
RICE UNIVERSITY 

Studying Photonic Excitations of Carborane and Fullerene 
Nanomachines by Probe Microscopy 

. . ; B y , 

Jun Zhang 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

Doctor of Philosophy 

APPROVED, THESIS COMMITTEE: 

j>—-f 
Kevin F. Kelly 
Assistant Professor, Department of 
Electrical and Computer Engineering 

Daniel Mittleman 
Associate Professor, Department of 
Electrical and Computer Engineering 

Douglas Natelson 
Associate Professor, Department of Physics 
and Astronomy, Department of Electrical 
and Computer Engineering 

HOUSTON, TEXAS 

JUNE 2008 



UMI Number: 3362442 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

® 

UMI 
UMI Microform 3362442 

Copyright 2009 by ProQuest LLC 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



Studying Photonic Excitations of Carborane and Fullerene 

Nanomachines by Probe Microscopy 

Jun Zhang 

Abstract 

Using scanning tunneling microscopy, we have successfully imaged and characterized a variety 

of nanomachines based on both carborane and fullerene molecules. In addition to individual 

manipulation by the probe, we also investigated photon-based excitation for activating 

the molecular motion. In the optical regime, we studied the geometrical change of azo-

fullerene dimers that accompanies tran-cis isomerization upon photon irradiation. 

Furthermore, we observed rotational excitation of fullerenes on Au( l l l ) under 

microwave stimulation. The results of these studies underscore the ability to control 

individual molecular motions through tailored external excitations and open a new 

potential for nanoscale mechanical, chemical, and electrical devices. 
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Chapter 1 

Introduction 

Since its invention in 1981', the scanning tunneling microscope (STM) has been 

widely employed in nanoscience research because of the real-space, real-time and 

sub-angstrom resolution that it provides. Such an instrument makes it possible to 

investigate the physical and chemical properties of materials on a nanometer scale. 

Moreover, STM has also proven an ideal tool in various fields, such as nanometer 

lithography,2 manipulation3' 4 and even single molecule induced chemical reaction.5 

Working with a piezoelectric scanner, STM can image small objects like nanotubes, 

nanowires and even some specific single molecules, which are placed on either a 

conducting or semiconducting surface. 

The current trend in the physical sciences is the continued miniaturization of 

machinery from the macroscopic to the microscopic world. The ultimate goal is to build 

machines at the nano-scopic level with individual molecules. Furthermore, this bottom-up 

approach presents a critical question of how to control the molecular-sized machines. 

Recently, there has been a great deal of success by a number of groups in designing and 

synthesizing single-molecule-sized nanoscale machines with precisely controlled degrees 

of mechanical actuation.6' 7' 8 However, the characterization of these systems has 

generally been limited to macroscopic ensembles. Therefore, with the hope of directing 

future bottom-up fabrication through bulk external stimuli, such as electric fields, on 

nanometer-sized transporters, research in our laboratory has focused on the family of 

molecules, e.g. Nanocar, which are all built from similar set of molecular tinker toys that 

includes inter-changeable components like chassis, axles and fullerenes as wheels, as 
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seen in Fig. 1.1. With the rotational single bond connected to molecular wheels, we hope 

these molecules can roll across solid surfaces with structurally defined direction as 

indicated in Fig. 1.2. They are designed and fabricated by Prof. Tour's group at Rice 

University specifically for investigating nanoscale motion and nanoscale manipulation. 

Previous work consisted of characterizing by variable temperature STM under UHV via 

thermal activation as well as manipulation by the STM tip to probe the effects of surface 

molecule interactions on the direction and speed of motion.9 

Figure 1.1: The family of nanomachine molecules based on fullerene wheels. 
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Figure 1.2: Schematic of the structurally defined motions of fullerene based Nanocar and 
Trimer on Au(lll) substrate. (Picture is from Ref. 9) 

Building upon this research, the Tour group has synthesized more fullerene and 

carborane wheeled molecules displaying this particular rolling behavior with the 

additional aim to create a means of external control over the motion of these 

nanostructures. Therefore this thesis summarizes on the microscopic investigations of 

these Nanovehicles; it especially focuses on some methods of external excitation for 

activating the molecular motion beyond the thermal activation or even exquisite 

manipulation induced by electric field interaction between STM tip and molecules. 

Following this introduction, Chapter 2 covers the basic theory of STM and related 

techniques for scanning under UHV condition. Chapter 3 describes the work on STM 

imaging and characterization of carborane based nanocars. By following the way to seek 

the external excitations to motivate nano-machines Chapters 4 and 5 focus on light and 

microwave excitation on molecules specifically synthesized for this purpose. Particularly, 
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Chapter 4 introduces the azo-fullerene dimer molecules which can be switched by STM 

tip and will act according to different wavelength irradiations. Chapter 5 introduces the 

alternating current STM (ACSTM) and shows the latest results that fullerene molecules 

are excited by the microwave irradiation observed by our modified ACSTM. 
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Chapter 2 

STM Theory and Related Techniques 

2.1 Tunneling theory and scanning tunneling microscopy 

Scanning tunneling microscopy, the precursor of all scanning probe microscopies, 

was invented in 1981 by Heinrich Rohrer and Gerd Binning of IBM in Zurich, 

Switzerland.1 The invention garnered the two a Nobel Prize in Physics in 1986. The STM 

is used to obtain images of conductive surfaces at a resolution of 0.2 nm (2 x 10 "10 m) 

and thus it allows scientists to visualize the real, spatial lattice structure of the material. It 

can also be used to alter the observed material by manipulating individual atoms, 

triggering chemical reactions, and even creating ions.5 

The STM is a non-optical microscope which employs principles of quantum 

mechanics. An atomically sharp, conducting tip is moved over the surface of the material 

under study, and a bias voltage is applied between tip and the sample surface. When the 

tip is brought within about ~10 A above the sample, electrons from the sample start to 

tunnel through the gap into the tip or vice versa, depending on the polarity of the bias 

voltage. The magnitude of the tunneling current is exponentially dependent on the 

separation between the tip and the sample surface. The tip is mounted on a piezoelectric 

tube, which allows tiny movements by applying a voltage to its electrodes. Controlled by 

the electronics with a feedback loop, either the tunneling current or the tip movement is 

recorded and can be used to form an STM image, depending upon the scanning mode. 

Electron tunneling theory, the key of STM principles, is covered in many 

introductory quantum mechanics and scanning tunneling microscopy texts.10' n As 

illustrated with a free particle traversing a one-dimensional (1-D) rectangular potential 
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barrier, there are still some particles tunneling through the classically forbidden region, 

and the basic idea is summarized in the Fig. 2.1. 

WWNAA/V 
a 

U 

Figure 2.1: Schematic of a free particle tunneling through (1-D) rectangular potential barrier. 

The rectangular potential barrier is at the origin with height U and width a, and 

the potential is zero everywhere else. Now for an electron with energy E <U incident 

from the left with these initial conditions, electrons act as free electrons outside the 

barrier, but when inside the barrier, which is a classically forbidden region, the solution 

of the Schrodinger equation will be 

i//(x) oc exp(-A%), 

where 

K = 
•yj2m(U-E) 

is the decay constant, m is the electron mass, 0.511 MeV/c2 (or 9.1 xlO"28 g). This 

means the electron wavefunction y/(x) will decay exponentially in the + x direction. 
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In the barrier, quantum mechanics allows a non-zero probability of finding the electron. 

The tunneling probability is 

p(x) oc exp(-2Kvr) 

which is proportional to the square of the wavefunction. 

Approximately, the one-dimensional potential barrier tunneling model can be used 

to understand the real metal-insulator-metal tunneling problem which we encounter in 

STM. Assuming the difference between the barrier potential and the electron's energy 

(U-E) is equal to the work function of a typical metal (~ 4 eV) and assuming a bias 

voltage much less than the work function, then the value of wave vector K is 

approximately 1 A"1. This means the tunneling current is very sensitive to changes in 

barrier width, varying e2 « 7.4, approximately one order of magnitude in current for 

every 1 A change in the barrier width. Therefore, this exponential dependence gives STM 

its remarkable sensitivity. STM can image the surface of the sample with sub-angstrom 

precision vertically, and atomic resolution laterally. 

The basic configuration of an STM usually consists of the following main elements: 

scanning head, which includes the piezoelectric scanning elements and tip; sample holder 

for mounting the sample which also supplies the opportunity for bias connection and 

built-in units for heating, cooling and temperature measurement; vibration isolation 

system which reduces the noise came from the intrusive mechanical vibration; control 

electronics including a feedback control loop, A/D and D/A; computer and imaging 

software which record the data and plot or interpret STM images. 
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An STM can be designed to perform in either of two modes: constant-height mode 

or constant-current mode. In constant-height mode, the tip travels in a horizontal plane 

above the sample and the tunneling current varies depending on topography and the local 

surface electronic properties of the sample. The tunneling current measured at each 

location on the sample surface constitutes the data set and creates the topographic image. 

In constant-current mode, the STM uses a feedback loop circuit to keep the tunneling 

current constant by adjusting the height of the scanner at each measurement point, if 

necessary. The vertical motion of the scanner constitutes the data set. The 

constant-current mode is the most common and reproduces the topography of the surface. 

Whatever the STM mode of operation is, the obtained image is a convolution of surface 

topography and local electronic properties. But as a tremendous advantage, STM can be 

used as a surface analysis tool that probes the electronic properties of the sample surface 

with atomic resolution, unlike other techniques for obtaining information about the 

electronic properties that detect and average the data originating from a relatively large 

area (a few microns to a few millimeters across). Using STM as a spectroscopy tool, we 

can obtain the barrier height (work-function) and local density of states (LDOS) profiles, 

as reflected in the l-Z and /- V curves respectively. 

2.2 Tip induced imaging artifacts and peak-to-peak distance 

Since the tunneling current is exponentially dependent upon the angstrom scale 

tip-sample separations, the quality of the STM tip becomes an important issue. STM tips 

are typically fabricated from metal wires of tungsten (W), iridium (Ir), platinum-iridium 

(Pt/Ir), platinum-rhodium (Pt/Rh) or gold (Au), and sharpened by mechanical grinding, 
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cutting with a wire cutter or razor blade, controlled crashing, field emission/ evaporation, 

ion milling, fracture, or electrochemical etching. Tungsten tips, which fulfill the 

requirement of being stiff, have been used to a great extent to image specimens. However, 

an oxide layer may exist on the surface of the tip and sometimes makes it difficult to 

acquire STM images. Platinum, although a soft metal, is a material preferred over W, 

because it is inert to oxidation. The addition of Ir or Rh to form a Pt/Ir or Pt/Rh alloy adds 

stiffness while maintaining a chemically inert material. Pt/Ir and Pt/Rh tips are widely 

employed, particularly in atmospheric and electrochemical environments. 

For atomically resolved STM studies on relatively flat sample surfaces, the STM tip 

should terminate in a single atom, but the microscopic shape of the tip beyond that is of 

little importance. Since the tunneling current is 'exponentially dependent on the 

tip-surface distance, the tip atom closest to the sample surface always gives the major 

contribution to the tunneling current. Another tip atom 3 A more distant from the surface 

than the front tip atom would make a tiny contribution of only about 0.1% to the total 

current. However, it can happen that two or more atoms at the front of the tip have nearly 

the same distance to the sample surface, as shown in Fig 2.2 (a), which leads to double or 

multiple tip imaging artifacts that are easily recognized.12'13 
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Figure 2.2: Illustrations of (a) the double tip imaging and (b) the failure to image a deep and 

narrow groove. 

For topographic STM studies of larger scale structures on relatively rough surfaces, 

the macroscopic shape of the tip also becomes important. In Fig 2.2 (b), a tip with a 

relatively large cone angle fails to penetrate into deep and narrow grooves on the sample 

surface which leads to a smoothing of topographic features in STM images.14'15'16 In a 

general sense, every data point acquired while scanning is a spatial summation of both 

microscopic and macroscopic shape of the tip and shape of the feature being imaged. 

Therefore, the real image can be obtained when the tip is much sharper than the surface 

feature being imaged; otherwise, the scanned image partially reflects the tip as well as the 

surface feature.15 

Figure 2.3: Schematic of STM tip contour while passing small features. The peak-to-peak 
distance indicates the real space between features. 

Considering all the possible artifacts induced by the STM tip and also by the 

feedback delay, in Fig 2.3, the cross-section when the tip passes a small feature on the 

relative flat surface will be extended in the lateral direction by a few times. But the 

heights and the position of the peaks from the cross-section still properly indicate the 
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convolution of topography and electronic properties. Therefore, while studying the 

features numerically, the relative distances measured between each peaks are the only 

data we can trust except the heights, since the peak-to-peak distance will not be easily 

influenced by the physical shape of tips. Thus, the peak-to-peak measurement will be of 

great importance later in this thesis when measuring internal molecular conformations 

with the STM. 

2.3 Ultra high vacuum (UHV) 

Vacuum technology has been improved continuously over the last decades and very 

low pressures are now routinely obtainable. The degree of vacuum is hardly classified as 

an exact science, but the rough regimes are characterized like this: rough vacuum (1 ~ 

103 Torr), medium vacuum (1(T3 ~ 10"5 Torr), high vacuum (HV) (10~6 ~ 10"8 Torr) and 

ultra high vacuum (UHV) (< 10"9 Torr), where 1 Torr = 133.3 Pa = 133.3 N m"2. Under 

UHV condition, e.g. at 10"10 Torr, the gas density is as low as ~3xl012 molecules per 

cubic meter, and the mean free path of particles is extremely high as ~5xl 05 m. Therefore, 

it will take about lxl04 second to form a full monolayer covered on sample. 

