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ABSTRACT 

This work uses STM-scanning tunneling microscope and computers to study the 

interaction of two different materials. The equipment used are STM- scanning tun

neling microscopy and computers. The materials are the silicon (111)-7x7 surface 

and the carbon 60. 

The e60 topic has been widely discussed since 1990. The basic properties of 

e 60 molecules have been reviewed in this work. The silicon surface is important for 

the current electronic industry, but the silicon surface structure was not well known 

until 1985. STM is the best technique to image e60 on the silicon surface in the 

real space domain. In chapter one and chapter two, I discuss the background of this 

topic and the principles of my experiment. 

The interaction of e60 with the Si (111)-7x7 surface has been seen clearly 

on STM images, but the nature of the interaction is not well known. The primary 

question is where these e60 molecules perfer to stay on the Si (111)-7x7 surface? I 

made a computer to answer this question by using a sophisticated program package 

to do image recognition. To explain the interesting statistical result, a very simple 

physical model has been constructed and calculations by the theoretical model is 

fitted to the experiment result. 

Molecular dynamical computer simulation is one of the most powerful tools 

for studying assemblies of particles interacting through realistic inter-particle forces. 

I used this method to calculate the e60 and silicon (111)-7x7 in van der Waals force 

interaction to see if the result can fit the experiment or not. The conclusion is that 

the interaction between e60 and Si (U1)-7x7 is not dominated by van der Waals 

forces. 

Image processing techniques are very important in this work. I devoted one 

chapter to describe the image processing in my data analysis. The technique I used 

here is not only good for the current work, it also could be used in other research 

areas. 
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Chapter six discusses a simulation calculation to study scanning force micro

scope tip and sample interaction. Whole chapter is a paper that has been published 

in Nanotechnology. 
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CHAPTER 1 

Introduction 

The work presented in this thesis consists of computer analysis and modelling of the 

interaction of C60 and the silicon (111)-7x7 surfaces by using scanning tunneling 

microscope image data. Understanding the properties of the interaction between 

C60 and semiconductor is important because of fundamental scientific interests and 

potential industrial applications. The study of fullerene materials is a multidiscipline 

effort, which includes physics, chemistry, and materials science. 

In recent years numerous studies have been conducted in this field. In 

the first chapter of the present work, I give a review of the discovery of C60 and 

basic physical and chemical properties of the molecule. The silicon and silicon 

surface properties are also reviewed in the same chapter. Chapter two discusses 

the basics of the experiment and its settings for the current work, which includes 

sample preparation, tip etching, and image acquisition. The experimental images 

are presented together with statistical analysis, and physical modelling explanations 

are discussed in chapter three. Chapter four discusses the results of chapter three, 

and confirms the results that I got in physical modelling by computer molecular 

dynamical simulation. All the images I used for my study are processed by an 
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image processing package. Chapter five describes the image processing techniques 

that I developed to prepare images for analysis and publication. The last chapter, 

chapter six, discusses one of the Scanning Force Microscope (SFM) tip and sample 

interation problems by computer numerical simulation. 

1.1 C 60 Molecules - A new form of carbon 

The C60 molecule, also known as a "fullerene", or "buckyball", presents a new 

type of carbon structure-the third type of carbon structure after those of graphite 

and diamond, which was predicted in 1970 by Eiji Osawa [1]. This is the earliest 

mention of the buckyball molecule in the literature. The molecule consists of 60 

carbon atoms, which form 12 pentagons and 20 hexagons with the symmetry of a 

soccerball [6] as shown in Fig. 1.1. The large scale pentagon and hexagon geodesic 

structure was developed by R. Buckminster Fuller, an architect and inventor, after 

whom the C60 is named. 

In the 1980s, astronomers discovered some long carbon chain molecules in 

space in a Sussex/NRC (Ottawa) radioastronomy collaboration [2]. These long 

carbon chain molecules were found streaming out of red giant carbon stars. At the 

same time, Rick Smalley and his coworkers [3] were beginning a revolutionary study 

of the refractory clusters using a laser vaporization cluster beam technique. More 

and more experiments are currently carried out to study the C60 molecule [3, 4, 5] 

which was found to be remarkably stable [6]. From such a stable structure, a new 

theory called the pentagon isolation principle (or the isolated pentagon rule) was 
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.. 

Figure 1.1: The Carbon 60 molecular structure is like a soccerball. It consists of 12 
pentagons and 20 hexagons, with cage size of about 7 A[12, 15]. The shaded area 
shows the electron cloud around the cage. All 60 carbon atoms are connected by u 
and 7f bonds. The double bonds consist of one u and one 7f bond. 
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formulated [9, 10], predicting the magic numbers 60, 70 etc. for the fullerene family 

which are all observed experimentally. The great scientist Euler gave a fundamental 

theorem for the pentagon isolation principle. The theorem shows that a polyhedron 

with n vertices derived from hexagons and pentagons will consist of 12 pentagons 

and [(n/2)-10] hexagons. C60 is the smallest fullerence in which all 12 pentagons 

have no common edges while C70 is the next smallest fullerene. 

In the mid 1980s, some possible mechanisms for the formation of C60 were 

proposed, including a suggestion that it might be a by-product of soot formation 

[11]. The original detection of C60 was not as easy as it is today. It was found only in 

minute amounts in a cluster beam using a mass spectrometer, the most sensitive of 

detection devices. During 1989-1990, Wolfgang Kratschmer, Lowell Lamb, Kostas 

Fostiropoulos and Don Huffman (Max Planck Institute, Heidelberg, and University 

of Arizona, Tucson) [12, 13] set up a new method to produce a large amount of 

C60 molecules. Their landmark paper [14] showed that fullerenes could be extracted 

from condensed carbon soot by dissolving them in benzene or subliming them at 

a temperature of about 4000 C. This discovery made it possible to measure the 

first UV-vis and IR absorption spectra of purified C60 with small amounts of higher 

fullerenes. By evaporationg the benzene solvent, they found that fullerene crystals 

could be formed. In November of 1990, the Material Research Society Meeting 

supported the first major forum for fullerence mania. After many meetings, work

shops on the fullerenes took off worldwide. More interestingly, a buckmisterfullerene 

bibliography electronic mail service was created to help researchers stay on top of 
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the tremendous amount of research being reported. The complete buckminster

fullerene bibliography is available via E-mail by sending the subject line BIBILO to 

"bucky@soll.lrsm.upenn.edu" . 

The new third form of carbon has shocked the physics and chemistry com

munities for more than a couple of years. Thousands of papers have been published 

on this topic [16]. I am thankful to be a graduate student working on C60 in the 

Physics Department of the University of Arizona, where the first large quantity of 

buckyballs rolled out to the world. However, C60 has not yet been as important as 

was first expected after its discovery, since there are no commercially viable products 

I know of as of this writing. 

In 1987, ultraviolet photoemission spectroscopy of fullerene anions [61] in

dicated that C60 was an electronically closed shell molecule with appreciable gaps 

between the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO). In the same year, the mass spectrometry studies of 

O'Brien showed that the fullerenes were fragmented by the loss of C2 units un

der laser irradiation [62}. The apparent threshold for C60 photofragmentation is 

about 18 eV, explaining why the isolated molecules are highly stable. Also, the C2 

loss mechanism was used to demonstrate the existence of endofullerenes, a fullerene 

molecule trapping a metal atom inside its cage [63]. After 1990, the Kriitschmer 

and Huffman breakthrough made it possible to study fullerenes in solid state and 

gas phase investigations. With gas phase molecules, the ionization potential was 

measured to be 7.6 eV for C60 [64, 65]. The electron affinity of solid C60 clusters 
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yielded 2.65 eV [66]. The C-C bond length was measured by [67] gas phase electron 

diffraction, giving pentagon and hexagon edges of 1.485 A, and 1.401 A, respectively. 

In ion collision experiments, the C60 fragmentation energy was found to be less than 

23 eV for C2 loss [68]. 

There are two very different bond strengths for the fullerenes. One considers 

the intermolecular bond as one which is largely a van der Waals interaction. The 

other is the intramolecular bond, which has a covalent bond character [46]. At 

room temperature the C60 crystal has a face-center-cubic (fcc) structure with a 

lattice constant of 14.2 A [69]. The nuclear magnetic resonance studies by Yannoni 

[70] and Tycko [71] for the fullerence powders showed a single sharp resonance. 

This result indicated that the fullerenes undergo rapid rotational isotropic diffusion 

with a frequency about 109 Hz at 3000 K. This result is consistent with theoretical 

molecular dynamics calculations for C60 molecules held at low temperatures [72]. 

The compressibility of C60 was found to be up to 20 GPa [73]. 

The difference between C60 and the other forms of carbon arises from the 

hybridization of the atomic sand p orbitals. Diamond has sp3 hybridization with a 

bond angle of 1090 28' and four identical bonds. Graphite has sp2 hybridization that 

produces a strong planar bonding by three equivalent bonds with a bond angle of 

1200
• The other p orbital has a II bond that is out-of-plane with a weak interplanar 

bonding. The hybridization of sand p orbitals of C60 is not the Sp3 or sp2p, which 

introduces a pyramidalization angle of 11.60 [74]. Theoretical calculations and ex

periments indicated that C60 is less stable than diamond or graphite by about 0.4 
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e V per atom [75, 76]. The energy level of isolated C60 has the ionization potential 

at 7.6 eV and the electron affinity level at 2.6 eV [64, 65, 66]. 

Nanotubes are a new member of the fullerene family which look like closed 

cylinders of hexagonal graphite capped by pentagons [77, 78]. One potential appli

cation for nanotubes is in the area of ultrastrong fibers and novel electronic devices 

[79, 80]. 

1.2 Silicon surfaces 

The semiconductor industry has dedicated tens of years of its resources to element 

14 in the periodic table. Silicon lies just below carbon in Group IV of the periodic 

table. It is an intrinsic semiconductor with an indirect bandgap energy of 1.42 e V 

[30]. Silicon principally forms tetrahedral sp3 bonds, shown in Fig. 1.2, with a 

molecular structure similar to the diamond crystal structure. 

