not 

without its share of criticism. They argue that the thiophenes in the polymer are lying flat 

on the substrate, yet do not exhibit any noticeable interaction effects. If the entire 

polythiophene system were lying flat on the HOPG surface, then there should be a 

noticeable effect that would show up in STM analyses, as was shown with the results on 

PDA nanowires. An alternate explanation might be that the thiophenes are in fact tilted, 

but this discounts the argument that the PDA nanowires are raised from the surface yet 

still exhibit substrate-dependent effects. It may be that the adjacent alkyl chain, which 

does lie flat on the HOPG surface, has an interaction with the HOPG that affects the 

polymer backbone in PDA nanowires, far more so than may be the case with P3HT or 

P3DDT. It may also be the case that the proposed raised backbone model is incorrect. 

The resolution to this may be found with ACSTM analysis of the P3HT.

Furthermore, related work on P3HT deposited on silicon is currently underway. 

Evaluating films of P3HT with the ACSTM may provide insight into doping levels when 

P3HT is exposed to ambient conditions. Extensive characterization of P3HT at the 

nanoscale is vital to improved understanding of charge transfer behavior, particularly in 

elucidating P3HT-electrode behavior.
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Figure 6.3. (a) 760 nm x 760 nm, (b) 77.3 nm x 77.3 nm, and (c) 14.5 nm x 
14.5 nm images of P3HT deposited on M0 S2 (all -1.2 V, 10 pA), each a 
smaller scale scan of the area in the previous image. The wires are very well- 
ordered, exhibiting the same interdigitated structure found on HOPG. The 
apparent height is not appreciably different from that on HOPG, unlike the 
case with PDA nanowires (d) 34.0 nm x 23.4 nm image with a height cross- 
section (e) indicating a 0.4nm “step” in P3HT layers
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By investigating different systems and substrates using ACSTM, it should be 

possible to successfully build upon the body of work presented here. Diacetylene SAMs 

on Au( l l l )  may provide a unique substrate for a number of novel experiments. 

Substrate-electrode interactions are important, and studying different systems such as 

polydiacetylene and P3HT on multiple substrates may provide aid the understanding of 

the physics involved. In fact, it would be useful to look beyond polydiacetylene and 

P3HT to other organic conductors such as pentacene. It is not unreasonable to see the 

ACSTM characterization technique being used in future organic devices comprised of 

multiple conducting polymer layers. Research in organic nanowires is still young and in 

its formative years, making this an ideal time to study these systems and contribute to the 

development of novel organic materials and devices.
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