Consequently, to prepare an atomically clean surface and keep it in a contamination-free 

state for the duration of the experiment, UHV is required for most surface science 

experiments. 

To achieve and maintain a UHV environment requires a fairly complex system and 

can be difficult. Typically, there is no single vacuum pump that can operate all the way 

from atmospheric pressure to UHV. Instead, a series of different pumps is used, 

according to the appropriate pressure range for each pump. Usually, at the beginning a 
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mechanical pump and a turbo molecular pump work together to pump the whole system 

down to ~ lxl0"8 Torr assisted by baking the chamber to outgas the water and other 

absorbed gases. Later, the ion pump and titanium sublimation pump (TSP) was used to 

further improve and maintain the vacuum of the main chamber at ~10"10 Torr. As shown 

in the Figure 2.4, these are the Omicron17 and RHK18 UHV systems in our research lab. 

Figure 2.4: Pictures of Omicron (left) and RHK (right) UHV systems. 

The system usually consists of two connected and gated parts, the load-lock (or 

sample preparation chamber) and main chamber. Samples and STM tips are loaded from 

atmosphere into load-lock, and be pumped to HV at low 10~8 Torr by attached 

turbomolecular pump which is backed by a running mechanical pump. The main gate 

valve between the load-lock and main chamber is then opened and reclosed in a minute 

for transferring the sample by a straight manipulation arm. Finally, the sample is stored in 

UHV and ready to be further treated and studied. 

Although in comparison to the ambient scope, the UHV STM means more 

preparation and precautions and takes more time for transferring samples and switching 

tips, the research with UHV STM will supply more accurate results with 

contamination-free circumstance on an atomically clean substrate. Therefore, to avoid the 
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drawbacks from either ambient or UHV and make the whole research process more 

efficient, the ambient scope is first used to quickly assess the coverage and some general 

properties of the molecules, then the detailed studies such as spectroscopic 

characterization and manipulation are performed in UHV. 

2.4 Experimental equipments 

Two UHV STM systems which were described above are employed in the majority 

of the research in this thesis. Additionally, two self-built ambient STMs, including an 

innovative microwave STM, which is introduced in detail later, are also used to 

pre-scanning new samples and performing special measurements not possible in the UHV 

systems. All of these four STMs were controlled under RHK electronics and software, 

except the Omicron was initially using its own controller and software before being 

rewired and adapted to RHK electronics. Some points of the Omicron rewiring are 

included in the later chapter. Additionally, after proving the idea of microwave STM, all 

the four scopes were further upgraded to be microwave compatible. 

2.5 Substrate preparation and molecular deposition 

Because of the tunneling requirement for STM, the substrates used for STM 

experiments are usually the metal single crystal or the thin metal films. Therefore, the 

most common method to prepare the substrate in the UHV or HV is sputtering and 

annealing. Samples are mounted in the sample holder and loaded in to UHV, and then are 

heated to the specific temperature according to the sample types. Argon ions with a 

certain energy are shot at the surface to sputter away impurities or oxides, followed by an 

13 



annealing cycle at a higher temperature to allow the surface to reconstruct. After a few 

sputtering and annealing cycles, the surfaces generally achieve large, flat and clean 

atomically smooth terraces which are ideal for depositing molecules for STM studies. 

For example, Au(l 11) on mica substrate from Molecular Imaging19, which is always 

inert in the ambient and also easy to handle in the UHV, is best candidate for our research 

of single organic molecules. The procedure of cleaning this substrate in UHV is well 

developed. While the substrate is heated to around 400 °C by a piece of silicon resistively 

heated and placed directly underneath the gold substrate inside the sample holder, the 

argon ions with l-2keV raster the 5mm x 5mm surface area for 3-5 minutes. The 

temperature is measured by a K-type thermocouple loop built in the sample holder and 

placed on the top of surface. Then by increasing the temperature to 500-600 °C, the 

substrate is annealed for 3-5 minutes. After repeating the whole sputtering and annealing 

cycle for 3 times, the Au(lll) on mica substrate exhibits smooth terraces with 

monatomic 2.35 A high step edges clearly visible in the STM. Meanwhile, the 

appearance of herringbone structure on the terraces, which is formed during the 

reconstruction at high temperature, is another important evidence of atomically clean 

Au(l 11) surfaces. 

Substrates used for ambient STM experiments were subjected to hydrogen flame 

annealing before molecule deposition. About 1 inch long hydrogen flame sweeps the 

Au(lll) film back and forth (at approx. 1 Hz frequency) for 30 to 60 seconds with the 

flame tip to the film at about a 30 degree angle, while overheating should be avoided in 

order to get the large terraces. The flame annealing method is found acceptable for most 
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ambient experiments and few UHV experiments when the high surface quality is not 

necessary. 

Molecule deposition is the next critical procedure in the sample preparation. 

Molecules in powder form are dissolved in toluene or ethanol, which have very low 

boiling points and vapor pressure, and stored under ultraviolet (UV) free circumstance to 

avoid possible molecular decomposition. There are two primary deposition methods in 

ambient conditions, drop casting and spin coating. Spin coating is much more commonly 

used for our experiments, because the spinning of the substrate give an even molecule 

distribution on the surface and assist the solvent in evaporating quickly to keep a relative 

clean substrate. When depositing molecules in the HV or UHV onto an atomically clean 

substrate, the easiest way is to sublimate the molecules from a heated crucible mounted 

on the chamber directly, e.g. depositing fullerene molecules in UHV. But our nanocar 

family molecules will decompose at ~300 °C which is lower than their vacuum 

sublimation temperature. Therefore, we constructed a method to deposit molecules in the 

solution form into HV using a fast-actuating, small orifice solenoid dosing valve.21'22 

Figure 2.5: Picture of dosing valves (marked in the red circle) on RHK load-lock and scheme of 
the inner structures. 
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As seen in Fig. 2.5, two dosing valves are mounted on top of the load-lock in the 

RHK system. Combining a home-built current switching circuit with the DAC outputs 

from RHK electronics, the electromagnetically controlled solenoid dosing valve is open 

for 25 milliseconds to leak in a drop of solution from the air side into the HV ~10"8 Torr 

and can be repeated after a 2 second interval. While the useful molecules settle onto the 

substrate, the solvent evaporates rapidly and is removed by the turbo pump in less than a 

second. The distribution of the molecules on the surface can be controlled accurately by 

changing the solution concentration and the dosing time. 

Because of the different requirements of sample preparation for each project, the 

methods used for substrate treatment and molecule deposition are itemized in each 

chapter according to the experiment design. 
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Chapter 3 

Carborane Wheeled Nanovehicles 

Driven by the continued trend to miniaturize machinery from the macroscopic to the 

microscopic world, building machines with the ability to transport material, transmit 

power and transfer information at the microscopic or even nanoscopic level by individual 

molecules has been increasingly studied in current scientific and technological disciplines. 

8 '23 Furthermore, the bottom-up approach, directed by this intention, poses a critical 

question of how to construct and control the molecular-sized machines. While the thrust 

to design single-molecule-sized nanoscale machines with controlled mechanical motion 

has yielded a variety of molecular machinery resembling macroscopic motors,24 

elevators,6 switches, shuttles, turnstiles, gears and bearings,25'26 these nanomachines have 

been operated and observed only spectroscopically as ensembles of molecules in solution 

or the solid state. Examples in which a molecule has a mechanical design and the 

mechanism of movement can be probed at the single molecular level are limited, such as 
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cyclodextrin necklaces, altitudinal molecular rotors, molecular barrows, molecular 

landers,30 and nanowalkers.31 Therefore, with the hope of directing future bottom-up 

fabrication through the idea of bulk external stimuli, such as electric fields and light32 etc, 

on nanometer-sized transporters; in collaboration with Prof. Tour's group, we have 

designed, synthesized, and analyzed a class of single molecular vehicles bearing a chassis, 

axles, and fullerene wheels, namely, nanotrucks and nanocars. We have previously 

probed by STM the structurally controlled directional movement induced thermally or 

electrically on a gold surface due to rolling of the wheels rather than the common 

stick-slip motion of molecules. ' Here we will present our recent rational design and 
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characterization by STM of carborane wheeled molecular vehicles, which is the cousin of 

former fullerene-wheeled nano vehicles. 

3.1/>-Carborane (C2H12Bio) molecule 

Theju-carborane molecule (C2H12B10) was synthesized in 1963,34 and is illustrated in 

the Fig 3.1. The right image is the first image of individual p-carborane molecules by 

STM in UHV on a argon-sputtered and annealed Au(lll) on mica substrate. In Fig 3.2, 

the cross-section measurement on the STM images reveals the apparent height of 

carborane on Au(l 11) substrate is only -1.2 A. It is much smaller than the typical 3.5 A 

apparent height of fullerene molecules, which itself is also much smaller than the 

physically expected height due to convolution with electronic properties in the 

measurement. 

Figure 3.1: Illustration of the structure of/j-carborane molecules and STM image (Vb= -0.4V, 
It= lOpA) ofp-carborane molecules on argon-sputtered and annealed Au(lll) on mica 

substrates in UHV conditions. The typical height of the/j-carborane molecules is -1.2 A in STM 
cross-section measurement. 
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Figure 3.2: STM image of single />-carborane molecule on Asi(lll). The right cross-section 
measurement show the height in STM image is ~L2 A. 

The /?-carborane shares the similar properties with fullerene such as high symmetry 

and spherical aromaticity,35 which could be important factors for a molecular wheel. The 

/>-carborane is also very robust and, unlike fullerene, highly soluble in common organic 

solvents, providing advantages in the synthesis of more elaborate surface-rolling 

nanomachines. Furthermore, the carbon atoms of/»-carborane can be easily substituted,36 

thus it is more efficient to synthesize nanovehicles with carboranes. Another critical 

reason for us to opt forp-carborane wheels is because we observed incompatibility of the 

two molecular components, the fullerene wheel and light-powered motor moieties. When 

the first attempts to design nanocars with a means of external optical interaction, it was 

presumed that the rapid intramolecular quenching of the photoexcited state of the motor 

moiety by the fullerene wheels mitigated motor operation.37 Thus, photochemically inert 

molecular wheels were needed for the development of motorized nanocars. The 

/7-carboranes proved to be excellent replacements for fullerene wheels because they do 

not have a strong absorption at 365 nm39 (the motor's operational wavelength) and they 

will not quench the motor's photochemical rotary process. Hence, the carborane wheeled 
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nanovehicles provide a logical continuation of our efforts toward surface-capable 

functional molecular machines. 

3.2 Carborane wheeled nanovehicles 

A series of carborane nanovehicles have been successfully synthesized,40 but 

initially the two simplest and smallest have been imaged and characterized most 

successfully by UHV-STM. 

Figure 3.3: Molecular Models of (a) 6-wheel Carborane Nanomini and (b) Carborane 
Trimermini. The dimensions of the molecules are marked beside the models. 

The molecular structures and dimensions of 6-wheel nanomini and trimermini, 

which are named to be distinguishable with fullerene wheeled molecules, are shown in 

the Fig 3.3. The 3x2 wheel arrangement for nanomini will make it possible to determine 

both internal molecular direction and diffusion direction (moving) by STM. During STM 

imaging, the wheels are usually the only visible components; therefore this arrangement 

becomes the key for the unambiguous determination of the rolling behavior of these 

nanovehicles. The theoretical wheel distances (peak-to-peak) are 1.2 nm in 3-wheel 

direction and 1.4 nm in 2-wheel direction. Moreover, in Fig 3.3(b), another crucial 
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molecular machine which we designed by following the concept of structure-defined 

motion is the trimermini recognized easily during scanning due to their odd symmetry, 

and its theoretical wheel distance (peak-to-peak) is 3.6 nm. 

3.3 Sample and tip preparation 

The sample preparation and data collection for the STM investigation were 

performed as same as the former research of fullerene-wheeled molecules.9 The 

carborane wheeled molecules were suspended in toluene or ethanol depending on the 

solubility, and initially spun-cast on Au(lll) on mica and imaged in an ambient 

home-built STM. Following initial investigations in air, as mentioned in the Chapter 2, 

the solutions were deposited in HV using a fast-actuating, small orifice solenoid dosing 

valve onto argon-sputtered and annealed Au(lll) on mica substrates, then the sample 

was transferred into UHV and imaged using an RHK variable temperature UHV-STM. 

The dosing technique was continually applied to carborane-based molecules instead of 

sublimation in vacuum because of the thermal decomposition between the 

oligo(phenylene ethynylene) (OPE) alkynyl-axles and the wheels at about 300 °C. A 

piece of silicon, placed directly underneath the gold substrate inside the sample holder, 

was resistively heated to perform variable temperature studies in the STM. The sample 

temperature was measured by a K-type thermocouple wire placed directly on top of the 

gold surface. In particular, following the dosing, the sample of carborane-based 

molecules need to be annealed at 100 °C to 150 °C in UHV for about 2 minutes to 

evaporate solvent intensely in order to probe the extreme small wheels on the atomically 

clean substrate. 
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Considering the image quality and convenience for replacing tips, the mechanically 

cut Pt/Ir (80/20) tips were chosen finally after attempting several materials such as pure 

tungsten, gold, platinum, and iridium. Although a strong adhesion force, which can cause 

a molecule dragging and attaching on the tip, was observed between the carborane and 

platinum similarly to the fullerene,41 Pt/Ir tips still can be cleaned in situ by using 

methods such as crashing the tip apex into the surface gently. The tungsten and iridium 

tips usually give the best image quality because of the weaker adhesion force with 

carboranes, but the tip preparation and replacement are not time efficient. Chemical 

tip-etching are typically used for the tungsten and iridium wires, since they are too stiff to 

be cut perfectly. Meanwhile, the tungsten tips are easily oxidized in the air, therefore 

e-beam heating in the UHV is usually necessary to remove the oxidation layer and further 

sharpen the apex. 