The surface structure of silicon is quite different from the bulk. One of the 

properties of the elemental semiconductors is the so-called "reconstruction" - the 

process that re-orders the structure of the atoms. This process is due to the covalent 

nature of their bonds. If we separate bulk silicon, the termination at the surface 

leaves a large number of dangling bonds that result in a large free energy. In order 

to minimize the energy associated with these dangling bonds, the surface atoms 

re-arrange themselves to minimize the dangling bond density and to reduce the free 

energy [25]. To describe the surface structure, the terminology "mxn" refers to the 
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Figure 1.2: Silicon principally forms tetrahedral sp3 bonds. The molecular structure 
is similar to the diamond crystal structure. 
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two-dimensional Miller-indices surface unit cell in terms of bulk lattice vectors. The 

term "1 xI" means that the surface structure is the same as that of the bulk. 

Experimental and theoretical solid state scientists have been studying sur

face reconstruction for more than 30 years [18]. Fig. 1.3 is a computer model of the 

silicon (100)-1 x2 and (111)-7x7 surface reconstructions, respectively. 

The clean Si (111) surface has two common reconstructions, the 2xl and 

7x7, although others related to the 7x7 may exist under some sample preparations 

[81, 82]. The 7x7 is stable at a temperature below 8750 Cj at higher temperatures 

it will transit to the "1 xI" phase [83, 84]. The phase 2 x 1 is metastable with 

respect to 7x7 [85]. The history of the study of the Si (111)-7x7 surface is almost 

as long as the history of surface science, which started in 1959 with the first Low 

Energy Electron Diffraction [22] observation. The 7x7 reconstruction of Si(111) is 

perhaps the most complex and widely studied surface in solid state physics. After its 

discovery, several Si (111)-7x7 surface structural models were proposed [23, 24, 25]. 

An acceptable model was setup in 1985 by Takayanagi et al [20], which could be 

the final model of the surface. The main reason for the difficulty in arriving at a 

satisfactory model for the 7x 7 is due to the large size of the unit cell. The first 

semiconductor surface imaged with the scanning tunneling microscope was the 7x7 

reconstruction of Si(111) [19]. This image had a very important role in establishing 

the model for this reconstruction. Takayanagi's model is called the Dimer-Adatom

Stacking fault (DAS) model, which is shown in Fig. 1.4. In this model, one considers 

the surface as constructed by five layer atoms. The first layer has 12 atoms called 
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Figure 1.3: The top image is silicon (100)-1 x2 surface reconstruction. The bottom 
image is silicon (lU)-7x7 reconstruction. Both of them are computer model sur
faces. The theoretical model shows the surface of silicon (111)-7x7 has five layers 
with the adatom as the top layer. 
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adatoms in one unit cell. The second layer has 42 atoms that are named rest atoms. 

One can see that 36 rest atoms are bonding with 12 adatoms, and the remaining 

6 rest atoms have dangling bonds. Fig. 1.5 shows two STM images obtained in 

the Scanning Probe Microscopy Lab at the Optical Sciences Center in 1993. Both 

of the images are of a Silicon (111)-7x7 surface. The top one was imaged with a 

positive bias while the bottom one was imaged with a negative bias. A positive bias 

means that the tip has positive voltage with respect to the sample, and the STM 

image shows the surface of unoccupied electronic states, or surface empty states. 

Conversly, the negative bias image shows the occupied electronic states, or filled 

states. Comparing the experimental image (Fig. 1.5) with the model (Fig. 1.3), 

one sees some atoms missing from the surface. The negative bias image has more 

features on the surface with the faulted half unit cell (six atoms) "higher" than the 

other unfualted half unit cell. This fact can be explained by DAS model. In faulted 

half unit cell, the layer fifth surface atoms can been seen from from top, and they 

are covered by top atoms in unfaulted half unit cell. 

Many investigations of adsorbate reactions have been carried out on the 

Si (111)-7x7 surfaces. The experiments could be divided into two categories: gas 

adsorption and solid phase deposition. NHa absorption experiments results [86, 87] 

showed the reaction preferred to accur at rest atoms of the Si (111)-7x7 surface 

with no specificity toward the faulted or unfaulted half unit cell. The reaction of 

hydrogen with the Si (111)-7x7 and exitation ofSi (111)-7x7 have also been studied 

extensively [88, 89]. 
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Figure 1.4: DAS model for the Si(111)-7x7 surface reconstruction. This picture 
was created by my own program HYPER by using modelling data [21] and the 
Hyperchem display program. 
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Figure 1.5: Silicon (111)-7x7 STM image. The top one was imaged with a positive 
sample bias and bottom was imaged with a negative bias. We can clearly see surface 
adatoms and surface defects. The negative bias image has more features on the 
surface with the faulted half unit cell (six atoms) "higher" than the other unfaulted 
half unit cell. This fact can be explained by the DAS model. 
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Depositing metal atoms on the Si (111) surface will induce new features of 

reconstruction. Silver, at coverages of one monolayer deposited at a temperature 

of 2000 to 5000 C will induce a J3 x J3 reconstruction [90, 91, 92]. At different 

coverage, depositing, and annealing processes, gold deposition on Si (111) has 5x1, 

5x2 [93], v'3 x v'3 and 6x6 [94] reconstruction. Both Ag and Au deposition will 

induce reconstructions of the Si (111) surface, but the deposition of Pd at room 

temperature tends to promote the growth of Pd2Si material with the electrical char

acteristics of a silicide. Work [95] shows a very intresting result that the Pd atoms 

selectively adsorb on the faulted portion of the Si (111) 7x7 half unit cell. Also, 

the Pd atoms are adsorbed in the mid adatom area. This is the same area where 

we observed C60 adsorption. 

1.3 Buckyballs deposited on silicon (lll)-7x7 sur

faces 

Fig. 1.6 is a computer model of buckyballs on a silicon (111) 7x7 surface. The 

buckyballs and the silicon 7x7 unit cell are on the same scale, so this model can 

show us the relative size of the buckyballs on the silicon surface unit cells. In this 

submonolayer coverage, we can see from the relative size that only one buckyball 

can adsorb in a half unit cell triangle. The STM experimental images of buckyballs 

on a silicon surface will be shown in the following chapters. 

The STM study of the adsorption of C60 molecules on Si (111) surfaces began 
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Figure 1.6: Computer model of buckyballs on Si(1l1)-7x7. The buckyballs and the 
silicon 7x 7 unit cell are on the same scale that can help us to see the relative size of 
the buckyballs to the silicon surface unit cells. This picture was created by program 
HYPER by using modelling data and Hyperchem displaying program. 
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in 1992 [45] with Li's work. It was known that the randomly distributed molecules 

remain isolated after deposition at room temperature. In Li's experiment, it was 

found that the C60 molecules could be transferred to the tip and moved along with 

tip. That means that the interaction between the Si (111) and C60 is weak. Also 

they found that the C60 perferred to adsorb at defect sites. A group in Japan has 

found that the C60 molecules favor the faulted half unit cell with 56% probability 

[41]. Also, it mentioned that charge transfer interactions could happen between 

C60 and the silicon (111) surface. Balooch, et al [96] showed that the C60 cage is 

thermally opened by annealing between 9000 and 1,1000 K. 

The Scanning Probe Microscopy Lab has previously published some work 

in this area [42, 43, 44]. Among these studies, [43] discuses the adsorption of sub

monolayer C60 molecules on Si (111)-7x7 surfaces at room temperature and subse

quent annealing at various elevated temperatures. The experimental results showed 

that the adsorbate-substrate interaction before and after the annealing process was 

different. For room temperature adsorption, the interaction is characterized by 

charge transfer from the occupied surface dangling bond states to the LUMO of 

C60 molecules. Also, the adsorbates are preferentially adsorbed on the adatom 

bridge sites within a half unit cell. After annealing the sample at 6000 C the C60 

molecules bond to the middle adatoms and restatoms, forming Si-C covalent bonds. 

Also single-monolayer ordered phases of C60 on the Si (111)-7x7 surface have been 

studied [44]. For a full monolayer coverage of adsorbates, the adsorbate-adsorbate 

interaction becomes strong enough and C60 forms two ordered structural phases reg

istered with those pinned on the substrate corner holes. This result indicates that 
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the interaction of deposited silicon atoms with the adsorbed C60 molecules is weak. 

Why is the interaction weak, and what is the nature of the interaction? 

The answer to this question can be obtained from UHV-STM images of C60 on the 

silicon (111)-7x7 surface and using a computer to locate the buckyball's position 

on the silicon surface. The statistical result shows clearly that buckyballs prefer 

to adsorb on the rest atoms of the surface unit cell. This result can be explained 

as charge transfer interaction between silicon (111)-7x7 surface and C60 by wave 

function overlaping model. 
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CHAPTER 2 

Experimental 

Since the invention of the scanning tunneling microscopy (STM) in 1981 by G. 

Binnig, H. Rohrer and coworkers at the IBM Zurich Research Laboratory, the STM 

has been developed into an invaluable tool in surface science and solid state physics. 

The new technique investigates the real-space surface structures at the atomic level. 

In the last ten years, the field of STM has grown rapidly and is still attracting 

researchers from different fields, including solid state physics, materials research, 

chemistry, biology [105], and metrology. 

The reason that the STM is so successful in the nanoscale research field is 

that the STM is a powerful local probe, capable of imaging, measuring and manipu

lating matter down to the atomic scale in almost all environmental conditions: air, 

inert gas atmospheres, liquids, ultra high vacuum, and from low temperatures up 

to several hundred degrees centigrade. 

The system I worked on can be divided into three parts: STM, electronic 

control system and ultra high vacuum chamber. All these were purchased from 

different companies. The commercial UHV -STMs are not complete instruments 

which work immediately after you un package them. We have to spend time to 
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adjust the systems' mechanics, electronic control, data transfer and environment 

settings. The quality of the STM tip is important for image resolution, but no 

commercial tips are available. We have to make the tips ourselves. The sample 

holder was also designed by our group. We have added attachments to the STM to 

increase its utility, such as a tip cleaning filament and a sample cleaning electron 

beam. 