All images presented in the chapter are acquired in UHV at room temperature. 

3.4 STM characterization 

After dosing in the vacuum, the molecules were distributed randomly across the 

Au(lll) terraces and monatomic step edges. Initial imaging demonstrated that the pure 

carboranes and carborane-based nanominis and trimerminis were stable and stationary on 

the gold surface at room temperature for a wide range of tunneling parameters, as seen in 

the Fig 3.4. 
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Figure 3.4: STM images (Vb= -0.9V, It= 6.0pA; Vb= -0.9V, It= 6.0pA) of carborane-based 
6-wheel nanominis on Au(lll) at large scale after annealing at -150 °C for 2 minutes. Molecules 

are stable and stationary on the terraces and single step edges, (a) Molecules are like to 
congregate or stay at the elbow sites of herringbones and the monatomic step edges. (b)Two 

domains have the different orientations, which are indicated by the arrows. 

We attribute their stability to a reasonable and relatively strong adhesion force 

between the carborane wheels and the underlying crystalline gold, which has not been 

reported before. But the same type of bonding for fullerenes on metals has been observed 

previously and investigated by a wide variety of surface science techniques.9,42'43'44 

23 



Figure 3.5: STM images (Vb= -0.1 V, It= 8.6pA; Vb= -0.1 V, It= 7.6pA) of 6-wheel Carborane 
Nanominis. The individual molecules are marked by the circles on the images. The strings of 

noise along the fast scanning direction are caused by some molecule moving with scan probe due 
to the weaker adhesion force between the carborane and gold surface. Some improper 

structures observed in the center of individual 6-wheel nanominis are induced by the common 
double-tip effect. 

The individual 6-wheel nanominis have been clearly imaged by STM, as shown in 

the Fig. 3.5. The molecule circled in the image can be counted individually due the 

24 



unique 3x2 arrangements of wheels. Furthermore, the cross-section measurements of the 

molecule indicate the typical height of carborane wheels as around 1.2 A , meanwhile the 

peak-to-peak distances definitively specify the 1.3 nm x 1.2 nm rectangular constitution 

of nanomini at the orientation of axle and chassis correspondingly, as shown in the Fig. 

3.6. This result matches the molecular model (in Fig 3.3) perfectly. 

O OJS I 1.5 2 

X[nmJ 
Figure 3.6: A single 6-wheel nanomini is marked on the STM image (Vb= -0.1V, It= 8.5pA). The 
cross-section measurements indicated the dimension (peak-to-peak) of nanomini is 1.2 nm in the 

3-wheel direction and 1.3 nm in the 2-wheel direction. 

When reviewing our research of fullerene-based molecules, the internal OPE and 

alkyl structure is not visible under the imaging conditions tested, a range of 3-300 pA and 
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2 mV to 2.0 V at either bias polarity. The peculiarity of transparency of the OPE axles 

and chassis for the fullerene-base molecules is a consistent trend, and such phenomena in 

STM imaging have been discussed previously,45'46 but when using carboranes as wheels 

instead, sometimes the internal axles and chassis can be imaged. For instance, in Fig. 3.7 

and 3.8, individual carborane trimerminis and their trifurcate internal structures are 

apparent; while the wheel distance ~3.0 nm of the trimermini is a little smaller than the 

theoretical calculation but still in a reasonable range. The reason for the chassis visibility 

with carborane wheels is still under investigation. 

Figure 3.7: STM image (Vfo= -0.7V, It= S.lpA) of Carborane Trimerminis on Au(l l l ) . The 
individual trimerminis are indicated by circles. The trifurcate internal structures are barely 

visible. 
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Figure 3.8: zoom-in image (Vb= -0.7V, It= 3.6pA) on a single trimermini molecule. The 
trifurcate internal structure can be well recognized and the wheel distance from the right 

cross-section view is around 3 nm. 

Fig. 3.9 is an image we named "Nano Traffic jam". Due to the contamination during 

the deposition process, carborane-based and the fullerene-based nanocars appear on the 

same surface accidentally. This gives us a chance to compare these two types of car under 

simultaneous imaging conditions. The bigger 4-wheel molecules in the images are the 

typical fullerene nanocars and the smaller 6-wheel molecules marked by the circles are 

the carborane nanominis. 

Figure 3.9: Nano Traffic jam (Vb= -0.5V, It= 5.2pA), acquired accidentally due to the 
contamination. The bigger 4-Wheel molecules are the fullerene wheeled nanocars and the other 

marked molecules are 6-wheel carborane nanominis. 
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Based on our successful imaging of carborane nanovehicles, we hope to gain a 

greater understanding of the nanoscale motion and manipulation in this molecular system. 

To prove the carboranes function as wheels in a similar manner as fullerenes, we initially 

designed three different types of structure-defined molecular motions, which are all based 

on the rolling behavior of the wheels, as shown in the Fig 3.10. Comparable to the former 

research of the thermally driven fullerene wheeled nanocars,9 if under thermal activation 

the carboranes work as wheels rolling on the substrate surface rather than stick-slip 

motion. The three molecules with different structures will move along the directions 

indicated by the arrows, and the motions are labeled as linear-, rotational- and 

circular-motion correspondingly. 

Figure 3.10: Three structure-defined molecular motions include Linear-motion, 
Rotational-motion and Circular-motion. The moving directions are marked by the arrows in the 

scheme. 

Even though the thermal activation of carborane-based molecules has not been 

successfully performed due to the difficulties of imaging the extreme small wheels at 

high temperature (the high mobility of carboranes under high temperature caused by the 

weaker adhesion force between carborane and gold compared with fullerene), some 
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trends of thermal behavior have been observed after annealing the sample at appropriate 

temperature. As shown on Fig. 3.3, a sample of carborane-based 6-wheel nanomini was 

annealed at -150 °C for 2 minutes, then was imaged after cooling down to room 

temperature. The gold herringbone structures which formed during the surface 

reconstruction by argon-sputtering and annealing were clearly revealed in Fig. 3.4(a). 

Most carborane nanominis preferred to congregate on terraces as domains and aligned 

themselves according to the orientation of underlying crystal structures. Exceptionally, 

some single nanominis, which are independent to the domains, were inclined to stick at 

the elbow sites of herringbones or the monatomic step edges. This is attributed to the high 

bonding energy at the elbow sites47 and the Smoluchowski effect at the step edges.45 Fig. 

3.4(b) is a typical STM image showing two domains which have the different 

orientations. 

The studies here present our attempts while investigating the structure-define 

molecular motion. The first successful imaging of carborane molecules and carborane 

wheeled nanomini and trimermini nanostructures by STM straight proved chemical 

synthesis and therefore enriched the research on our nanovehicle family. A reasonable 

adhesion force between the carborane and gold substrate surface has been observed 

through the STM imaging, but it seems weaker than the force between fullerene and gold. 

Therefore, the imaging, characterizing or even manipulating were occasionally 

interrupted by some unexpected molecule moving. In the future, to perform the thermal 

activation or even precise manipulation induced by STM tip on carborane wheeled 

nanostructures, the new substrate surface, such as the metallic platinum,48 the 

semimetallic bismuth49 and the insulator sodium chloride (NaCl)50 should be employed 
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later. Moreover, by following the direction of control the directionality of motion in 

molecular nanostructures through precise molecular synthesis, the light-driven motorized 

nanocars38 or even some nanostructures operated through other external excitations will 

be further investigated. 

3.5 Alternative substrates 

The carborane wheeled molecules will be more employed in our current nanovehicle 

researches because they are roughly ten times easier to synthesize. But considering the 

difficulties of imaging them on Au(lll) surface, the other substrates are necessary for 

improving the imaging efficiency and quality. 

The first idea is to look for a new metal surface that can increase the adhesion force 

between the carboranes and surface. The first candidate is Pt(lll) surface which has a 

stronger adhesion force since carborane dragging is always observed when using Pt/Ir 

tips. The attempts of cleaning Pt(l 11) surface have been performed. The platinum single 

crystal is mounted on RHK sample holder and heated by electron beam up to -1200 K. 

The Pt(lll) sample was initially cleaned by repeating cycles of sequential standard 

sputtering with 2 keV Ar+ ions at 900 K in 1.5X10'7 Torr for 5 min and annealing in UHV 

at -1200 K for another 5 min. As seen in Fig. 3.11, later STM inspection indicated the 

growth behavior of graphene (monolayer graphite) on Pt(l 11) through this clean process, 

because any hydrocarbon contaminations will be absorbed by Pt(lll) surface in UHV 

and turned to graphene when heated above 1000 K. This had been observed by Land et 

al..51'52 The large lattice structure shown in the top image of Fig. 3.11 is the Moire 

pattern caused by the mismatch between the graphene and underlying Pt(l 11) surface.53' 
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Therefore, to get the clean and flat Pt(lll), the hydrocarbon contaminations must be 

removed by oxidation with 02 before further annealing. The perfect Pt(l 11) has not been 

obtained in our lab due to the absence of a leak-valve for O2 gas on the RHK main 

chamber. 

Figure 3.11: Graphene growth on the Pt(lll) by incorrect clean process. Moire pattern (upper 
image) caused by the mismatch between the graphene lattice (lower image) and the underlying 

Pt(l 11) surface. 

The second candidate is the semimetallic, well ordered bismuth (Bi) films on the top 

of the Si(lll)-7><7.55 Bi is a semimetal with unique electrical transport properties. It can 

be utilized as templates for growth of pentacene and fullerene thin films.49,56 Previous 

STM research indicated the molecules formed highly crystalline films and there is a 

negligible charge transfer between the molecules such as fullerenes and the surface. 
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Therefore, Bi on Si(lll) substrate appeared to be an interesting surface to perform the 

manipulation of carborane wheeled molecules. 

Before the growth of Bi films, the Si(l 11) substrate must be cleaned in UHV since 

the SiC>2 film usually covered Si substrate in the air. The Si(lll) wafers57 have the 

diameter of 10 mm, the thickness of 381±25 urn and the resistivity of < 0.008 Q-m. The 

Si(l 11) wafer was cut into pieces which are 1 cm x 0.5 cm with a glass cutter on a quartz 

slide and then mounted in the sample holder where the silicon piece can be resistively 

heated (resistivity was measured as nearly 6.5 Q.). The whole process should avoid 

utilizing any stainless steel tool to touch the silicon surface; otherwise there will be some 

nickel complexes which are formed during the silicon cleaning process which are very 

hard to remove. Initially, the silicon wafer was kept degassing in the UHV 8.0x10"10 Ton-

overnight (~14 hours), where the silicon was heated at -900 K with 1.6 A current and 

seem barely glowing in the dark. Then at the base pressure around 3.0* 10"10 Torr, the 

silicon surface was flashed for a very short time (a few seconds) step by step with 

increasing temperatures. Finally, the silicon was flashed up to -1500 K with a current of 

7.0 A. The cleaned Si(l 11)-7><7 was imaged by STM, as shown in Fig. 3.12. 
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Figure 3.12: STM image of Si(lll)-7><7 after flashing up to -1500K in UHV. 

The bismuth is usually evaporated onto the Si( l l l ) in UHV.58'59 However, due to 

the lack of a commercial K-cell evaporator on the main chamber and the convenience for 

reloading the bismuth, our deposition was performed in the load-lock under HV with 

home-built evaporator as shown in Fig. 3.13. 

Figure 3.13: Home-built Evaporator. Ceramic basket is heated by high current thought the 
tungsten filament. Two holes in the center and the long pipe are used to help aiming at sample. 

After loading a tiny piece of bismuth metal foil60 into the ceramic basket of 

evaporator and pumping the load-lock below 3.0xlO"8 Torr, the flashed Si( l l l ) was 
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transferred in the load-lock and aimed by the evaporator. The tungsten filament is heated 

by the high current and the deposition rate can be approximately measured by the ion 

gauge61 even though the evaporating temperature can be measured directly. Then after 

depositing more than 1 monolayer and annealing the sample above 500 K for more than 1 

hour, the Bi terraces are always wider than 80 nm where the quality is similar to previous 

reports.56 Fig. 3.14 shows atomically resolved Bi on Si(lll). Additionally, the same 

technique can be used to grow Ag terraces or islands on Si(lll),62'63 which was also 

planned to replace Au(l 11) substrate. 

Figure 3.14: Bi on Si(lll).The large terraces, atomically lattice and 2D FFT are shown orderly. 