In this chapter, I review the basic STM operation theory of the experiment, 

and then list the experimental settings for the data acquisition. 

2.1 Principles of STM 

STM technique can be simplified conceptually into one sentence: Take a sharp 

conducting needle to within a few angstroms of the surface of a conducting sample 

and use the tunneling current, which flows on application of a bias voltage, to sense 

the atomic and electronic surface structure with atomic resolution. 

A one dimensional finite wall quantum problem is the first example in most 

quantum mechanics textbooks. One electron with energy E and mass m has no 

way to jump through a wall with potential <P > E and thickness d in classical 

mechanics. But in quantum mechanics the electron can tunnel through the wall; 

this phenomenon is called tunneling. The tunneling current I can be expressed by 

I ex: e-2dk , (2.1) 
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where 

(2.2) 

In STM, d is the gap between the sample and tip. E is the Fermi energy of the 

tip and q, is the bias we set in the experiment. Fig. 2.7 illustrates the principle 

of STM. Tunneling current is sensitive to the gap between the sample and tip. We 

measure I and then calculate d. If we know all the heights on a surface, we get a 

STM image. The bias we apply between sample and tip also can control the value 

of the tunneling current. If the bias is selected improperly such that q, - E = 0, 

there is no tunneling current and the experiment fails. Here we assume E has one 

value. If E is not a constant value and we write the E as Ell' we can change the bias 

to keep q, - Ell at a certain value. This will give us Ell information, or the energy 

level information of the states. 

An electronic feedback loop system controls the Z-piezo, on which the tip is 

mounted, to follow the corrugation of a sample surface. During scanning, we keep 

the tunneling current constant, so d must be changed as required. The change in d 

is converted to an image of the surface. 

Formula 2.1 and 2.2 works for a single electron with one energy state only. 

To accurately discribe the STM experimental processing, Bardeen's perturbation 

approach [27] to the tunneling problem was the beginning of STM theoretical studies 

and played an important role in the early years of STM. Here we briefly review the 

results of the modified Bardeen approach (MBA) [28]. There are two assumptions 
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Figure 2.7: Tunneling current is sensitive to the gap between the sample and tip. 
Changing the bias will give us different energy level information of surface states. A 
feedback loop controls the Z-piezo to follow the corrugation of the sample surface. 
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in MBA. The first assumption is that the system potential cP of tip and sample 

interaction is the linear combination of the tip potential CPT and sample potential 

{2.3} 

The second assumption is that there is no interaction between the two potentials: 

(2.4) 

The Schrodinger equation for a given stationary state 'l/Jp. of the sample is 

(2.5) 

Ep. is the energy eigenvalue of the state. Similarly, the tip wave function XII and the 

eigenvalue Ell are given by 

(2.6) 

The time-dependent Schrodinger equation for the entire system is 

(2.7) 

The transition probability of an electron from 'l/Jp. to XII in first-order per

turbation theory is then given by the Fermi golden rule, 

(2.8) 
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where the matrix element is defined as: 

{2.9} 

Here Ot is the volume of the tip. By the definition of a Hermitian operator, Green 

equations, and Eq. 2.7, we can re-write Eq. 2.9 as: 

{2.10} 

Here the St is the tip surface. By integrating over all the states in the tip and the 

sample, taking into account the occupation probabilities, the tunneling current is 

where J{e} = {I + exp[(e - EF}/kBT]}-l is the Fermi distribution function, kB is 

Boltzman's constant, e is energy level, ps{e} and PT(e} are sample density of states 

(DOS) and tip DOS respectively. If kBT is much smaller than the feature sizes in 

the energy spectrum of interest, then the spectrum {I-V curve} is 

(2.12) 

Eq. 2.12 is the fundamental formula for the STM experiment. The exper-

imental values for different materials would be substituted into the expression for 

IMI, Ps and PT; J(V} is the measurable quantity in the experiment. Actually, Eq. 
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2.12 can be simplified in the case of small values of eV as: 

(2.13) 

Eqation 2.13 shows the tunneling current is proportional to the integral of the surface 

DOS. 

2.2 UHV-STM system 

Our experiment was done with the STM enclosed in an ultra high vaccum (URV) 

chamber. The main reason we have to work in the URV environment is to remove 

the silicon surface oxidized layer. At room pressure, the silicon surface is oxidized 

immediately and STM does not work on surfaces with a non-conducting oxide layer. 

We have several different pumps working together to get and to maintain 

the chamber at low presure. Our chamber is pumped by a mechanical pump first and 

then a few minutes later we turn on a turbo pump. The turbo pump can maintain 

the chamber at a pressure of about 1 X 10-5 Torr. Normally we operate the turbo 

pump about 20 minutes and then turn on the ion pump. The working principle 

of the ion pump is totally different from the mechanical pump and turbo pump. 

Mechanical and turbo pumps drive air out of the chamber to get low pressure, but 

the ion pump ionizes molecules in the chamber and buries the ions in the wall. The 

ion pump drops the pressure to 1 x 10-9 Torr in the first few minutes after we turn 

it on, and after about 12 hours, the pump can get the pressure to 1 X 10-11 Torr. 
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We keep the pressure at 1 x 10-11 Torr for the experiments. We also have a titanium 

sublimation pump installed in our chamber. The sublimation pump is another type 

of pump which evaporates titanium atoms onto the wall and the gas molecules react 

with the titanium atoms to form non-volatile components. Fig. 2.8 is a picture of 

the UHV chamber in which the STM is enclosed. 

2.3 Sample preparation 

The silicon samples I used were purchased from a commercial source of silicon wafers. 

I cut the wafers into samples of about 8 x 8 millimeters square. Before a sample is 

transferred to the UHV chamber, it is pre-cleaned by methanol and clamped on a 

molybdenum sample holder. The sample holder goes through a transition chamber 

to the main UHV chamber. The sample is left in the transition chamber about 

30 minutes while the transition chamber is pumped by the turbo pump. When 

the sample is transfered into the main chamber, it is heated by electron beam 

bombardment to a temperature of 6500 C for about 12 hours for outgasing. The 

sample surface oxide layer is then removed by increasing the temperature to 12000 

C for a few seconds. This step is critical for sample cleaning. When the sample 

temperature was increased above 10000 C, the pressure in the chamber went to a 

high of 1 x 10-9 Torr. At this moment, molecular "dusty" floating in the chamber 

is increased, so the temperature of heating sample has to be decreased before the 

sample is contaminated again. 

The C60 is deposited with a Knudsen cell after the sample cools down to 
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Figure 2.8: The STM is enclosed in the UHV chamber. The chamber is pumped by 
a mechanical pump, turbo pump, ion pump and titanium sublimation pump. The 
pressure is maintained at 1 x 10-11 Torr during data acquisition. 



41 

room temperature. The C60 is supplied by Don Huffman's Group (Physics Depart

ment, University of Arizona). The Knudsen cell is heated to 3000 C, then opened to 

allow a small jet of the buckyballs to deposit on the silicon surface for 30 seconds. 

2.4 Tip etching 

The tip plays a major role in the STM image resolution. A sharp tip will give a high 

resolution image. There are several ways to make a tip, the simplest of which is to 

use scissors to cut a Platinum-Iridium (Pt-Ir) wire to a sharp point. I selected an 

electrochemical method to make tips. A description of various tip-etching procedures 

can be found in Section 3.1.2 in the book Atom-Probe Field Ion Microscopy [26]. 

The basic setup of the electrochemical etching method which I performed is shown 

in Fig. 2.9. This setup consists of a beaker containing an electrolyte which is a 2M 

aqueous solution of KOH, a piece of tungsten wire that is mounted on a micrometer 

placed near the center of the beaker and a cathode. The height of the wire relative 

to the surface of the electrolyte can be adjusted. The cathode, or counterelectrode, 

is a piece of platinum placed in the beaker. A positive 4.5 V is applied to the wire 

to be the anode. Etching occurs mainly at the air-electrolyte interface for about 

5 minutes to separate the two sections of the wire. The etching happens in the 

electrolyte also, but it is much slower than at the interface. To protect the wire in 

the electrolyte from being etched, the plastic shells were used to cover the lower part 

of the wire. The lower part of the wire, the tip, will drop down when it gets done. 

In order to take off the plastic shell easily, two shells were used instead of one shell, 
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Figure 2.9: Electrochemical tip etching method to etch a tungsten wire with KOH. 
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so it is easy to hold one shell to take off another and then remove the remaining one 

by holding the tip. 

Eight tips are stored in the URV chamber at a time but only one can be 

loaded in the STM. Normally the top of tip is contaminated by some molecular dust 

in the air that will affect STM image resolution. An electron beam is used to clean 

the tip for about 5 minutes. 

2.5 STM image scanning 

The STM used was made by McAllister Products Co., and the NanoScope II elec

tronic control system is made by Digital Instruments Co.. Fig. 2.10 is the experi

mental setup for STM image scanning. At the top of the URV chamber, we have an 

XYZ-manipulator that can take the sample holder when the sample is transferred 

to the chamber. Before the sample is loaded on the STM, it is held on the manip

ulator to be cleaned by electron beam heating and to deposit the buckyballs from 

the Knudsen cell. 

The N anoScope II uses the tunneling current for feedback to control the 

Z-Piezo to make the tip follow the sample surface corrugation. Simultaneously, the 

tip is scanning the surface by X and Y direction piezos. The real-time image is 

displayed on one of the screens. A control screen shows the microscope operating 

parameters. The bias can be selected from this control screen. 