Later, the carborane wheeled molecules were deposited onto the Bi on Si(l 11) using 

the same leak dosing in HV. But the STM investigation on this system shows the surface 

is too rough to study the molecules. Therefore, after several attempts, we concluded the 

Bi on Si(lll) is very sensitive and easily ruined (maybe oxidized) without UHV or by 

the organic solvents. This conflicts with published research that mentioned Bi on Si(l 11) 

is inert.49 In order to maintain the Bi surface, the molecule deposition could be performed 

by "dry" dosing through two methods, evaporating49 and flash dosing.64'65' 66 Due to 

instability of nanovehicle chassis at above 300 °C, the molecule evaporating seems not 

working for carborane wheel molecules since it need to be heating for a while. Therefore, 
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the flash dosing is the only reasonable method to continue this research direction. Flash 

dosing is basically to flash a filament at a high temperature in a very short time to 

sublime the molecules which are pre-adsorbed on the filament. There is no result by the 

flash dosing method right now because the system has not been built. 

The third alternative substrate is to modify the Au(lll) surface directly by 

depositing or self-assembling a whole monolayer of organic or inorganic molecules. For 

example, the alkanethiol self-assembled monolayer (SAM) is the most rigorously 

characterized insulative thin layer used in various STM research. It has been proven as an 

ideal substrate for fullerene based molecules and will be detailed in the Chapter 4. A 

similar self-assembled molecule, 1-adamantanethiol, has been investigated using our 

ambient STM. By adding a sulfur group to the adamantine (doHi6S),67 which is a 

member of the diamondoid family and forms highly crystalline three-dimensional 

structures, 1-adamantanethiol allows the carbon cage to be tethered to a gold surface 

while still keeping its round topology.68 The 1-adamantanethiol molecules69 are dissolved 

in ethanol to make a 10 mM solution. The hydrogen flame annealed Au(lll) on mica 

substrate is immersed in the solution of 24 hours. The later STM characterization 

demonstrate that 1-adamantanethiol forms flat, highly ordered hexagonal close-packed, 

one-molecule-thick films on Au(l 11), as shown in Fig. 3.15. 
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Figure 3.15:1-Adamantanethiol on Au(lll). 

Since we obtained a flat layer from the adamantanethiolate SAMs, we subsequently 

attempted to deposit our nanovehicles. The imaging results indicated the carborane 

wheeled nanovehicles are not stable on the surface during the scanning; this probably can 

be overcome by cooling down the sample to reduce the molecule mobility. On the other 

hand, the fullerene wheeled molecules were imaged well after deposition. For example, 

as shown in Fig. 3.16, the azo-fullerene dimers, which is focused in the later chapter, 

were deposited onto adamantanethiolate on Au(111). 
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Figure 3.16: Fullerene wheeled molecules were deposited on adamantanethiol on Au(lll). 

The iodine (I) on Au(l 11) is another typical modification based on Au(l 11) surface. 

It has been extensively studied by the low energy electron diffraction (LEED),70 surface 

x-ray scattering (SXS)71 and STM.72 It has been reported as a stable surface used for 

depositing polymer wires.73 We obtained the I modified Au(lll) substrate by 

drop-casting a lOuL droplet of a 1 mM I in methanol solution and also tried with the 

vapor. The sample was later transferred into the ambient STM for imaging, as shown in 

Fig 3.17. The top image in Fig 3.17 indicate the monolayer of I on Au(lll), as well as 

the bottom image is defended as moire pattern like structures which is hard to say if it is 

formed by mismatch between multi-layers or by some other mechanisms.72 Similarly, the 

fullerene wheeled molecules have been deposited onto the I on Au(lll). Although the 

molecules can be recognized in the STM images, the imaging stability is poor due to the 

mobility of molecules caused by the tip electrostatic field. 
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Figure 3.17: Iodine on Au(ll l) . 

As of yet, we have not found an alternative to the Au(lll) substrate (except the 

alkanethiol SAMs), some other hybrid surfaces such as Au islands on highly ordered 

pyrolytic graphite (HOPG)74 or NaCl on Au(lll),50 will be introduced in the future to 

perform studies of the carborane and fullerene nanovehicles. 
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Chapter 4 

Photoisomerization of Azo-Fullerene Molecules 

By pursuing the goals related to fundamental electronic device miniaturization, the 

bottom-up approach is currently one of the techniques for creating prototype molecular 

devices. Although the number of potential molecular building blocks continues to 

increase, some specific molecules that contain functionality such as electro- and 

photoactive components have been extensively studied recently. Azobenzene is a typical 

photoactive isomer and particularly interesting both theoretically and experimentally 

since its discovery in the later 1930s,75 because of its simple structure and clear 

photochemistry. Azobenzene exhibits unique properties based on the large 

conformational change accompanying reversible trans-cis isomerization under 
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photoillumination in gas and solution phase. ' ' Moreover, the studies of azobenzene 

electrical transport characteristics indicate the different conductance of the two distinct 

stable switching states. ' ' ' Therefore, azobenzene is highly attractive as a key 

mechanism behind molecular optoelectronic switching devices and shows a potentially 

great application in nanoscale electronics. Various azobenzene derivatives have been 

created to perform photo responsive functions, such as liquid crystal,83 optical data 
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storage ' ' and molecular machines. > • • • These studies, which coupled 

external optical stimuli with mechanical degree of freedom at the single molecule level, 

provide exciting possibilities for molecular machine manipulation and characterization. 

With resolution beyond the single molecule level, STM has been employed in the 

studies of azobenzene and related derivatives. The conductance of the both trans and cis 

states have been measured through STM I-V curves via insertion of individual molecules 
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into alkanethiol SAMs. In addition, the adsorption of azobenzene on metal surface , tip 

voltage-pulse or tunneling electrons induced conformational changes90'9l'92'93 and lateral 

manipulations94 have also been studied. More recently, the photon-induced reversible 

trans-cis transitions of one of its derivatives has been observed on a metal surface with 

STMinUHV.95'96 

In terms of our research on molecular scale rolling motion of various nanovehicles 

with either spherical fullerene and carborane wheels and their freely rotating alkyne axles, 

photon-induced motion has been the next evolution in their design. Beyond the previous 

thermal activation or even exquisite manipulation induced by electric field interaction 

between STM tip and molecules,9 the nanoscale motions fueled by the chemical and light 

energy have been investigated and reported recently.6'9? Meanwhile, we are also aiming 

to create a means of external control to drive the motion of these fullerene and carborane 

nanostructures, such as light, by attaching a light-activated component, e.g. the 

light-driven motor32 and the azobenzene moiety. Unfortunately, our previous studies of 

motorized nanocars98 proved abortive for several reasons including energy quenching of 

the motor by the rapid intramolecular energy transfer to fullerene moiety and the 

difficulty of scanning carborane based motorized cars. Since then, the hybrid of the 

azobenzene chromophores and fullerene has become the focus and successfully 

synthesized by our collaborator.99 Therefore, the unique motion of combining hinge-like 

lateral motion from the azo group and the rolling from the fullerene wheels is expected to 

be observed on surface by STM. 
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4.1 Azobenzene molecules 

Azobenzene is an aromatic molecule which is characterized by double-bonded 

nitrogen atoms referred to as an azo linkage (-N=N-) that bridges two phenyl rings, as 

shown in Fig. 4.1. One of the most intriguing properties of azobenzene (and its 

derivatives) is the photoisomerization of trans and cis isomers, where the trans state is 

thermally stable while the cis is metastable.100 

/ ~ \ . N=N 

0^°# 3 6 
trans cis 

Figure 4.1: Photoisomerization of azobenzene molecules. The configurations are transferred 
corresponding with different light irradiations. 

The trans and cis isomers can be effectively switched with particular wavelengths of 

light irradiations. The ultraviolet light (UV) with wavelengths of 320nm-350nm, which 

corresponds to the energy gap of the n-n* (S2 state) transition, corresponds to trans-to-cis 

conversion, while the blue light with a wavelength of ~440nm, which is equivalent to that 

of the M-71* (Si state) transition, induces the isomerization of cis-to-trans.80'101 The Jt and 

7i* represent the TC and n* orbital of N=N moiety, respectively; while n means the N lone 

pairs.81 In addition, the metastable c/s-azobenzene will thermally relax back to the trans 

due to the poorer stability, which is approximately 50 kJ/mol if described by the 

energy.102 The speed of azobenzene photoisomerization is extremely rapid occurring on 

picosecond timescales, but the thermal relaxation rate varies from seconds to hours 

depending greatly on the compound. A summary of these transitions is illustrated in Fig. 

4.2. 
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Figure 4.2: State model of azobenzene photoisomerization. The quantum yields for the 

photoisomerizations are labeled by 0 and <P\ The rate of thermal relaxation is denoted by *. 

To study the motion of an azo-fullerene hybrid on the surface, an understanding of 

the mechanism in the reversible trans-cis isomerization process should play a very 

important role. Although the mechanism of isomerization has been debated for a while 

and continually studied theoretically103 and experimentally,93' 104 there has been no clear 

conclusion until recently. 
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Figure 4.3: The inversion and rotation mechanism of azobenzene photoisomerization. 

Most of the research claimed that there are two pathways of isomers transition 

identified as viable as indicated in the Figure 4.3: a rotation about the N-N bond with 

disruption of the double bond and an inversion with a semi-linear and hybridized 
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transition state. It also has been suggested that the rotation is mainly in charge of 

trans-to-cis conversion, whereas inversion gives rise to the cis-to-trans conversion. In 

addition, although some of the latest reports indicate S2 state may undergo internal 

conversion to the Si state, it is still under discussion in terms of which excited state plays 

a direct role in the photoisomerization behavior. 

The advantages of choosing the azobenzene as a light active component for driving 

our nanovehicles are that the azobenzene derivatives are easy to synthesize and the 

absorption characteristic is easily controlled by the addition of polar groups on the 

azobenzene molecules. 

4.2 Azo-fullerene dimer molecules 

With the advantage of using azobenzene which is based on the large geometrical 

change accompanying tran-cis isomerization and their photo-stability, the hybrid 

structure of the fullerene wheels and azobenzene chromophore were synthesized to 

perform the light activated molecular motions." The molecular model and corresponding 

trans and cis states are shown in Fig. 4.4. The azobenzene moiety has been attached by 

the oligo(phenylene ethynylene)s (OPE)s, which are the typical components of 

nanovehicle chassis, thus the fullerenes are still allowed to freely rotate. The component 

C10H21O shown as R on the model structure is designed for increasing the solubility. The 

spaces between the two fullerenes (from fullerene center to another fullerene center) 

calculated from the model are 4.0-4.3 nm for trans and -2.1 nm for cis with the angle 56° 

between the OPE axles. In the meantime, its sister based on carborane is also designed 

and synthesized by sharing the same light activated chassis. 
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Figure 4.4: Photoisomerization of azo-fullerene molecules, (a) The azo-fullerene is based on the 
azobenzene and fullerene wheels, (b) The motions of azo-fullerene after light irradiations. 

Moreover, from the Fig. 4.4 (b), we know the spaces between the fullerene wheels 

and centroid of the molecule have been changed during the conformation change. 

Therefore, through the central joint, the whole molecule will start jogging on the flat 

crystalline Au(lll) surface when the hinge-like lateral motion of the azo group is 

coupled through the axle to the rolling motion of the fullerene wheel. This type of motion 

is being focused on, while combining with the studies of the folding or stretching 

reactions through light irradiations or STM tip voltage pulses. 

After OPEs and fullerenes are attached to the azobenzene moiety, the 

photoisomerization behavior of the azobenzene is somewhat modified. The 

photoisomerization yield has been studied using NMR and UV-vis spectroscopies in 

solution phase by our collaborator." Their conclusion is that the fullerenes can severely 

reduce the yield of cis isomer while OPEs directly attached to the azobenzene have a 

noticeable but smaller effect. These suggest us when the three components combined or 

mixed together, their synergistic effect must be considered in our research. The light 

activation and the molecular motion might be not similar or easy to understand as the 
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isolated azobenzene molecule. Moreover, when the azo-fullerene is deposited on the 

metal surface, the interaction between the fullerenes and surface and even some energy 

quenching will make the system more complicated. 

4.3 Previous STM studies on azobenzene 

With the resolution beyond single molecule level, STM has been employed in the 

studies of azobenzene and related derivatives. The conductance of the both trans and cis 

states have been measured by STM I-V curve with insertion into alkanethiol SAMs.80 In 

addition, the adsorption of azobenzene on metal surface89, tip voltage-pulse or tunneling 

electrons induced conformational changes90'91'92'93 and lateral manipulations94 have been 

studied by STM. More recently, the photon induced reversible trans-cis transitions for 

certain derivatives have been observed on metal surfaces by monitoring with STM in 

UHV. 95' 96 There are various mechanisms by which an STM can induce the isomers 

transitions, including by above threshold excitation of an adsorbate with single electrons 

or holes; by inelastic electron tunneling with more than one charge carrier; or by field 

effects. 

Some examples of azobenzene switching by STM on metal surface in low 

temperature are shown in Fig. 4.5. 
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Figure 4.5: Examples of azobenzene switching by low temperature STM studies, through using 
tip voltage pulses, ' and changing scanning bias. 

In the upper left and right figures, Crommie and Rieder's group created isomer 

conversion respectively by using tip voltage pulses.94' 91 Kuk's group activated single 

azo-benzene molecule by changing the scanning bias.90 All of previous STM studies on 

azobenzene and its derivatives show there are only two stable configuration of 

azobenzene. However, our study will later present the fullerene spaces of our 

azo-fullerene system have continuous distribution. In addition, although most of other 

works were done at low temperature, our azo-fullerene hybrid can be imaged and 

operated at room temperature. 