Getting a good quality STM image is related to several items, such as 
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Figure 2.10: The STM which is enclosed in a URV-system is controlled by a 
N anoScope II, to scan sample surface. The real-time image is displayed on the 
screen and scanning operation is controlled by control screen. The image data is 
stored on the computer's disk. 
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scanning speed, tunneling current, bias, and feedback gain selection as well as a 

good quality STM itself. A good tip will give good resolution. No matter how 

the tip and the sample are cleaned, there are still some areas that have unknown 

material on the surface. The area where we begin to move the tip to the surface 

(engaged area) is always covered by some "garbage". So the tip has to move around 

to find a clear area. During the scanning, we always find the tip suddenly changing 

from some contamination. Sometimes we can use high bias to "drop" the "dust" to 

clean the tip. 



CHAPTER 3 

Adsorption of C 60 molecules on 

Si(111)-7x7 surfaces 
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The method used to find the position of C60 molecules adsorbed on a Si (111)-7x7 

surface by computer searching are discussed in this chapter. The statistical result of 

the C60 molecules' distribution on the Si (111)-7x7 surface shows buckyballs prefer 

to adsorb on the middle adatom area of the surface unit cell. In order to explain 

the result, a simple model has been setup to calculate a space distribution of C60 

molecules on a surface unit cell. 

To use the computer to find the buckyball position on the silicon surface 

is an image recognition project which is complicated for image processing research. 

In the current work, the problem has been simplified for the statistical analysis. 

Computer searching for buckyballs on the silicon surface makes it easy to analyze 

a large number of samples, and produces accurate results. Five images have been 

selected from more than one hundred experimental results to carry out statistical 

analysis. Two of the five images are shown in Fig. 3.11. The bright spherical 

balls are buckyballs and the substrate is the silicon (111)-7x7 surface. Most of 
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Figure 3.11: Five images are selected from more than one hundred experimental 
images for statistical analysis. Here are two images of these five that show sub
monolayer coverage of buckyballs on the silicon (111)-7x7 surface. It can be seen 
that most of buckyballs are individually adsorbed on the surface. 
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the buckyballs appear on the surface individually, while some of the buckyballs are 

paired on the surface. Additionally, we can see a few of buckyballs sit on corner 

holes. All of the images were pre-processed by an image processing software package 

which will be discussed in detail in the chapter five. 

In order to obtain the location of the buckyballs on the silicon surface, 

the first step is to locate the buckyball's position on the image, and then locate 

the positions of the silicon surface atoms on the image. The corner hole positions 

were selected to specify the position of the surface unit cells. Finally, the buckyball 

positions are mapped onto unit cells to identify where the buckyballs prefer to stay 

on the silicon surface. 

The study is restricted to individual buckyballs only. On the images of sub

monolayer coverage of buckyballs on the silicon (111) surface, few paired buckyballs 

can be seen. Since there is a C60 - C 60 interaction in this kind of paired buckyball, 

their positions are not considered in the statistical analysis. Also, the buckyballs 

on the edge of the images are neglected because there are not enough corner holes 

around the buckyballs to determine their position on the unit cell. 

3.1 Locating a given position on images 

The original image data is in a NanoScope file format. I convert the NanoScope 

format to PNM (see Image processing chapter) format and manipulate images in 

this format. Finally, the PNM file is converted to a PostScript file. The reason 
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that the PostScript is selected as the final image data format is that the PostScript 

format is the most accepted graphics format for machines and printers. 

Each pixel in an image has three numbers (X,Y,Z) specified; (X,Y) are for 

the location of the pixel in the images and Z is the gray scale or height of the image 

pixels. To locate a position means to find (X,Y) with a specified Z. Normally there 

were two ways to locate a pixel: 1) Search whole image in a given Z value to find 

its (X,Y) position; 2) Search a specified area in a given Z value to find its (X,Y) 

position. Both methods were used in the following analysis. 

3.1.1 C 60 position on images 

I define the highest point of the buckyball as the buckyball's location on the image. 

Theoretically, buckyballs are spherical balls, but in the STM image, the profile of 

the buckyballs are no longer spherical. Roughly, we can say the STM image is 

the convolution of the STM tip profile with the sample surface corrugation. The 

convolution can change the image's profile, but not the highest point. 

I use method one to locate the buckyballs' position: search the whole image 

to find where the buckyball is. The searching steps are: 

1) Select a Z value between Zhigh and Zlow for the searching range which covers the 

whole height of a buckyball. 

2) Search all pixels (X, Y) on the image which have a given value of Z which is 

between the range Zhigh and Zlow. If the program finds the point with the Z height, 
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the (Xo, Yo) will be recorded and an area {(Xo - 8X, Yo - W), (Xo + 8X, Yo + W)} 

will be set to be zero height or a value less then Z'ow. Here the 8X and Ware the 

half size of the buckyballs pixel size. The reason I set the area to be a low value is 

to avoid re-Iocating the same buckball in subsequent searching. 

3) Decrease the value of Z and repeat step 2) until the Z value reaches Z'ow. 

All calculations were done on a NeXT station (Processor: 33 MHz 68040, 

Memory: 32.0 MB). One image search took a few seconds for a 512x512 pixel image. 

Fig. 3.12 shows the positions found by computer searching. There are 23 

buckyballs specified on the image which does not include edge buckyballs. There 

are two corner hole buckyballs on the image. One is near the buckyballs 20 and 

9, another is close to an edge near buckyball 8. Corner hole buckyballs are always 

sitting on the center of the silicon (111) corner hole. Another characteristic of the 

corner hole buckyballs is a dark area around the buckyball. 

3.1.2 Corner hole position on images 

I select method 2 to find the corner hole positions. The corner holes are dark 

points on the image. After the buckyball positions were found, the program looks 

around in a fixed radius from the center of the buckyball to search for the lowest 

point. Normally, it will find more than three points around the buckyball as corner 

hole candidates because defects will make the image dark also. If we know three 

corner hole positions on the image, geometrically we can calculate all the corner 
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Figure 3.12: Computer searches buckyball position. There are 23 buckyballs speci
fied on the image. Two corner hole buckyballs are seen on the image. 
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hole positions on the image by their symmetry. Before searching for the corner holes 

around a buckyball, three corner hole positions on the image were found first and 

the corner hole positions calculated for the whole image. Comparing the candidate 

positions with the calculated positions, the real corner hole positions can be found. 

Fig. 3.13 shows buckyball locations and corner holes around buckyballs. 

3.2 Mapping C 60 onto the silicon surface half 

unit cell 

In the previous two sections, the buckyball position of (X, Y) was found as well as 

the corner hole positions (Xi, Yi) around the buckyballs. Here i is 1,2, 3, the three 

corners of the half unit cell. Fig. 3.14 shows the buckyballs located in the half unit 

cells of the silicon (111)-7x7 surface. The side length of the triangle is not the same. 

In the DAS model, the triangle is an equilateral triangle, but on the image we can 

not expect it to be a perfect triangle. The image has drift even after I did image 

drift correction. In the image processing chapter the image drift correction process 

is discussed. 

I want to map the half unit cell triangle to an equilateral triangle and 

define the buckyball position on the triangle. What is the best fit of a triangle to 

an equilateral triangle? I fit it following three assumptions: 1) Same area; 2) Same 

mass center; 3) The shortest summation of distance deviation of the corners of the 

original triangle and an equilateral triangle. 
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Figure 3.13: The computer searches the lowest points around the buckyballs to 
find corner hole positions. There are two corner hole buckyballs on the image, one 
is located near the buckyball 13 and the other is above the buckyball 7. Several 
paired-buckyballs are seen on the image. There is a total of 16 buckyballs counted 
for analysis in this image. 
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Figure 3.14: Buckyballs located in the half unit cell of Si (111)-7x7. Theoretically 
the half unit cell is an equilateral triangle. For statistical analysis, I have to map 
the triangle to an equilateral triangle. 
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The areaS ofa triangle with three vertices PI (Xl , Yr), P2 (X2 , 1'2}, P3(X3 , Y3} 

by vector cross product ~1(P3 - Pr) X (P3 - P2 )1 is 

According to the assumptions, I define an equilateral triangle with side 

length a, so the area of the equilateral triangle is calculated as S = ~a4a, and the 

side length of an equilateral triangle by its area is 

(3.15) 

Another value of the equilateral triangle which will be used later is the distance 

from the center of the triangle to its corner I 

1= .J3a. 
3 

(3.16) 

The real size of 1 is 13.3 A on silicon (111)-7x7 surface unit cell. The mass center 

of a triangle is 

{

Xc = i(Xl +X2 +X3}; 

Yc = i(Yi + 1'2 + Y3}. 
(3.17) 
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Thansfer the coordinate to Xc, Yc 

Yi = (Yi - Yc), (3.18) 

i = 1,2,3. 

Now the defined equilateral triangle has one degree of freedom, rotation 

around its center of mass. Assume the equilateral triangle is located at (x~, y;), and 

the rotation angle is 0, the points are given by: 

x~ = I cos(O), y~ = I sin(O); 

x; = I cos(O + 120°), y; = I sin(O + 120°); 

x; = I cos(O - 120°), y; = I sin(O - 120°). 

The summation of the deviation distance from the equilateral triangle and 

the original triangle on the image is 

(3.19) 

The minimum distance is easily found from 

aD 
00 = o. (3.20) 

The solution of the above equation is 

(3.21) 
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The equilateral triangle has been defined on the image with angle points position 

(x~, y;). I define a value Err to measue the statistical deviation 

VI5 
Err = -,-' (3.22) 

3.3 Statistical Results 

Five images have been shown in Fig. 3.11 to Fig. 3.14. In these five images, 127 

individual buckyballs were locateded on the Si (111)-7x7 surface unit cell. The 

average of Err of the statistics is 0.1075, or 1.43 A on the surface unit cell. 