4.4 Azo-fullerene molecules on Au(lll) 

The molecule deposition and sample preparation methods are similar to our previous 

studies on the other nanovehicles. The powder form sample is obtained from our 

collaborator and then dissolved in toluene to create a very dilute solution. The initial 

investigation was performed on an ambient home-built STM to check the sample 
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coverage and do basic characterization by spin-coating the solution onto a hydrogen 

flame annealed Au(l 11) on mica substrate. Following initial investigations in air, a clean 

Au(lll) on mica was prepared by repeated Ar+ ion sputtering and annealing in UHV. 

Due to the thermal decomposition between the OPE axles and fullerene wheels at about 

300 °C, the solutions were deposited in HV using a small fast-actuating dosing valve onto 

Au(lll) instead of sublimation in vacuum, then the sample was transferred into UHV 

and imaged using our RHK STM at room temperature, where the details of the dosing 

technique are mentioned in Chapter 2. 

After deposition, the azo-fullerene molecules were distributed randomly across the 

gold terraces and single step edges. Most of the fullerene wheels appeared in pair as 

shown on UHV STM image in Fig. 4.6. The molecular coverage was controlled by 

adjusting the solution concentration and dosing phase, so that there are enough molecules 

distributed evenly in a single image and the spaces are big enough to count each single 

molecule. 
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Figure 4.6: STM image of azo-fullerene molecules on Au(lll) in UHV after fast-actuating 

dosing. The molecules were distributed randomly across the gold terraces and single step edges 
and most fullerene wheels appeared in pair. 
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During our STM characterization, we found that the azo-fullerene chassis, especially 

the azobenzene component is still not visible which is similar to the other fullerene 

nanovehicles and most carborane nanovehicles, as shown in the large scale view in Fig 

4.6 and a zoom-in image in Fig. 4.7. The peculiar transparency of the OPE axles and 

chassis for the fullerene-base molecules is a consistent trend, and such phenomena in 

STM imaging have been discussed previously.45'46 The center-to-center spacing between 

each paired fullerenes is measured by taking the cross-section on each pair, the examples 

of which are shown in Fig. 4.7. The internal spacing of the dimers varies from less than 

2nm to more than 5nm. Some of the sample values are marked on these STM images in 

Fig. 4.8. 

Figure 4.x: A zoom-in STM image of azo-fullerene molecules on Au(lll) in UHV. Two single 
azo-fullerene dimers are showing on the top image. The center-to center spaces between the 
fullerenes are represented by the peak-to-peak distances on the cross-section of each pair. 
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Figure 4.8: STM images of azo-fullerene molecules on Au(l l l ) in UHV. The peak-to-peak 
distance was usually measured by taking the cross-section on each pair and some of the sample 

values are marked on these STM images. 

After imaging and measuring more than 500 hundred azo-fullerene dimers, the 

histogram of peak-to-peak distance is given in Fig. 4.9. In contrast to all the other studies 
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on azobenzene and its derivatives, where there are two stable configurations obtained due 

to the property of azobenzene moieties in the smaller molecules, we observed the 

distances are continuously distributed for our azo-fullerene hybrid. Another important 

aspect we learned from this statistics is that more azo-fullerene molecules are like to stay 

at cis state on the gold surface, which can be shown by the strong peak on the histogram 

from 2.4 nm to 3.0 nm. This is in reverse to the property of isolated azobenzene, whose 

trans state is more stable due to the lower energy level, as discussed in detail in the early 

section. This result also conflicts with the results that our collaborator obtained from the 

solution-phase experiments. Therefore, the behavior of azo-fullerenes is strongly 

influenced when deposited on a metal surface. 
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Figure 4.9: Histogram of peak-to-peak distances of azo-fullerenes on Au(lll) in UHV by 
measuring N=593 single dimers. The distances are continually distributed. 

In the STM images, most times we can find some typical configurations that the 

azo-fullerenes are likely to stay at. As seen in the Fig. 4.10, roughly we treated the dimers 

as three types: the folded, the intermediate, and the fully stretched as modeled in the inset 
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of Fig. 4.10. The molecules were classified according to the three types and marked by 

the number on the image. Corresponding to the peaks on the histogram, we thought the 

three preferred configurations are represented by the peaks at -2.6 nm, -3.2 nm and -4.4 

nm respectively. Although the theoretical model indicated the spaces for cis and trans 

isomer should be 2.1 nm and 4.0-4.3 nm, we still think the 2.6 nm and the 4.4 nm values 

are reasonable and exactly represented the cis and trans state which the model predicted, 

because the flexibility of the OPEs was observed as a consistent trend since our previous 

studies on the other OPE with fullerene nanostructures. The 10% or more tolerance 

should be acceptable when measuring small distances by taking cross-sections. The 

intermediate configuration whose spacing are around 3.2 nm is an unique state we found 

only in this system when compared to all the previously studied azobenzene derivatives. 

This state is formed by coupling the stability of azobenzene cis state with the relatively 

strong interaction between fullerene and gold surface. Occasionally, some larger wheel 

distances, over 6 nm, were observed, and they are not included in the histogram. We 

assume these molecules were broken, because such a length is not realistic. Therefore we 

concluded that the continuous space distribution and unique intermediate states are 

related to the relatively strong interaction between fullerene and gold surface and the 

flexibility of OPE chassis. 

51 



Figure 4.10: STM investigating of azo-fullerene folding and stretching motion. Three typical 
spacing between the fullerene-wheels were observed from the circles molecules in STM image. 
The illustration inserted described three possible stable configurations. The small, medium and 

large spaced molecules have been marked by 1,2 and 3 respectively. 

Since the azo-fullerene has different configurations on the metal surface, our STM 

investigations are focused on the configuration conversions by either random transition or 

artificially tip induced and even light activated manipulation. During our STM scanning, 

we did indeed observe some random configuration changes, as seen in the Fig. 4.11. The 

azo-fullerene dimer which is marked on the left image was measured in the cis state with 

space 2.62 nm. But on the right image, the axle is reorientated and the spacing increased 

to 4.31 nm which represents the trans state exactly. 
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Figure 4.11: Random configuration conversions are observed during the STM scanning. 

Later, we tried to actuate the azo-fullerene by the STM tip as had been done 

previously with similar molecules. Although the tip voltage pulses were applied, we 

found it is not a very efficient method for our azo-fullerenes. This is mostly because of 

the transparency of the azobenzene moiety with a possible additional contribution coming 

from attempting this at room temperature. Our effective attempts at tip manipulation on 

azo-fullerene dimers are shown in Fig. 4.12. The fullerene which is marked by R is a 

reference molecule used to indicate the relative positions. From the image (a) to (b), by 

changing the scanning direction from lateral to vertical and lowering the scanning bias to 

activate the molecule, we observed that fullerene 2 was moved in the vertical direction 

when back to use same scanning conditions with (a). The bottom two images (c) and (d) 

show the same consequences after varying the scan direction and bias. But in particular, 

the fullerene 2 looks bigger in (c) and (d) while the other fullerenes kept the same sizes 

and the fullerene 1 remained at the same location at all times. Actually, the (c) and (d) 

happened to show the interim while fullerene 2 is moving. The unbonded fullerene 

appeared bigger in STM image due to its being raised above and no longer bonding to the 

surface. 
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Figure 4.12: STM tip manipulations on azo-fullerene molecule. Image sizes are 14 nm * 14 nm. 
The relative position of the two fullerenes 1 and 2 are changed by varying the scanning bias and 

scanning directions. 

This tip manipulation, where one of the paired fullerenes is moved by varying the 

scan direction and bias, can be easily repeated for more than 10 times, and finally the 

whole molecule will be moved when both of the fullerenes are free out of the surface or 

the dimer is broken. When the dimers are broken, however, we cannot tell whether it 

breaks on azobenzene or OPEs given that the chassis are still not imaged and we only 

observe the remaining independent fullerenes. 
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Considering the distinguishing property of azobenzene moieties, we attempted to 

shine UV or blue lights onto the sample. Unfortunately, we did not observe the 

corresponding configuration conversions. We attributed this to the fullerene wheels 

touching the gold surface, which leads to photon-induced switching of the azobenzene 

being quenched due to fast electron transfer from fullerene to the underlying gold. 

Therefore, to further study the photoactivated nature of this system, we need specific 

substrate which can be used to avoid the energy quenching between the fullerenes and 

surface yet still be imaged by STM. 

4.5 Azo-fullerene molecules placed on alkanethiol SAMs. 

As discussed above, it is very probable that the energy quenching between the 

fullerenes and metal surface blocked the photon-activated switching of azo-fullerenes. A 

similar conclusion was drawn by Crommie's group in Berkeley when they studied the 

azobenzene derivative shown in Fig. 4.13.95 The molecule is formed by adding four legs 

to the azobenzene. Without these four legs or even with only two legs on azobenzene, 

they found that no photoactivated switching was observed. Assisted by these four legs, 

the right image indicated the photoisomerization was achieved when exposed to UV light. 

Their conclusion is that the different was due a reduction in the quenching at the surface 

by decreasing the molecule-surface coupling.105 
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Figure 4.13: The study of the molecule called TTB-azobenzene on Au(ll l) from Crommie's 

group. 

To perform the photon-activation on the azo-fullerene dimers, a similar 

non-conductive spacer between the fullerene wheels and the metal substrate is needed. 

But it must be a very thin layer, due to the imaging requirement of tunneling microscopy. 

Based on our rich experiences with alkanethiol SAMs, we realized it would be an ideal 

candidate for supporting the azo-fullerenes. The schematic in the left of Fig. 4.14 shows a 

typical alkanethiol (Cio) molecule. Since it is a well studied molecular system by STM,106 

the covalent gold-sulfur bond, combined with the Van der Waals interaction between the 

methyl groups, allows alkanethiols to form highly ordered monolayers on flat Au(lll) 

surface. This is shown in the atomic scale image of CioSAM on Au(lll) in Fig. 4.14. 

The domains, domain boundaries and some typical defects are also revealed clearly in 

this image. After depositing the azo-fullerenes, the insulative nature of the alkane chain 

will block the energy quenching between the fullerenes and gold substrate, while the 

underlying alkanethiol SAM molecules supply enough support for the molecular motions. 
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Figure 4.14: Illustration of alkanethiol SAMs. The right STM image shows the atomic structure 

of decanethiolate (Cm). 

The decanethiolate (Cio) SAMs were preformed by immersing a hydrogen flame 

annealed Au(l 11) on mica into a 2 mM decanethiolate in ethanol solution for 1 hour and 

then rinsing repeatedly with ethanol and drying under nitrogen flow. Immediately, the 

sample was dipped in the azo-fullerene in toluene solution. After about 30 seconds, the 

sample was quick rinsed with ethanol once then dried. Long-time dipping in 

azo-fullerene solution was avoided because SAMs are ruined by toluene. Then the 

samples were loaded in an ambient STM for scanning. A typical image is shown in Fig. 

4.15. Both azo-fullerene dimers and the details of SAM including the domains and 

defects are exhibited while using the appropriate scanning bias. The right cross-sections 

indicate the apparent heights of fullerenes are still around 3.5-4.5 A, which are in the 

same range for fullerenes on Au(lll) directly. The dimers are still characterized by 

measuring the fullerene peak-to-peak spacing. 
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Figure 4.15: STM image of azo-fullerenes on Cio SAM under ambient condition. The 
cross-sections of two dimers are showing on the right. 

The other two images are shown in Fig. 4.16, as the peak-to-peak distances of the 

paired fullerenes which are marked. Unfortunately, through all the images we noticed that 

the azobenzene moiety and OPE axles are still not visible, although the insulative layer 

under fullerenes may change the electronic state of molecules by varying the 

molecule-surface coupling. 
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Figure 4.16: STM images of azo-fullerenes on Cro SAM under ambient condition. 
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In a manner similar to the dimmer studies on the bare Au(lll), a histogram of 

fullerene spaces is shown in Fig 4.17 after measured N=138 individual molecules on the 

SAMs. We again observed a continuous distribution again on this histogram except far 

fewer were observed spacings beyond the maximum expected value. At the other limit, 

some very small distances are observed when the fullerenes nearly overlap since the 

SAMs are not as flat as the gold surface and usually have a few pits. But we can try to 

compare with the space histogram of azo-fullerene on Au(lll) to understand the 

configurations on SAMs. 
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Figure 4.17: Histogram of peak-to-peak distances of azo-fullerenes on C10 SAM under ambient 
condition by measuring N=138 single dimers. The distances are continually distributed. 

As seen in Fig. 4.18, the two histograms are combined and the chart type is changed 

to a line with the appropriate markers. We observed that the shapes of two histograms are 

very similar. There are strong peaks in the lower space range, which mean their azo 

moieties are like to stay at the cis state on the surface. In addition, the peaks of dimers on 
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SAM appear shifted from the peaks as dimers on Au(l l l ) . Correspondingly, the 

theoretically calculated the dimer spaces of cis and trans states are marked on the 

diagram for reference. The peak-shifts from the theoretical values on both histograms are 

caused by balancing the azobenzene moiety, chassis flexibility and molecule-surface 

coupling. The peak-shift between two histograms probably mainly attributes to the 

molecule-surface coupling especially the fullerene-surface coupling influenced the 

molecule stable states. 
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Figure 4.18: Histogram comparison of azo-fullerenes on Au(lll) and C10 SAM. The blue line 
represents the azo dimers on Au(lll) substrate and the red line is on G10 SAM. The theoretical 

spaces of the cis and trans states are marked by the dotted line for reference. 