3.3.1 Buckyballs prefer to adsorb on the middle adatom 

area on the Si (111)-7x7 surface unit cell 

I mapped all 127 individual buckyballs to one half unit cell triangle and got the 

results shown by Fig. 3.15. Clearly we can see the individual buckyballs are staying 

in the middle of the triangle, but not at the center of the corner hole triangle. More 

accurately we say the buckyballs are staying around the internal side of the middle 

adatoms. Corner hole adatoms have almost no contribution to the statistical result. 
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Figure 3.15: Clearly it can be seen that the individual buckyball prefers to stay in 
certain areas of the unit cell: inside of the middle adatoms, but not the center of 
the unit cell. No buckyballs are near the corner hole adatoms. 
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3.3.2 Faulted and unfaulted half unit cells have different 

number of adsorbed buckyballs 

In Fig. 1.4, Fig. 1.5 and Fig. 3.11 to Fig. 3.14, we can see that one unit cell of 

the surface has two different half unit cells; the surface electronic charge density is 

not same for both halves. In the faulted triangles, the electronic charge density is 

higher than unfaulted half unitcell. In the STM image, the faulted half unit cell is 

brighter than the unfaulted half unit cell. 

The statistical result shows that there are 58.3% buckyballs adsorbed on 

the faulted half unit cell and 41.7% adsorbed on the unfaulted half unit cell. In 

the small number of samples, this result is not easy to see. Following is a table to 

show the relation between sample number and the statistical result on faulted and 

unfaulted half unit cells. The standard deviation a in this statistical analysis can 

be calculated by binomial distribution. The u is defined as: 

u = Jnpq. (3.23) 

Here n is the number of sample (127), p is probability (0.583) and p + q is one 

(0.417). So the a is 5.6%. 

Fig. 3.16 shows the buckyball locations on the faulted and unfaulted half 

unit cells. There is no location difference for buckyballs on faulted and unfaulted 

half unit cell. 
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Figure 3.16: There is no location difference for buckyballs on faulted and unfaulted 
half unit cells. 
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Image Faulted Unfaulted Total 

Fig. 3.14 2 (40.0%) 3 (60.0%) 5 

Fig. 3.13 8 (50.0%) 8 (50.0%) 16 

Fig. 3.12 14 (60.9%) 9 (39.1%) 23 

Fig. 3.11 23 (59.0%) 16 (41.0%) 39 

Fig. 3.11 27 (61.4%) 17 (38.6%) 44 

Total 74 (58.3%) 53 (41.7%) 127 

3.4 Discussion 

Statistical results show that the interaction of buckyballs and the silicon surface is 

not a Monte Carlo random adsorption. What effect dominates the interaction? 

3.4.1 STM images and surface electron state density 

The STM image is a two dimension distribution of the distance change between tip 

and sample in the condition of constant tunneling current. The tunneling current 

is refer to the electron current. From the previous chapter, we know the tunneling 

current is related to 1) the distance of the sample and tip; 2) the voltage difference 

between sample and tip; 3} the surface electron state density (Eq. 2.9). In the STM 

scanning, the bias is fixed for one frame image, so the image gives surface geometry 

information and electronic state distributions. 
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The tunneling current goes from tip to sample with positive bias. The tun

neling electron can only go to the surface where the electronic states are unoccupied, 

or empty states. That means that STM image presents the unoccupied surface elec

tronic states in positive bias. In the experiment, I scan the image in a constant 

tunneling current mode that makes the tip change the distance between tip and 

sample to keep the tunneling current constant. If one point on the surface has more 

unoccupied states, or the unoccupied state density is high, the tunneling current 

should increase at that point. But the electronic control system moves the tip far

ther away to keep the current constant. On the image, the point looks brighter than 

its neighbour, or it is higher on the sample surface. Conversely, the dark area has 

fewer electronic unoccupied states. 

In negative bias image scanning, the electron goes from the sample surface 

to the tip. Bright pixels on the image have high occupied electron state densities. 

Negative bias Si (1l1)-7x7 surface unit cells have the feature that the faulted half 

unit cell is brighter than the unfaulted half unit cell. That means that faulted half 

unit cell has more electrons than the unfaulted half unit cell. When C60 is deposited 

on the sample surface, some areas of the surface change brightness since the electron 

states are changed in the area. The area around the buckyball is going to be darker 

compared to the area without a buckyball. Clearly the surface electron states of 

the silicon have been changed by the interaction between the C60 and Si (1l1)-7x7 

surface. 
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3.4.2 Interaction between the C60 and Si(111)-7x7 surface 

What kind of the interaction happens between C60 and the Si(11l)-7x7 surface? 

It is not a chemical covalent interaction. There are nineteen dangling bonds 

on each surface unit cell (Fig. 3.18): twelve are contributed by adatoms, six are 

contributed by rest atoms and the last one is sitting in the bottom of the corner 

hole. In the experimental results, it has been seen that except for the few buckyballs 

sitting on the dangling bonds of corner holes, there is almost no relation between 

the buckyball position and the location of dangling bonds. 

Also it is not a van der Waals interaction. In the next chapter, a computer 

simulation result shows that the interaction between the C60 and Si(111)-7x7surface 

cannot be a van der Waals interaction. 

From STM image, we can say that the interaction is charge transfer. Bucky

balls and the silicon surface have different occupied energy state levels. When they 

get closer, the electrons will transfer from the high energy state level to the low state 

level. In the STM image, if in some area electronic states transferred from high to 

low, the image changes from bright to dark. That is what we see on experimental 

images which show a dark area around the buckyballs. 

Fig. 3.17 shows the charge transfer process between the silicon (111)-7x7 

surface and a buckyball. It is known that the ground state of the C60 highest occu

pied molecular orbital (HOMO) is about 6 eV and the lowest unoccupied molecular 

orbital (LUMO) is higher than 4 eV [29]. We do not know the silicon sample's Fermi 
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level. Since there is a dark area around the buckyballs we know the surface states 

energy level going down after the buckyballs are deposited on the surface. 

3.4.3 Simple model for surface charge transfer process 

There are not any detailed studies about charge transfer processes in the literature. 

Here I set up a very simple model to explain our experimental results. For sim

plification, I introduce a spherical ball with radius Rd, (Fig. 3.18(b)) called the 

transferred charge ball which is located at the site of dangling bonds. The physical 

meaning of the transferred charge ball is the ball contributed to charge transfer. It 

should be emphasized that the transferred charge ball is not the charge distribution 

in the space domain; it is the interaction distance of the charge transfer. From the 

quantum mechanical point view, this sphere is the wave function of the charge that 

contributes to the charge transfer. Inside the ball, the wave function value is one 

and outside of the ball, it is zero. Clearly, this is the simplest of models, because 

no wave function will be this simple. We assume that charge transfer only happens 

on dangling bonds. This assumption is reasonable because the dangling bond elec

tronic states transfer much more easily than covalent bonds are created. C60 is a 

big neutral molecule, the electronic cloud radius is 5 A, so the transferred charge 

radius has to be bigger than 5 A. 

I can estimate the interaction distance of Rd from the STM image. By 

looking at the buckyballs on corner holes, we can see the dark area reaching to the 

middle adatoms. The distance from the center of corner hole to the middle adatoms 
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Si Surface C 60 Molecular 
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Charge transfer 
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+----- LUMO 
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Figure 3.17: The ground state of C60 has 4 eV LUMO and the bandgap is 1.6 eV 
[29]. If the silicon sample Fermi level is a little bit higher than the LUMO, the 
silicon electrons will go "down" to the buckyball. 
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Figure 3.18: (a) Tetrahedral sp3 bond; (b) Simple model for the transferred charge 
ball; (c) DAS model of unit cell dangling bonds. There are nineteen dangling bonds 
on each surface unit cell: twelve are contributed by adatoms, six are contributed by 
rest atoms and one is sitting at the bottom of the corner hole. 
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is 13.4 A. This means the sum of the radius of the transferred charge ball and the 

buckyball interaction radius is smaller than 13.4 A. 

We do not know how the charge transfers, but at least we can say the 

intensity of the interaction is proportional to the overlap of the transferred charge 

balls. So I define a charge transfer function Ctf(T) 

Ctf(T) = 1 1 1:00 S(Ti)B(Ti - T)dTi. (3.24) 

Here SeT) and B(T) are the transferred charge distribution functions, 

{ 

1, 
S(T)= 

0, otherwise. 

where T d is the spherical center of dangling bond. 

{

I, if IT - fbi ~ Rb; 

B(T)= 
0, otherwise. 

(3.25) 

(3.26) 

where Tb is the center of buckyball, and Rb is almost the size of the radius of 

the buckyball. In the definition of the SeT) and B(T), I assume that the charge 

distribution is uniform. This simple model can be improved by detailed study of the 

experimental data. Physically, the function Ctf(T) describes the spatial distribution 

of the probability of the charge transfer. The charge transfer will happen in the 

area where Ctf(T) has the largest value. Mathematically, it is a convolution of two 

functions. 
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3.4.4 Charge transfer in C 60 and silicon (111)-7x7 surface 

atoms 

The integration of 3.24 is a three dimensionsal function. I simplify it to a two di

mensional problem. Look at one section of Z height of the transferred spherical 

distribution and consider this section of charge transfer. Fig. 3.19 (a) is the distri

bution of the transferred charge on section where adatoms are located. Rest atoms 

are about 1 A lower than adatoms, and corner hole atoms are 4.4 A lower than 

adatoms, so the effective radius of the transferred charge for these atoms is less 

than that for adatoms. Because of the symmetry, we just consider one half of the 

unit cell with one corner hole for calculation. 

In the calculation, we can select the buckyball transfer radius and the trans

ferred charge radius within the range that discussed in the above section. Fig. 3.19 

(b) is the result of the calculation of the two dimension integration of Eq. 3.24. The 

result is pretty interesting using 6.0 A for the buckyball interaction distance and 6.3 

A for the transferred charge radius. The highest probability areas of charge transfer 

are around the middle adatoms, and also there is a big area of transfer probability 

on the corner hole. That fits very well with our experiment result. 

The conculsion of the modelling calculation is that the charge transfer in

teraction is proportional to the overlap of the transferred charge balls. 

In the previouse discussion, I assumed that all dangling bonds have same 

electronic states. Actually, the result of tunneling spectoscopy on Si (111 )-7 x 7 shows 
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Figure 3.19: (a) The distribution of the transferred charge on one section surface. 
Rest atoms are about 1 A lower than adatoms, and corner hole atoms are 4.4 A 
lower than adatoms, so the effective radius of the transferred charge of these atoms 
is less than that of the adatoms. (b) is the result of the calculation by the two 
dimensional integration of the Eq. 3.24. 
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that adatoms and rest atoms have different electronic states [24]. The rest adatoms 

have all states filled by two electrons. The corner hole dangling bond takes two 

electrons also. So the nineteen electrons on surface have only five electrons for twelve 

adatom dangling bonds on faulted and unfaulted half unit cell. The reasonable 

distribution of these five electrons on two half unit cells is three electrons on the 

faulted unit cell and the other two electrons on the unfaulted unit cell. The ratio 

of three to two is close to the ratio of buckyballs adsorbed on the faulted and 

unfaulted half unit cells (74:53). The differece of (74:53) and (3:2) is caused by the 

bulk electrons affect. 
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This chapter discusses the van der Waals interaction between the silicon (111)-7x7 

surface and buckyballs by computer simulation. The simulation was carried out 

assuming that the interaction was a van der Waals force. Comparing simulation 

results with experimental results, it is easy to judge whether or not the van der 

Waals interaction assumption is corrected. 

Atomic computer modelling is one of the most powerful theoretical tools to 

study assemblies of particles interacting through realistic interatomic forces. These 

methods provide a way to analyze processes that take place at the atomic level and 

that cannot be investigated easily with experimental techniques. 
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Here I review the computer simulation techniques first and then apply the 

techniques to calculate the silicon surface and buckyball interaction. 

4.1 The fundamentals of computer simulation of 

molecular dynamics 

4.1.1 A many body system and statistical mechanics 

Let s be the number of degrees of freedom for position. A set of sN independent 

variables is needed to describe the spatial configuration of the system, { ql, q2, q3, .,. 

}. To each position qj corresponds a conjugate momentum Pj defined as :~, where 

L is the Lagrangian of the system. Therefore, there are sN independent variables 

needed to describe the momentum configuration of the system, { Pl,P2,P3, ... }. 

The classical mechanical state of the N-body system is fully defined by the set of 

2sN variables {q,p} = {qI,q2, .... ,Pl,P2, ... }. The phase space is a 2sN dimensional 

space. If we can construct a Hamiltonian for the system, we can write the equations 

of motion. Given some initial conditions: {qj(t = O),Pj(t = On, the equations of 

motions can be integrated numerically yielding the trajectory. This is the molecular 

dynamics. The molecular dynamics method is defined as a method to compute phase 

space trajectories of a collection of molecules which individually obey classical laws 

of motion. 

The average of any property A( {qj(t),Pj(t)}) along the trajectory of the 
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system can be calculated as a time average: 

- 1 loT A = lim T A{{qj{t),pj{t)})dt. 
T~<XI 0 

(4.27) 

Also we can calculate the value A from an ensemble point of view. The 

probability, Pi, of finding a system in the ensemble in a particular microscopic state, 

i, can be expressed analytically. In the case of systems at constant temperature, 

volume and number of molecules, it is given by 

P.- _ exp{~) 
1- Q ' (4.28) 

where Q is a normalizing factor called a partition function and 

ff -E-
Q = exp{ kt' )dqdp, (4.29) 

where Ei is the energy of the state "i" and k is Boltzman's constant. Ensemble 

average properties are calculated as 

A = f f P{{q,p})A{{q,p})dqdp. (4.30) 

The ergodic hypothesis states that if a system undergoes a stationary pro-

cess then an ensemble average is equal to a time average: 

A=A. (4.31) 
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4.1.2 Molecular dynamics in the micro canonical ensemble 

We want to solve the equations of motion of N interacting particles in a box of fixed 

volume V with Lx, Ly, and Lz as the length of the edges of the simulation cell in the 

X, Y,and Z directions, such that V = Lx X Ly X Lz. The position of a particle "i" 

is given in the cartesian coordinate system r and the velocity is f. The mass of the 

particle i is defined as mi. We can write the Lagrangian for the set of N particles 

interacting through some interatomic potential: 

(4.32) 

where <I> is the potential energy of interaction of the set of N particles. We make the 

assumption that it depends on the position of the particles only. In order to solve 

the equations of motion of the system, we need more information on the potential 

energy. Following are the basic assumptions made to simplify the form of <I>: 

1. Pair interaction: the interaction between two molecules i and j is not affected 

by the interaction between i and some other molecule k # j. This approximation 

is equivalent to neglecting the many body interactions and keeping only two body 

interactions. The total potential energy can now be written as a sum over all pairs 

of a pair potential: 

<I>{rI, Ti, .... TN) = L 4>ij(D, ~). (4.33) 
pairs of i,jji#j 
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2. Spherically symmetric interaction: the pair interaction does not depend on di-

rection. That is 

(4.34) 

Now the total potential energy becomes: 

(4.35) 
pairs oj i,jii:pj 

These are very crude approximations. They are not at all valid for many 

systems. But in our case, the buckyballs and silicon surface interaction, the approx-

imation is valid. 

In the summation ~pair8 oj i,j for N particles, there are N(~-1) independent 

pairs. A sum of the type ~pair8 oj i,j = ~ ~~1 ~f=l will have to be restricted to 

i 1: j because a particle does not interact with itself. The i is introduced as pairs of 

the type ij are identical to pairs ji. It is convenient to use the notation for writing 

sums over independent pairs: ~f>i ~~11 or in short ~j>i' 

The Lagrange equations of motion reduce to the Newton equations of mo-

tion: 

(4.36) 

The right hand side of the above equations is the force acting on particle 

i due to all other particles j :/; i in the system. The Hamiltonian of the system is 
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conserved by these equations of motion, that is, H is a constant of motion of the 

system. 

(4.37) 

This is the sum of the kinetic energy and potential energy of the system 

or the total energy of the system. Trajectories calculated from the equations of 

motion of the N particles in the constant volume conserve the total energy of the 

system. Therefore time averages calculated along such trajectories are equivalent to 

microcanonical averages. 

4.1.3 Periodic boundary conditions 

The particles have to interact with the borders of the simulation cell in order to 

keep the volume constant. In addition, the small size of the systems that can be 

simulated numerically on current computers are more closely related to clusters than 

bulk systems. Indeed, the ratio of surface area to volume is very large, and surface 

effects will be dominant. These remarks lead to the concept of periodic boundary 

conditions. 

Not only do we need to constrain the particles in the box of volume V, 

but also we need to find a way of providing particles near the edges and faces of 

the simulation cell with an environment which reasembles a bulk environment and 

not an external surface. The periodic boundary condition (PBC) provides such a 
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constraint. The PBC consists of confining the N particles in a fixed box of volume 

V and repeating this box periodically in all directions of space. Particles in the 

basic simulation cell are allowed to interact with particles in the "image" cells. The 

potential energy of the system contained in the simulation cell becomes: 

27 N 

<P = L L LCPij (4.38) 
cell=l j=i+l i=l 

where i and j can refer to the particles in the simulation cell of image cells. "27" is 

the total number of cells. 

If one particle whose trajectory goes through a face of a simulation leads 

to an image cell, an image of this particle would leave an image cell and enter 

the simulation cell through the opposite face. PBC conserves the total number of 

particles of the system. 

4.1.4 Cut-off range of interaction 

It is not reasonable to let a particle "i" interact with its periodic images as well as 

with an other particle j and the images of j. These types of interactions lead to an 

artificial behavior of the system. In order to reject such artificial interactions, the 

interatomic potential is truncated for radial distances larger than the length of the 

shortest edge of the simulation cell. We set <p(fj = 0 if ITI > min(Lx, Ly, Lz ) We 
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introduce a truncation function on the interatomic potential: 

A(r) = {: 
if r > Tcut-off 

(4.39) 
if r ~ Tcut-off 

The effective interatomic potential is defined as: 

<Pelf = L L (!>ij(Tij)A(Tij). ( 4.40) 
cells j#:i 

In the <Peff, the interactions between a particle and its own image have to 

be avoided. The T cut-off has to be less than ~ the length of the shortest edge of the 

simulation cell. 

4.1.5 Neighbor list and neighbor table 

The time consuming part of a molecular dynamics simulation is the calculation of 

the forces on each molecule. In a system of N particles, for every particle "i", we 

must search among the 27N(:'-1) particles, the particles which are within its range of 

interaction. Most of the computing time is spent in searching for interacting pairs. 

Among all pairs in an assembly of N molecules, only a small fraction interact because 

of the introduction of the range of interaction. In order to make the calculation of 

the forces more efficient, one can use the following schemes. 

The first one is the Verlet Neighbor List [35]. This is a book-keeping method 

which consists of keeping for each particle "i" a list of neighboring molecules that 
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lie within a distance r cut-off of particle "i", the list is called the cut-off range for 

the neighbor list. Only the particles "j" from the neighbor list which are neighbors 

of "i" are used for the calculation of the force acting on particle "i". Of course the 

creation of the neighbor list involves searching among all pairs the pairs that are 

within the cut-off distance rcut-ofl. If this search were performed at run time at 

every time step, it would not accelerate the molecular dynamics simulation, however, 

the time step being only a fraction of an atomic vibration, the list of neighbors of 

a particle "i" is not expected to vary during few integration time steps. The same 

neighbor list once created is used over several consecutive time-steps. This requires 

that the neighbor list is updated periodically. The list may be updated after every 

fixed number of time steps. The neighbor list method will therefore be limited to 

the simulation of relatively small systems as the storage space necessary to store the 

data for the list becomes prohibitively large with large numbers of particles. 

The neighbor list is created by searching all pairs of particles which are 

separated by a distance less than r cut-off. This search can be optimized by realizing 

that there is no need to search for neighbors in all cells but for a given particle only 

some of the cells will contain potential neighbors. 

I selected this method for my simulation. 