After comparing the space distributions on Au(l 11) and on SAM, it appears that the 

continuous space distribution in the theoretically permitted range are related to the 

flexibility of chassis. The spaces which are over the theoretical maximum on the Au(l 11) 
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are formed by stretching where the flexibility of chassis is coupled by the fullerene-gold 

interaction. 

While far from conclusive, voltage pulses from the tip were applied to switch the 

state of the azo-fullerenes on SAMs. A sample of azo dimers on Cjo SAM was loaded 

into UHV to perform the tip manipulations and the results are shown in Fig. 4.19. With 

the scanning bias -1.5 V, one azo-fullerene on SAM was imaged on (a). Then a tip 

voltage pulse -2.5 V was applied at the location marked for 50 ms with feedback loop off. 

The space increase was confirmed by (b) from 3.19 nm to 3.70 nm. The second pulse was 

then applied at marked location on (b). The molecule was switched back and the space 

3.25 nm is shown on (c). 
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Figure 4.19: Azo-fullerene switching controlled by tip voltage pulses on CIO SAM in UHV. The 
voltage pulse (-2.5 V for 50 ms, scanning bias -1.5 V) is applied at marked place on (a). The 

space of fullerene got increased after first pulse as shown on (b). After the second pulse (-2.5 V 
for 50 ms, scanning bias -1.5 V) is applied again, the dimer switched back as shown on (c). 

Now that we have an insulative layer to decrease the molecule-surface coupling in 

order to avoid energy quenching in the case of photon activation, the next is to perform 

the molecular configuration conversion by light irradiation. The azo-fullerene molecules 

were deposited on top of the Cio SAM on Au( l l l ) substrate and then scanned under 

ambient condition. Before any light treatments, the initial image of dimers on the SAM is 

shown on the top in Fig. 4.20. Consistent with the conclusion previously shown in the 

histogram, most of the dimers stayed in the cis state where fullerene spaces are usually 
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smaller than 3.5 nm. After shining a 400 nm light from a LED near the tip-sample 

junction for about 10 minutes, we successfully observed that more dimers are open as 

marked in blue compared with the upper image. Although we did not track the same 

scanning area successfully due to the scanning drift from turning on and off the LED, we 

still concluded that the configuration changes are due to photon activations. The reason of 

scanning shift is probably due to the modification of tip-sample junction by photon 

adsorption and subsequent thermal expansion. 

Figure 4.20: Photon-induced switching of Azo-fullerenes on Ci0 SAM. In upper image, before 
any light treatments most dimers stayed at cis state. More dimers as marked by blue circles are 

opened by shooting a 400 nm light onto the sample for 10 minutes. 
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We also tried LEDs with different wavelengths, such as 350 nm (UV) and 458 nm 

(blue), which all have very sharp wavelength peak (~5 nm in width) in their spectrum. 

Unfortunately, those wavelengths did not work in switching the configurations of dimers. 

But a UV lamp whose wavelengths almost cover all the UV range and main wavelength 

is around 250 nm is very effective to transfer the dimers to cis state after the sample is 

exposed under the lamp for a few minutes. The light irradiation experiments were 

unsuccessful in UHV because the glass viewports (7056 glass) on our UHV chambers cut 

off all the wavelengths below 350 nm and the light powers from LEDs are not strong 

enough as the distance from sample stage to viewports is relatively large. 

From the summary of the surface stable configurations of azo-fullerene and the 

photon activations results, we have proposed a possible state model to explain the 

observed phenomena. As shown in Fig. 4.21, the energy levels only represent the relative 

positions and are not the quantitatively accurate values. First, the energy of cis So state 

will be lower than the trans So after adding OPE axles and fullerenes because cis appears 

more stable for azo-fullerene dimers. Second, the intervals between excited state and 

ground state are both increased due to the shorter wavelengths of excitation lights. 

Definitely, the actual energy states must be more complicated because we need to 

consider the molecule-surface couplings as well. 
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Figure 4.21: Possible state model of azo-fullerene photoisomerization. The dash lines indicated 
the relative positions of So states of azobenzene. This diagram only represents the relative 

changes after adding OPE axles and fullerenes to azobenzene. 

To compare, the latest research results from Crommie's group indicated that their 

azobenzene derivatives on Au(l l l ) always conformationally switched from trans to cis 

by exposed to either UV or blue lights. This is also contrary to their result in solution. 

Thus, the complication while placing the azobenzene derivatives on a surface is 

ubiquitous. To overcome these challenges, molecule engineering and modeling as well as 

deeper understanding of the dynamics of molecule-surface coupling will be further 

required. 

4.6 Fullerene charge-transfer binding at twin boundaries. 

During the investigation of azo-fullerenes on Au(l 11) surface in UHV, we noticed a 

very interesting phenomenon, as shown in Fig. 4.22. Some of the dimers aligned 

themselves on flat gold terraces similarly to those happened at the gold step edges. The 

explanation could be that fullerenes are attracted to the charge redistribution existing at 

twin boundaries. Further study is needed to understand the physics behind this. The screw 

dislocations found at either end of the linear formations of the azo-fullerene dimmers 
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strongly support this. A similar phenomenon for the deposition of bare fullerenes on 

bismuth surfaces has recently been observed.49 

Figure 4.22: Azo-fullerene dimers are lined on flat gold terraces due to the charge-transfer at 
the twin boundaries. 

4.7 Azo-fullerene nanocar. 

Based on the successful characterization and photon-activation of azo-fullerene 

dimers, further experiments of azo-fullerene 4-wheel cars has been planned with the 

initial results of these discussed below. The molecular structure is illustrated in Fig. 4.23. 

Similar to the azo dimer, it is still comprised of rolling fullerene wheels, OPE axles and 

azobenzene as motor. 
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Figure 4.23: Molecular structure of azo-fullerene 4-wheel car. 

The motion of the azo nanocars will be very complicated and three dimensional 

since there are many more degrees of freedom compared to the original nanocar. But the 

modeling in Fig. 4.24 indicates that the motion will be relatively simple when the 

molecule on a surface. Finally the hope is that, the azo nanocars will move as a worm by 

irradiation with alternating wavelengths. 

Figure 4.24: Motion of azo-fullerene 4-wheel car on Au(lll) surface with photon activations. 

The initial imaging and characterization have been done on single azo nanocars, 

which are marked on the STM image in Fig. 4.25. Following the same procedures of 

making azo-dimers on SAM samples, the azo nanocars were deposited on Cio SAM and 

scanned on an ambient STM. From the cross-section measurements, the wheel spacing 

corresponds very well with space-filling models. 
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Figure 4.25: Initial STM investigation of azo-fullerene 4-wheel car on Cio SAM on Au(lll) 
under ambient condition. 

Through further scanning, we observed random motion of azo cars on top of the 

SAM under ambient condition without any light activation or heating process. The wheel 

space variation proves the flexibility of chassis again. 

Figure 4.26: Random motion of azo-fullerene 4-wheel cars on C)0 SAM. 

Photon activation experiments have not been performed as yet since we are still 

looking for the more effective light source and more reliable methods to track the 

motions of individual azo-fullerene nanocars. 
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Chapter 5 

Alternating Current STM and Rotational Excitation of 

Fullerenes via Microwaves 

5.1 Alternating current STM. 

The alternating current scanning tunneling microscope (ACSTM) which combined 

the conventional STM with a high-frequency modulation typically in microwave 

frequency extends the use of the STM from a very high spatial resolution and local 

density of states (LDGS) detection to the analysis of nonconducting surfaces and local 

nonlinear properties in the surface region.107 The ACSTM is conceptually based on the 

conventional STM and relies on the common principle of applying a high frequency 

alternating voltage across the tip-sample gap and detecting new components in the 

tunneling current generated by intrinsic nonlinear current-voltage (I-V) characteristics of 

the tunneling junction. At sufficiently high frequencies, the tunnel junction responds to 

the inability of the system to follow the rapidly oscillating ac field. By observing this 

frequency response and the amplitude dependence, we can measure unique properties 

such as local chemical, electronic, and/or structural properties of the system.1 '109 

The first ACSTM experiment was reported by Kochanski in 1989 where thin 

insulator films and semiconductors were imaged when the tunneling junction is in a 

microwave resonator cavity and monitored at the third harmonic of the input signal.110 

Later, similar investigations but with a tunable resonator were carried out by Michel and 

co-workers.111 They also started the ACSTM studies of SAMs on gold112 and dopant 

profiling of semiconductors.113 With a different setup where the microwave is directly 

68 



couple to the STM tip by connecting the biased microwave wire to tip wire, Weiss et al. 

retained broadband frequency response without a resonant cavity.114'115 More recently, a 

loop antenna has been employed in ACSTM studies to couple the microwave frequency 

to the tip-sample junction both independently by our group and by Ho et al.U6' 117 The 

difficulties when using a single high frequency modulation included the need for 

specialized broadband microwave electronic equipment for detection especially in the 

nanoamp current range as well as careful appreciation of high-frequency impedance 

matching and reflection loss concerns. To solve this problem, a different frequency 

mixing strategy was created.118 Two slightly detuned high frequency signals are offset by 

a small mount (typically a few kilohertz) and mixed at the tunneling junction. Therefore, 

the tunneling junction is still modulated by the high frequency input, but the resulting 

difference frequency signal reflects the response to the high frequency but can be 

amplified using conventional scanning tunneling microscope electronics at low frequency. 

In addition, standard low frequency phase sensitive detection schemes such as 

conventional lock-in amplifier can be applied. When the tunneling current is sent to the 

feedback loop to control the tip-sample distance, the topographic image are still obtained 

as well as the difference frequency (DF) signal is recorded simultaneously. Thus the 

microwave difference frequency (MDF) image will display some features not revealed in 

the topography. But when the DF signal is used to control feedback loop, an innovative 

and easy method is created for imaging the insulators with atomic resolution. However 

this contains its own set of unique challenges. 
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5.1.1 ACSTM theory. 

The different frequency mixing strategy is previously established for studying the 

dopant distributions on semiconductors by detecting the different frequency signal whose 

response reflects the dC/dV information. In the case of a silicon substrate for example, the 

STM tip is not contacting the substrate, thus the tip-air-silicon arrangement resembles a 

metal-insulator-semiconductor (MIS) structure. The system can be simply represented by 

a circuit of resistor-capacitor (RC) connection in parallel. Therefore the relationship 

between the tunneling current / and gap voltage VT — Vb+v, where the Vb is the DC bias 

voltage and v is AC signal from the microwave input, is shown as 

where the R is the resistance of the system and the C is the capacitance which originates 

from the capacitances of air gap and silicon depletion layer. Furthermore, the AC 

component from the output microwave signal is 

Then the capacitance term is expanded into a Taylor series about the bias voltage V. The 

equation transfers to the following form. 

1 = coy-i-
&€ 

F+-
Ws€ <$% 4 . . . . 

If we only consider the dC/dVterm, then the response / includes a term shown as below. 

,r 

When two different frequencies ©1, CO2 are combined, the frequencies are (CO1+CO2) and 

(coi- C02), which are the sum and difference frequencies, are also generated. In the output 
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current signal, there is a term responded to the (coi- C02) at low frequency as shown below, 

where the vm is the amplitude of the microwave input signal. 

199 % 
Cflii - ®Qmm* c©iCC^i - uM +• 

Thus, as mentioned earlier, the dC/dV information responded to the high frequency 

stimulation can be directly obtained by using conventional lock-in amplifier at much 

lower frequency. 

The typical MIS junction would exhibit C-V and DC/dV curves as in Fig. 5.1. 

Considering the ACSTM tip-air-semiconductor as a MIS structure, the model curves can 

be conceptually used to understand the MDF signal observed at different bias. 

0 
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Figure 5.1: Model C-V and dC/9F curves of MIS structure for both p- and n-type 
semiconductors. 

Although the experimental realization is significantly more complicated than the above 

MIS model as the precise shape of the curves is dependent up a variety of factors, 

including the probe tip geometry, the tunneling gap width and the semiconductor dopant 

concentration etc, it is expected that we will observe the amplitude difference and phase 

shift between p- and n-type regions on the semiconductor surface at different bias 

voltages that generally follow the trends of the model. 
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5.1.2 Experimental setup. 

A schematic of the instrument configuration is shown in Fig. 5.2. Two microwave 

signals are generated by two individual microwave sources, which are synchronized by a 

clock connecting them. The frequencies are offset by a small mount (typically 4 KHz) 

which becomes the detected difference frequency A(o=(Oi-(02 when mixed at the STM. 
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Figure 5.2: Schematic of the difference frequency detection scheme. 

A reference signal Aa) for monitoring the phase shift at the lock-in is created by splitting 

a portion of the applied AC signals prior to the tunnel junction at the diode that tees off at 

the directional coupler. The remaining majority of the combined signals are then added 

with a DC bias voltage at the bias tee and continue to the STM tip. The tunneling current 

collected from the tip-sample junction is converted to a voltage signal by a low noise 

current preamplifier. The current preamplifier, however, has a bandwidth setting of 5 kHz 

and thus filters out all higher frequency signals and harmonics. Then, the amplified signal 

is delivered to an ADC inside the control electronic to operate the feedback loop as well 

as to form a real time topographic image with the assistant software. Meantime, the 

tunneling response to the difference frequency Aoo is also extracted and detected by the 
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lock-in amplifier when the tunneling signal is sent to the lock-in as an input. The 

amplitude and phase output from the lock-in are logged by another pair of ADC channels 

to yield MDF amplitude and phase images. 