The other method that could be selected is called the Linked-list technique 

[36]. This method requires only 3N computer operations and about ~N storage 

space. This is to be compared to the approximately N2 operations and 50N storage 

space in the conventional Verlet method. 
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The liked list method makes use of a "chaining mesh". The chaining mesh is 

a regular lattice of Ncr X NCfJ X Ncz mesh points that covers the whole computational 

cell. Here the Ncn , n = x, y, z is defined as the largest integer less than or equal to 

Ln ,n = x, y, z. Mesh points are labelled by p = p(P:c,Py,Pz} and have cubical 
rcut-o// 

cells associated with them. The cell width of every cell corresponding to a chaining 

mesh point is HC
R 

= ;cnn ,n = x, y, z. A particle with position r = (x, y, z) is within 

some cell p if: 

(4.41) 

We define a head of chain (HOC) table, and set the chain as HOC(i), i 

running over the cells of chaining mesh. Each entry in this table contains the label 

of the first particle found in the considered chaining mesh. HOC(i}=O if there is no 

particle in cell i. A linked list array LL(j) is assigned to each particle and is used in 

conjunction with the HOC table to "chain" together particles lying within the same 

chaining cell. That is, LL contains the name of the next particle found in the cell. 

If LL(j)=O, the list is ended. 

The procedure is as follow: (1) set HOC(p)=O for all p; (2)search among 

all particles i; (3) locate the cell containing particle i, p = integer[H:C ,-1--,; ]; (4) 
Cz ell Cz 

add particle i to the head of the list for cell p: LL(i)t- HOC(p), HOC(p) t- i. 

The force acting on a particle "i" in some cell of the chaining mesh is 

calculated by searching for neighbor particles in the neighboring cells of the chaining 

mesh. 
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4.1.6 Solving the equations of motion 

The Newton's equations of motion constitute a set of coupled second-order differen-

tial equations. From a numerical mathematics point of view the molecular dynamics 

method is an initial value problem. A variety of algorithms have been developed for 

this problem. In this section we will review two of the most popular algorithms in 

molecular dynamics: the finite difference and the predictor-correcter schemes. 

The finite difference method is easy to perform. Any dynamic equation 

should have the time derivative terms f' and f. We are using a finite difference 

approximation for the time derivatives, that is 

.:. d~ Do~ ~(t + Dot) - ~(t) 
r· = - ~ - = -"--7"""----'-.;... 

t dt Dot Dot 
(4.42) 

=- d~ A~ ~(t + 2At) - 2~(t + At) + fi(t) 
r· = - ~ - = -"---"---=---"---~ 

t dt Dot At2 (4.43) 

where we have discretized the time with small intervdls At. Also we need the initial 

conditions: ~(t = 0) = Toil ~(t = 0) = fa;. This algorithm is performed in a step by 

step manner. A discretization error is associated with this method. This error will 

depend upon the time integration step Dot. One generally wants At very small for 

a better accuracy; however too small a step results in computationally prohibitive 

simulations. A typical value of At for a molecular dynamics simulation is on the 

order 10-15 second or I~O of an atomic vibration. Theoretically, smaller time steps 

are better, but if the steps are too small, the computation time will be too large. 
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Predictor-correcter algorithms consists of the following three steps ([37]): 

a) Prediction, in which the molecular positions Ti, and their first five time-derivatives 

(t + ~t) are predicted by Taylor's expansion from their values at time t. 

b) Evaluation, in which the force on each molecule f; at time at time (t + ~t) is 

calculated using the predicted positions. 

c) Correction, in which an error term in the acceleration, ~ri' is obtained from the 

difference between the predicted acceleration and that given by the force f;. This 

error ~ri is used to correct the predicted positions and their time-derivatives. 

The sequence predict-evaluate-correct repeated several thousand times con

stitutes a molecular dynamical simulation. 

I selected the finite difference method for my simulation. 

4.1.7 Constant temperature molecular dynamics 

We know that standard molecular dynamics simulates the systems under the condi

tions of constant N, V and energy (the micro canonical ensemble). Generally,observ

abIes appear as averages over the canonical ensemble where the number of particles 

N, the volume V and temperature T are fixed. Since the total energy is not con

served, schemes have to be devised to introduce fluctuations in the total energy E. 

However, the total kinetic energy is a constant of motion due to is coupling with 
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the temperature: 

(4.44) 

In the simulation, we have to re-scale the momentum of all particles to keep the 

kinetic energy constant [38]. The implementation is 

1) Calculate the current kinetic energy of the system; 

2) Calculate the temperature Ta by Eq. 4.44, and calculate the scaling factor If, 
Td is the desired temperature. 

3) Multiply all components of the current velocities of the particles by the scaling 

factor. 

4.1.8 Program flowchart of the molecular dynamics simu-

lation 

Fig. 4.20 is the flowchart of the simulation processor. The structure of the program is 

pretty straight forward. There is a big "time" loop of several times steps. Normally 

it was 10,000 steps. For each block in the "time" loop, there is a "particle" loop 

that goes around all the particles in the calculation. The particle positions can be 

output to a file at each time step and we can see the evolution of the simulation 

procedure. In this case, the output file is big and I use a special program to display 

the particles moving in space. 
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Figure 4.20: There is a big "time" loop of several times steps. Normally it was 
10,000 steps. For each block in the "time" loop, there is a "particle" loop that goes 
around all the particles in the calculation. The particle position can be output to a 
file at each time step and I can see the evolution of the simulation procedure. 
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4.2 Simulation of buckyballs on silicon (lll)-7x7 

surfaces 

There are two different particles in the current simulation, the buckyballs and the 

silicon atoms. All the buckyballs are moving in the simulation unit, but the silicon 

atoms are fixed on the floor of the simulation unit. 

4.2.1 Potential 

A Lennard-Jones potential is a good approximation of van der Waals interactions 

[39]. The general form of the potential is [40]: 

or 

A B 
~(r) = --+-

r6 r12 

(J 6 (J 12 
~(r) = -4€((-) - (-) ) 

r r 

( 4.45) 

(4.46) 

Fig. 4.21 shows the Lennard-Jones potential. The ~(r) line is the potential 

and F(r) is the force line. The distance Te is the point of the minimum potential 

and also it is the zero force point. The force is attractive for distances larger than 

re, and it is repulsive when two particles get closer than the distance reo rs is the 

maximum attractive force distance. Equation 4.45 is an easy computer calculation 

and equation 4.46 has more physical meaning. Following is a list of the relation of 
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Figure 4.21: The <P(r) line is the potential and F(r) is the force line. The distance 
r e is the point of the minimum potential and also it is the zero force point. The 
force is attractive for distances larger than re , and it is repulsive when two particles 
get closer than the distance reo rs is the maximum attractive force distance. 
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(4.47) 

(4.48) 

(4.49) 

(4.50) 

(4.51) 

(4.52) 

(4.53) 

For the buckyball-buckyball interaction, the distance Te is about 10 A, and 

for the buckyball-silicon interaction the distance is less than 10 A, because the 

radius of the silicon atom is smaller than the buckyball radius. I selected 7 A. The 

binding energy of one buckyball in crystal e60 is about 1.4 eV, or <Pmin = 1.4eV. So 

Fmax = 1.2 X 10-9 Newton by previous relations. 
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4.2.2 Simulation unit cell 

The simulation unit cell size is dependent on how many silicon surface unit cells are 

selected in the simulation. I selected 3 x 3 surface unit cells as the XY plane of 

the simulation unit cell size. The unit cell size is about 140 x 80 x 450 A. In the Z 

direction, I made the unit size big. The reason for this is to reduce periodic boundary 

condition effects in the Z direction. In the simulation, it is required to have mirror 

silicon surfaces on the XY plane, but it is wrong to have a mirror surface on the 

top of simulation unit cell. If the Z size is greater than the interaction distance of 

buckyball-silicon, the buckyball will have no interaction with the top "mirror image" 

of the silicon surface. The Fig. 4.22 is the unit cell selected in the simulation. The 

silicon surface is on the Z=O, XY plane. 

4.2.3 Silicon distribution and buckyball initial conditions 

Two different silicon surfaces are selected to simulate the interaction with buckyballs. 

One is the dangling bond silicon surface and the other is the adatom silicon surface. 

At the beginning of the simulation, all the buckyballs are placed at a height 

of about 40 A with random distribution. The number of buckyballs is about 20-30, 

which is close to the coverage of the experiment. In the experiment, buckyballs are 

deposited at a temperature of 300oe. The initial velocity is estimated by : 

(4.54) 



89 

Here T = 6000 F; and k = 1.38 x 10-23; m is buckyball mass, m = 60 x 12.011 x 

1O-27kg = 1.1963 x 1O-24kg. So the velocity is f- = 1.1767 X 102m/ s. 

4.2.4 Code 

The code is written in Fortran. The procedure of the calculation is a little bit 

different than the previous discussion since we have two different particles, and also 

the silicon is sited on fixed positions, and the buckyballs are moving in the simulation 

unit cell. 

The whole simulation is performed by two programs. One is data preparing 

which creates the silicon surface, sets the time step and buckyball initial positions, 

and the second one is simulation. The two programs source code are about 500 

lines. All the simulations are calculated on a Convex machines at the University of 

Arizona. 

4.2.5 Simulation results 

The cut-off distance is selected as 35 A, which is less than half the length of the 

simulation unit cell in the Y direction. Also at this distance the Lennard-Jones 

force of the interaction between buckyball-buckyball and buckyball-silicon can be 

neglected. 

The values of Fmax and Te (for buckyball-buckyball and buckyball-silicon) 

can be changed for different simulations. Two typical results are shown in the 
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following which have Te = 10.0 A, and Fma:r = 1.2 X 10-9 Newton for the buckyball

buckyball interaction and Te = 7.0 A, and Fma:r = 8.4 X 10-9 Newton for the 

buckyball-silicon interaction. 