5.1.3 Self-built ambient ACSTM. 

To implement the ACSTM discussed above, we have built an ambient ACSTM in 

the Kelly laboratory. The self-built ACSTM is largely based on the design done by Kelly 

and Weiss.107'115 The scan head is a modified beetle-style STM design originated by 

Besocke and coworkers.119'120 Some photographs of our ACSTM are shown in Fig. 5.3. 

As seen in the upper right, 4 piezoelectric tubes are held on a predrilled ceramic (Macor) 

block by superglue (Torr Seal epoxy will be used instead if building a UHV capable scan 

head.) Each of the piezo tubes is segmented into four independent sections which are 

especially designed to perform the scanning motion by connecting +X, -X, +Y and -Y 

electrodes separately. The electrodes are press fit on each tube by soldering around 

rubber o-ring gaskets with a suitable diameter. The center tube is responsible for the 

scanning motion and the replaceable probe tip is mounted by using a syringe tube inside 

of the scanner tube. A piece of gold foil is fixed underneath the probe tip by an insulative 

microwave epoxy121 and provides a ground plane which is used to shield the electronic 

noise from the high piezo voltages. The other three piezo tubes act as coarse positioners 

to operate the vertical as well as the horizontal motion of the sample. These tubes are 

terminated with a small piece of ceramic with a stainless-steel ball bearing placed on top. 

The sample holder, which is made of molybdenum, copper, stainless-steel or even a 

special microwave absorber122, is placed on top of the tripod as shown in the lower right 
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photograph. The design of sample holder still follows the typical beetle style119 with a 

threefold ramp configuration and can be seen in Fig. 5.4. The waveforms used for the 

sample approach are similar to those outlined by Besocke.119 

Figure 5.3: Photographs of self-built ACSTM. 

As shown on the left in Fig. 5.3, the main body of the scope, which includes the scan 

head holder and the sample elevator, is made of copper in order to shield the electronic 

noise outside as well as to physically protect the delicate scan head. The insulative base 

made of an engineering plastic (Delrin) supports the all wiring and connectors. The 

tunneling current is collected by a RHK low noise preamplifier from the top of sample 

holders. The position of preamplifier can be slightly adjusted through an adapter on the 

elevator rails. 

As mentioned in the experimental setup, the mixed microwave signals combine with 

DC bias in the bias tee and then couple to probe tip directly. Microwave losses are 

minimized using SMA connectors and appropriative microwave cables. Inside the scope, 
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a semirigid UT-34 coaxial cable is chosen to carry the bias voltage and microwave 

signals and just outside the center piezo tube. Another piece of concentric tube, which is 

prepared by replacing the conductor of UT-70 with a syringe tube, is glued in the piezo 

tube and works as tip holder. Finally, the small section of the center conductor of UT-34 

is exposed by remove both outer copper shielding and Teflon insulation and then mated 

with the syringe tube which holds the tip wire, while the shielding of UT-34 is touching 

the shielding of UT-70. The setup has been proved to apply frequency from DC to 

20GHz. Some schematics along similar lines can be found in the Weiss's early 

publications.115 However, in their configuration, the UT-34 and the UT-70 were soldered 

together which leads to problems when trying to remove a dropped tip from the center of 

the syringe tube. Therefore, we operate the scope with a replaceable probe tip that act as a 

monopole microwave antenna. The microscope is operated by commercial RHK 

controller and software. 
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Figure 5.4: Photographs of the techniques to reduce the various noises. 

To obtain the atomic images on the self-built STM, the various noises should be 

terminated or reduced as much as possible. Several techniques have been employed in 

our design, as summarized in Fig. 5.4. First, to obtain the accurate tunneling currents in 

picoamp range, the conducting path should be as short as possible before they are 

converted to voltage signal in the current preamplifier. So we place the preamplifier very 

close on top of the sample and apply a short piece of single thin gold wire to collect the 

tunneling current by connecting it on the back of sample holder. Second, the ramp surface 

of sample holder is polished and then slightly patterned in order to obtain an effective 

movement while approaching and a dynamic stability for reducing vibration while 

scanning. Third, there are the electronic shields and acoustic shields from the metal 

sample tray and hybrid scope case, which is made of aluminum and acoustic absorber 

cork. Lastly, we found an easy but very effective vibration isolation system. Our 

vibration system from bottom to top includes an air-floated optical table, an aluminum 

base, a large rubber ring (for vertical vibration reduction), an aluminum disk, silica gels 
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(for lateral vibration reduction), another aluminum disk and a few small rubber rings 

underneath the scope body. After setting the proper approach and scanning parameters, 

the scope was calibrated by scanning bare HOPG (graphite) and Au(lll) on mica 

surfaces. 

5.1.4 Mapping dopant distributions and potential 3D imaging capability. 

To validate the ACSTM configuration, dopant profile mapping experiments were 

carried out on silicon patterned with p- or n-type stripes. The samples were fabricated at 

Pennsylvania State University and used in previous work.107 As mentioned in the 

ACSTM theory part, the amplitude and phase signals responded to the different 

microwave frequency should exhibit the contrast in apparent height. 

The oxide on the Si strip sample is removed by immersing in a 6:1 40% NhLtF:49% 

HF solution for 1 minute. Then the sample is rinsed in a running DI water for 2 minutes 

and dried under nitrogen stream before it is loaded into the scope. The tunneling junction 

is modulated by a combination of 400 MHz and 400 MHz + 4 KHz from two microwave 

sources. The amplitude and phase signals are obtained by importing the tunneling 

information into the lock-in amplifier. The results are shown in Fig. 5.5. Although the 

topography indicated different apparent heights for p- and n-type doped regions, the 

MDF images still contain additional doping information. As expected, the MDF images 

clearly illustrates the dopant regions with appropriate contrast in comparison to the 

simultaneously-acquired topographic image, while the contrasts between the p- and n-

doped regions are different at different tunneling bias. Noticeably, there is very little 

change with bias voltage in the topography but a drastic change in MDF. Therefore, the 
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theory of mapping dopant profiles on semiconductor with microwave modulation and our 

experiment are in good agreement. 

Figure 5.5: ACSTM images on a strip-doped Si. The MDF signals are obtained with modulation 
by a mixed frequency of 400 MHz and 400 MHz + 4 KHz. The first line of the MDF images 

indicates the amplitude from the lock-in amplifier output while the second line is showing the 
phase information. The MDF images show similar profiles but in different contrast at different 

bias voltages (a) -1.5 V (b) -1.0 V and (c) -0.5 V. 

In addition to the ability to detect the dC/dV information, the ACSTM can be further 

expanded to be a useful tool with potential 3D imaging capability. The objects 

underneath the surface layers or embedded in the multi-layers can be imaged due to the 

capacitance variation while they are probably not shown in the topography. Our initial 
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studies are performed on a nanotubes on Au(lll) sample covered by conducting 

polymers. The thiophene functionalized single walled carbon nanotubes are deposited 

onto an Au(lll) on mica substrate through the self-assembly process due to the 

thiophene-Au bonds.123 The conducting polymer poly(3-hexylthiophene) (P3HT) is then 

deposited on top of the nanotubes and covered the whole substrate. The sample is 

characterized with mixed frequency of 400 MHz and 400.004 MHz and the topographic 

and MDF images are shown in Fig. 5.6. 

Figure 5.6: Potential 3D imaging Capability of ACSTM. A nanotube on Au(lll) sample is 
covered by conducting polymer P3HT. The nanotubes cannot be imaged in the (a) topography 

due to the polymer coverage, but they are shown on the (b) amplitude image and (c) phase 
image where the position of nanotube is marked on the each image (350 nm x 350 nm). 

In Fig. 5.6 (a), only the top layer of polymer is imaged in topography. But we can clearly 

indentify a nanotube-like structure in the simultaneously-acquired MDF mapping 

amplitude (b) and phase (c). The position of the nanotube is marked in each image for 

comparisons. 

The results and discussion presented above are a preliminary demonstration of the 

ability of the ACSTM to characterize semiconductor dopant distributions and subsurface 

structures using difference frequency detection. We have successfully shown the ability 

to distinguish between p- and n-type silicon on the nanometer scale. In addition, we have 

demonstrated the potential 3D imaging capability of the ACSTM. Future experiments 
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with the ACSTM are underway that will optimize spatial-resolution and further expend 

the applications in 3D imaging. 

5.1.5 Modifications on the other conventional STMs. 

In order to take full advantage of ACSTM, STMs in our laboratory were retrofitted 

to couple the microwave frequency to the tip-sample junction in systems that lacked the 

UT-70 style tip holder. As opposed to the near-field coupling discussed above, the 

modifications on the other systems were done based on far-field antenna coupling. By 

adding a microwave antenna near the probe tip, even though it does not couple the 

microwave most efficiently, an ACSTM signal can still be acquired. In this way, there is 

no need to rebuild the STM head. This idea also can be extended onto the AFMs and 

NSOMs to create new tools for the molecular scale research. 

The inchworm-type ambient STM was modified along these lines as shown in Fig. 

5.7. There are two types of antenna which were employed to couple the microwave 

frequencies into the junction. In Fig. 5.7 (a), the open-end, quarter-wavelength antenna 

was fabricated by exposing about 5 mm inner conductor of UT-34 and covered by a piece 

of standard heat shrink to prevent accidental shorts between the wire and the sample plate 

or piezoelectric elements. Later, the antenna was changed to loop type, as shown in Fig. 

5.7 (b), to improve the coupling efficiency. A similar type of loop antenna has been 

mentioned by Ho and coworker's studies.116' 117 Both these configurations successful 

performance were confirmed by scanning the strip-doped Si sample which was used in 

previous study. 
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Figure 5.7: Photographs of modification on inchworm ambient STM. There are two types 
antenna used to optimize the frequency coupling (a) open-end antenna (b) loop antenna. 

The Omicron UHV scope was also modified with the addition of a loop antenna, as 

shown in Fig. 5.8. The loop is still made from the semirigid coaxial UT-34 cable (UHV 

compatible). But this time only the outer shield is stripped off while the insulator is 

reserved for preventing shorts. The inner conductor is exposed at very end of the loop and 

soldered to the outer shield. The other end of the UT-34 is connected to a SMA connector 

and coupled out of UHV by a double ended SMA feedthrough. 

Figure 5.8: Photographs of modification on Omicron UHV STM by using a loop antenna. 

The ACSTM modification after proving successful on the Omicron electronics was 

adapted to the RHK scanning controller and electronics. The previous design used a 

biased preamplifier on the UHV side and the sample holder and the whole sample stage is 

grounded through the UHV chamber. Therefore, the tunneling sensitivity is limited to 
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nanoamp range and the high frequency modulation is more difficult to detect. We 

modified the system to a close loop by isolating and biasing the sample stage as well as 

collecting the picoamp tunneling currents from the tip to an external preampflier with an 

ultra miniature coaxial cable124 which was mounted on a BNC feedthrough. 

Consequentially, the Omicron system yielded an enhanced sensitivity and better thigh 

frequency response. 

Lastly, similar modifications were performed on the RHK UHV STM by the 

addition of a loop antenna. The dimension of the antenna loop is very critical for the 

proper working of RHK head, due to the inverted beetle style design. The diameter of the 

loop must be small enough to not inhibit the stick-slip sliding of the piezoelectric legs on 

the ramp, but larger the sample size so not to inhibit the overall scan range of the system, 

as shown on the right in Fig. 5.9. The loop shape is fixed by using Torr Seal125 epoxy. In 

addition, the antenna must be retreated far from the sample stage while performing tip 

and sample exchange. Therefore, the whole cable is mounted on a linear translation arm 

which is mounted on the UHV chamber as shown on the left in Fig. 5.9. 

Figure 5.9: Photographs of modification on RHK UHV STM by using a loop antenna. 
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5.2 Rotation of fullerenes by microwave excitations. 

Parallel to the work on building and modification on the ACSTMs, we are still 

continuing the studies of driving or operating nanovehicles on surfaces by STM as 

discussed in the previous chapters. Following the research direction of seeking an 

external excitation, such as the attempt of light-induced molecular switching motion 

mentioned in Chapter 4, another possible route is excitation of fullerene rotational modes 

via microwaves, a key point to further understand the rolling mechanism of the fullerenes 

and their interaction with the surface. In recent years, the research on the transmission of 

electrons through molecules and molecular interfaces has gathered intensity. Especially 

the system of fullerenes on various surfaces including metals, semiconductors or even 

poor-conductors has been studied.126 More recently, the motion of fullerenes on surfaces 

such as molecular bearings between graphite plates, fullerenes rolling on silicon, 

19Q 

tip-induced rotation of fullerenes on Cu(100) by observing the intramolecular features ' 

130 have been investigated. Therefore, with microwaves as an excitation source in the 

tunneling junction, we expect to see some evidence of fullerene rotation as resonance 

phenomena excited either by electromagnetic waves or by the tunneling electrons 

oscillating at the microwave frequencies. 

Initially, samples made by spin-coating a nanocar solution on a hydrogen flame 

annealed Au(lll) on mica substrate were scanned by using the self-built ACSTM with 

the UT-70 tip holder under ambient conditions. The topographic images with and without 

microwave modulations are show in Fig. 5.10. We observed an apparent height of the 

nanocars on (b) are larger than those on (a) and the average height increased from ~3 A to 

~5 A when mixed microwave frequencies of 400 MHz and 400.004 MHz with 8.3 dBm 
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on each source was applied. The same phenomenon occurs with a single microwave 

source, however, the dual sources in this case allow a better monitoring of the overall 

microwave power applied through monitoring of the difference frequency signal. 

Figure 5.10: ACSTM topographic images of fullerene nanocars on Au(lll) at same scanning 
parameters (Vb = -0.4 V, It = 7 pA) on the self-built ambient ACSTM: (a) before turn on the 

microwave sources and (b) microwave frequency c. With the microwave excitation, the average 

fullerene apparent height of two nanocars increased from ~3 A on (a) to ~5 A on (b). 

The exciting result of height increasing with microwave irradiation corresponds with 

the previous statistical study of thermal activation fullerene wheel rolling motion,131 

which indicated fullerene on gold surface appeared higher under high-temperature 

conditions -500 K. In addition, other previous STM studies of fullerene on various 

surfaces noted that in comparison to molecules with clear molecular orbital detail, those 

fullerenes with lacking this detail appear higher, and are therefore interpreted as rotating 

in place on the surface.132 

After the first successful attempts to excite the fullerenes with microwaves, the 

further observation under different frequencies is preformed with same experiment setup 

and conditions, as shown in Fig. 5.11. The image (a) is the topographic image without 

microwave excitations. Two single fullerenes are focused since their heights changed 

significantly after microwaves turned on, although the sample is still the nanocars on 

Au(lll) with some broken molecules. Images (b) and (c) are the topographic and 
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amplitude images at 300 MHz and 300.004 MHz at 9.0 dBm; (d) and (e) topographic and 

amplitude images at 400 MHz and 400.004 MHz at 9.0 dBm. According the height 

values marked on the images, we conclude the heights with 300 MHz are almost ~2.5 

times of those when microwave is off and they increased more with 400 MHz. At the 

meantime, we compared the single gold step edges in all topographies to make sure there 

is no system drift caused by microwave or other artifacts. The heights of step edge are 

checked during all of our ACSTM experiments. In addition, from the MDF amplitude 

images, we can notice the excited molecules more clearly. The null result on the other 

structures has strongly convinced us the phenomenon is unique to the fullerenes. 

Figure 5.11: ACSTM images of fullerene nanocars on Au(lll) at same scanning parameters (Vb 
= -0.4 V, It = 7 pA) on the self-built ambient ACSTM. (a) is a topography taken before turn on 
the microwave sources, (b) and (c) are the topographic and amplitude images at 300 MHz and 

300.004 MHz at 9.0 dBm, (d) and (e) topographic and amplitude images at 400 MHz and 
400.004 MHz at 9.0 dBm. The heights of the fullerenes, which are indicated by arrows, are 

marked beside each fullerene. The amplitude images (c) and (e) show the excited fullerenes more 
clearly, but cannot indicate the single step edge as topographies. 
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Although the MDF images give us some useful information about the excitation, this 

is not always necessary to monitor it because the scan speed associated with the lock-in 

signal is somewhat limiting in the acquisition of the topography images. To speed up the 

acquisition, the MDF is not always monitored. Therefore, some of the other data does not 

include MDF images 

Pure fullerene molecules were also investigated following nanocars to further 

understand the excitation mechanism. The similar results to the nanocars are obtained on 

a sample prepared from spin-coating and shown in Fig. 5.12. The typical heights of 

fullerenes on Au( l l l ) appeared in topographic image (a) without microwave. (Since we 

kept using 4 KHz as different frequency, here and later we will use 300 MHz for short to 

represents the mixed frequency of 300 MHz and 300.004 MHz.) With 300 MHz in (b), 

the same fullerene appears higher as 1.5 times as in (a) and further increases to 1.7 times 

with 400 MHz in (c). Therefore, we conclude that the fullerene excitations are related to 

the microwave frequencies. 

Figure 5.12: ACSTM topographic images of pure fullerenes on Au(lll) at same scanning 
parameters (Vb = -0.4 V, It = 7 pA) on the self-built ambient ACSTM: (a) before turn on the 
microwave sources and (b) at 300 MHz and 300.004 MHz at 9.0 dBm, (b) at 400 MHz and 

400.004 MHz at 9.0 dBm. One fullerene is tracked during the whole process. Its height changes 
from (a) 3.4 A to (b) 5.2 A and then (c) 5.8 A. Although this fullerene did not change too much 

from (b) to (c), the heights of many other fullerenes got increased apparently. 

The differences between the pure fullerenes and nanocar wheels or the broken 

nanocar wheels are the attached side chains. In order to understand the influence from the 
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side chains, [6,6]-phenyl-C6i -butyric acid methyl ester (PCBM) molecules, which are 

shown in the inset in Fig. 5.13, were studied using the same method as the pure fullerenes. 

With 400 MHz microwave excitations, the heights increase to about 1.5 times, as shown 

in Fig. 5.13. Therefore, the increase of the nanocar wheel height mainly caused by the 

microwave excitation on the fullerenes did not depend on the presence of the chassis 

structure. 

Figure 5.13: ACSTM topographic images of PCBM, whose structure is shown in the inset, on 
Au(lll) at same scanning parameters (Vb = -0.4 V, I, = 7 pA) at ambient condition: (a) before 

turn on the microwave sources and (b) at 400 MHz and 400.004 MHz at 8.3 dBm. 

Although the heights of fullerenes increased with microwave excitation under 

ambient condition, we are still not completely confident that the effects are arising from 

the molecular motions. The circumstance, such as humidity and gas etc, might affect the 

molecule surface coupling and induce the similar appearing results under excitations. 

Therefore, we repeated the experiments in the UHV. 

The argon ion sputtered and annealed Au(l 11) on mica substrates were prepared in 

the Omicron UHV system. The fullerenes in toluene solution were dosed onto the 

pre-treated substrate in the load-lock by using our solenoid dosing techniques. Then the 

sample was transferred back to the UHV main chamber and investigated by the modified 

Omicron ACSTM head. The results are shown as a series in Fig. 5.14. Two cross-section 

measurements are taken and shown below on each image. The microwave frequencies are 
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set at 400 MHz but the power is increased from 5 dBm to 7 dBm in (b) to (c) in order to 

study the influence of microwave power. A microwave amplifier is added to the 

experiment setup after the microwave combiner due to the coupling attenuation by the 

bigger loop, far-field antenna in the Omicron system. 

MWoff 400MHz, 5dBm+Amplffier 400MHz, 7dBfn+Ainplifier 

Figure 5.14: A series of ACSTM topographic images and cross-section measurements of 
fullerene on Au(lll) in UHV by Omicron scope with same scanning parameters (Vb = -0.4 V, It 

= 7 pA). The first row shows the topographies. The second and third rows show the 
corresponding two cross-sections. The microwave frequency is marked on top of each image. As 

the microwave power increasing, the apparent heights increased. 
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As expected, the results indicated the heights increase while the power is being 

increased, which might indicated the fullerenes are rotating faster with increased 

excitation power. But the height difference with microwaves on and off is not as 

noticeable as under ambient condition (only 1.1 times after microwave turned on). The 

reason for this may be two fold. First, the ambient circumstance did influence the 

molecule-surface interface probably due to the inherent water layer that is present on the 

surface. Second, the microwave coupling methods plays an important role. As shown in 

Fig. 5.15, the directions of electric and magnetic fields are completely different when 

using different types of antenna. The directions of electric and magnetic fields on the 

Omicron is as shown in (b) since using loop antenna, while on ambient scope they should 

follow (a) because of the monopole antenna. However, it is still not entirely clear how the 

fullerene rotation relates to the EM field directions. 

lb) 

C^^> 
Dipole antenna or . 
Monopole antenna Loop antenna 

Figure 5.15: Illustration of antenna types and corresponding directions of electric field and 
magnetic field. Blue lines represent the shapes of antenna; red lines show the direction of 

electric field, while green lines indicate the direction of magnetic fields. 

After the successful excitation of isolated fullerenes on Au( l l l ) in UHV, we 

planned to study the behavior of fullerenes which are trapped in the islands since most of 

other research of fullerenes on metal surface are perform in or on the fullerene islands.126 

The sample of sub-monolayer fullerenes on Au(l 11) was prepared on the RHK system 

and also studied by the modified RHK ACSTM head. The argon sputtered and annealed 

Au(l 11) on mica substrate is prepared in RHK UHV main chamber and later transferred 
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to load-lock for fullerene sublimation before checking the reconstructed herring-bone 

structures. The fullerene molecules were evaporated onto Au(lll) from the K-cell 

evaporator with a flux current 200 nA for 10 minutes at 4.0 x 10"7 Torr. Then the sample 

was transferred back to the main chamber and annealed at 150 °C for 10 min for 5 times. 

The sample was then imaged by STM as shown in Fig. 5.16. The fullerene islands appear 

on the flat and clean gold terraces and step edges. The atomically-resolved islands and 

herring-bone structures are seen in the same image. 
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Figure 5.16: STM images of fullerenes evaporated onto argon ion sputtered and annealed 
Au(lll) in UHV. The sample is annealed at 150 °C for 10 min for five times. The fullerene 

islands appear on the flat and clean gold terraces and step edges. 

The atomic structure of an ordered fullerene islands was successfully resolved as 

shown in Fig. 5.17. The cross-section measurements were preformed following the line 

marked in the topography. With the microwave power increasing, we observed the height 

difference between the peaks and pits in this line scan is increasing slightly but the 

profiles additionally became much noisier. Thus, the excitation power cannot be 

increased without a limit. However, the slight height increase can be attributed from the 

same reasons as talked above. As the key point of this series of measurements, the states 

of fullerenes are back to their original states after the microwave is turned off. 
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Figure 5.17: A series of ACSTM topographic images and cross-section measurements of 
fullerene on Au(lll) in UHV by RHK scope with same scanning parameters (Vb = -0.4 V, It = 7 

pA). The large topographic image is taken without microwave. As the microwave power 
increasing, the apparent heights increased. After microwave turned off again, everything is back 

to the origin state. 

The relationship between the heights and microwave frequencies is also studied by 

every ACSTM system in our experiments. But the conclusion is that there is not a simple 

relationship between them. It is very reasonable to expect the existence of a resonance in 

the system. The reason why we always choose 300 MHz, 400 MHz or 800 MHz as the 
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excitation frequency in our experiments is that those frequencies usually give the best 

results and probably they are close to the resonance frequency or its harmonic. The 

frequencies between 500 MHz and 600 MHz were atypical in that a strong oscillation in 

the detection system appeared and generated an unstable tunneling state. 

L ! F i r . .-^ -̂ ~-.- «--- --'^ . ;- . - y ^ - — - • - - - 2j_J 

Figure 5.18: ACSTM (a) topographic and (b) MDF amplitude images of fullerenes on Au(lll) in 
UHV with a mixed frequency of 900 MHz and 900.004 MHz. 

An interesting phenomenon was observed during the microwave excitation 

experiments, as shown in Fig. 5.18. The MDF signals of fullerenes are showing on the 

amplitude image (b) as peaks or pits. Although we cannot observe any difference 

between the fullerenes in topography, the fullerenes marked by the green arrows 

appeared as peaks but other are pits in the MDF image. Especially, the pit which is 

marked by the black arrow in the MDF image does not appear at all in the topography. 

From the images in Fig. 5.18, we probably would conclude the fullerenes on the top 

terrace appeared as pits while the fullerenes on the lower terrace are shown as peaks. But 

some other images also illustrated the peak-pit contrast for the fullerenes on the same 

terrace. Therefore, the physics behind this phenomenon is still a puzzle for us. 

To further understand confirm hypothesis that the fullerene is rotating on the Au(l 11) 

under microwave excitation, we should obtain the intramolecular structures formed by 
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the charge transfers between the fullerene and metal substrate that have been previously 

reported.126'132'133'134 In case of observing the intramolecular structures successfully, if 

they disappear as well as the fullerene heights increase with microwave excitation, it will 

strongly confirm that the rotation of fullerenes is occurring. We attempted hardly to 

image the intramolecular feature of fullerene on Au(l l l ) , but still not succeed yet 

because Au( l l l ) has the smallest corrugation features compared to other substrates, such 

as Cu( l l l ) and Ag( l l l ) which are more ideal. Therefore, the experiments to deposit 

fullerenes on Ag(l 11) on silicon or Cu(l 11) on mica substrate are underway. In addition, 

the particular interests of fullerene on SAMs may provide another solution since the 

intramolecular structure has been successfully observed on SAM135 and the vibronic 

spectroscopy of single fullerenes has also been measured on thin insulators.136 

As opposed to rotation, a second means to interpret our excitation results may be 

that the fullerenes are bouncing on the Au( l l l ) surface under electric and magnetic 

fields.137'138 This theory could also explain the difference caused by monopole and loop 

antenna, but we would expect this bouncing frequency in THz range as opposed to the 

microwaves around a few hundred MHz as reported. 

The third theory to explain the data comes from the work of Wilson Ho et al,117 that 

the rectification current is induced by the microwave excitation while they are studying a 

molecular rectifier system by STM. Thus, the rectification current may change the 

apparent height in STM images. However, in his experiments, this rectified signal is quite 

small and any additional contribution from it can only be observed at cryogenic 

temperatures. Therefore, we discount this last possibility. 
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To conclude, with the advantages of ACSTMs, we observed the fullerenes on 

Au(lll) surface appeared higher under microwave excitation and the apparent heights 

increase with the microwave power tuned up. We assume that the fullerenes are rotating 

on the surface under the excitation and the rotating speed may get faster as more power is 

applied. Further experiments are still needed to support the above discussions. 
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