Fig. 4.23 is the simulation result of buckyballs adsorbed on the dangling 

bond surface. The silicon surface is 3 x 3 unit cells, the smaller balls are dangling 

bond sites and the bigger ones are the buckyball final locations. One of the graphics 

is a top view of the buckyball distribution on the silicon surface and the other one 

is a side view of the distribution. From the side view display, it is easy to see 

that all buckyballs stop above the surface at certain height (about 8 A) which is 

little bit larger than the distance of Te , which we set in the simulation. In the top 

view graphics, there are few buckyballs located in the positions expected as in the 

experimental result. Fig. 4.25 shows the results that map buckyball positions on 

the surface to a half unit cell. It looks like the buckyballs prefer to stay near the 

edge of the half unit cell triangle. 

Fig. 4.24 is the result of a simulation where the buckyballs interact with 

the silicon surface adatoms. The result is similar to the dangling bond interaction. 

The simulation result of assuming van der Waals interactions between buckyball

silicon does not properly explain the experimental result of buckyballs adsorbed on 

the silicon (111)-7x7 surface. 
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z 

Figure 4.22: The unit cell size is about 140 X 80 x 450 A. In the Z direction, I made 
the size big, the reason for that is to reduce periodic boundary condition effects in 
the Z direction. The silicon surface is on the Z=O, XY plane. 
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Figure 4;23: Silicon surface is selected as 3 x 3 unit cells. The smaller balls are 
silicon dangling bond sites and the bigger ones are the buckyballs final location. 
One of the graphics is a top view (view surface from Z axis direction) of distribution 
and the other one is side view of the distribution. From the side view image, it is 
to see that all the buckyballs stop above the surface about 8 A. In the top view 
graphics, there are few buckyballs located in the positions expected as experimental 
result. 
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Figure 4.24: Simulation result of the buckyballs adsorbed on the adatom surface. 
There are 28 buckyballs in the simulation unit cell but only 7 buckyballs are located 
near the area where buckyballs are seen to adsorb in the STM images. 
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Figure 4.25: In order to compare with the experimental result (Fig. 3.15), bucky
balls located on the silicon surface by simulation is mapped on a half unit cell of 
silicon (111)-7x7 surface. The simulation result of assuming van der Waals inter
actions between buckyball-silicon does not properly explain the experimental result 
of buckyballs adsorbed on the silicon (111)-7x7 surface. 
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CHAPTER 5 

Image Processing 

The basic tasks for image processing in the current work are: 

1. Systemic error correction in data acquisition; 

2. Image signal analysis and image signal enhancement; 

3. Image format converting and transferring. 

5.1 Data format 

Image format conversion is a primary function in image processing. We have chosen 

Digital Instrument's NanoScope systems for STM control and data acquisition. The 

NanoScope (NS) image data format is a basic data format for image processing. The 

output image data format has to be compatable with one of the following devices to 

get a hardcopy of the image or display it on screen: Tektronix color printer, NeXT 

printer or monitor screen. All these devices accept images in PostScript format. 

PostScript is the main output image format. I convert the NanoScope file to a 

Portable Bitmap (PNM) format. All image processing is done on the PNM file 
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before the image is converted to PostScript. Also, some other file formats are used 

for image transfer and drawing, like the Graphic Interchange Format (GIF), Tagged 

Image File Format (TIFF) and Adobe Illustrator (AI) format. 

The NS format is 2 bytes per piexl image data format with 8K header. The 

long header information contains experimental parameters and image size selection. 

The image size can be 200 x 200 or 400 x 400 for the N anoScope II system and the 

NanoScope III system has a 512x 512 a image size. No image compression is used 

for the data storage. In image processing, I created a subroutine to read the NS 

format file, and after processing I have another subroutine to write out the image 

as a NS file as one of the output format options. The reason for this option is to 

make it possible to use the NanoScope utility program to display images that have 

been processed. 

PostScript, a trademark of Adobe Systems Incorporated, is the most popu

lar image and graphic file format in current use. PostScript is a device-independent 

page description language for both text and graphics. Gray scale PostScript images 

are 8 bits per pixel and color images are 3x8 bits per pixel. The image can be in 

compressed or uncompressed mode. The images for publication and screen preview 

on the NeXT station are in PostScript format. Also, one special software package 

was developed to create PostScript files for the Tektronix Phaser IIsdx color printer. 

The intermediate format PNM is a very simple image file format. It only 

has four integer numbers in its header: format mark, X dimension, Y dimension 

and depth of the image. PNM can be one bit black-white image or 3x8 bits color 
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image. PNM has no compressed mode. Because the format is so simple, it is a good 

intermediate format in image processing. 

The Adobe Illustrator file is an ASCII file format. I set an interface sub

routine in the image processing software package to read in an AI file and write out 

an AI file. Some of the graphic drawing information is used as control commands 

and parameter settings in image processing (see following sections), such as drift 

correction, zoom area, nonlinear image enhancement. 

TIFF and GIF are more complex image formats, but both are popular. 

TIFF was designed to become the standard format. In order to become the standard, 

the format was designed to handle just about any possibility. The result of this 

design provided the flexibility of an infinite number of possibilities of how a TIFF 

image is saved. Therefore, no application can claim to support all TIFF variations. 

GIF is an 8 bit color vector (color table) image format. Both TIFF and GIF have 

compressed modes which makes the image file size smaller. The image processing 

package has the ability to read these two image file formats. 

5.2 Linear drift correction 

5.2.1 Image drift and linear drift correction 

It is easy to see when the raw data image has drifted. The reason for drift could 

be thermal drift or electronic drift during data acquisition. Thermal drift comes 
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from the sample temperature changing during data acquisition. The electronic drift 

occurs when the tip X-Y scanning signal is not well synchronized. The above effects 

are each linear, but combinations of both drifts will cause the image to have non

linear drift. Most of the images have linear drift, so here I just discuss linear drift 

correction. 

Fig. 5.26 is a raw data image of the silicon (lU)-7x7 surface. This is a 

large area image and resolution is very good. The upper left corner has defects. It 

is very easy to see that the image has drift because the half unit cell is no longer 

an equalateral triangle. In order to correct it, I run Adobe Illustrator to place the 

image on the background and draw one angle on the image according to the surface 

corner hole positions. For the DAS model, this angle has to be 60 degrees and the 

ratio of the two lines is one. I put this requirement on the image with the command: 

sep07.ns3 60 1.0 dps 

Here sep07.ns3 is the NanoScope image filename and dps is standard for 

Drift correction and create PostScript file. After the AI file been saved, the program 

STM reads the file and produces a new image which has been corrected. 

Fig. 5.27 is the image after drift correction. All half unit cell triangles are 

close to an equaliterial triangle, and atoms around the corner holes are close to a 

circle. 



Figure 5.26: Raw data image contains drift because of thermal or electronic reasons. 
I draw two lines on it and write one command on the image to specify the drift 
requirements, and run the image processing package STM to process the linear drift correction. 
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Figure 5.27: After linear drift correction, all half unit cell triangles are close to an 
equaliterial triangle, and atoms around a corner hole are close to a circle. 
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5.2.2 Algorithm for linear drift correction 

I developed the following algorithm to perform drift correction. The procedure of 

drift correction is to set a transformation that makes an angle a1 with two sides 

with ratio T1 on the original image to be angle a2 with side ratio T2 on the new 

image with the condition that the image size remains the same. 

Suppose one side of the angle is along the X-axis with unit length, the 

coordinates of the other side of the angle is (Fig. 5.28) 

x = T1 cosa1; 

y = T1 sinal; 

After drift correction, the position is 

x = T2cosa2; 

y = T2 sina2; 

The transformation from (ab T1) to (a2' T2) can be performed as two linear 

transforms: 

1) expand the plane along the Y direction with a factor /31: 

2) drift the X value along the Y direction with factor /32. 
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(x,y) 

(a) (c) 

(x,y) 

L:!2 

1 _________ _ 

(b) (d) 

Figure 5.28: (a) An angle Ctl with side ratio Tl on plane before drift correction; (b) 
After correction, this angle should be Ct2 and the side ratio is T2; (c) Rotate image to 
make the new image as large as possible and still fit within the original image size; 
(d) For different requirements, one option of the output image can be the largest 
rectangular area in the drift corrected image. 



or 

Solving the equations to get drift factors, we find 

{32 = Tl cos 0:1 ~ T2 cos 0:2 • 

T2 Sm 0:2 

Now the transformation equations can be written as: 

Y = {31YO. 
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(5.55) 

(5.56) 

(5.57) 

(5.58) 

Here the Xo and Yo are positions on the original image and x, yare positions 

on the new image. 
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5.2.3 Implementation of linear drift correction 

Equations 5.57 and 5.58 are the drift correction transformation, but not unit-to-unit 

transformation, the image size has been changed after this transformation. 

The software takes the following steps to perform drift correction and to 

keep the image size the same (see Fig. 5.28). 

1) Read parameters from the AI graphic file. The information in this file con

tains the lines' x, y coordinates. The program converts the graphic information to 

2) Calculate (j's values by Equation -5.57 and 5.58. 

3) Calculate a shrinking factor to make the image size unchanged (Fig. 5.28 (c)). 

4) Find a best fitting area for the image. This step requires calculating a rotation 

angle and a new shrinking factor (Fig. 5.28 (c)). 

5) With different option the output image could be rectangular or square. 

The software package calculates all of the above five transformation steps 

first, and then sets up a reverse transformation. Whole processing is going from 

drift corrected image, specify one pixel on the drift corrected image, and goes back 

to original image by the reverse transformation to pick up the value of the pixel. If 

the position is outside of the original image, set the drift corrected pixel as value 

zero. 
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5.2.4. Data interpolation 

The pixel position in the image is an integer number: 0,1, ...... size-I, or 0,1, ..... . 

511 for 512x512 image. But an integer number on the corrected image will not 

always be an integer number on the original image in the previous transformation. 

I use two different methods to interpolate data. 

Bilinear interpolation is widely used as a simple method [31]. The pixel 

value f at (x, y) is evaluated by a linear combination of f(nl, n2) at the four closest 

pixels. Suppose the value f(x, y) is located on nl < x < (nl + 1) and n2 < y < 

(n2 + 1); the interpolated f(x, y) in the bilinear interpolation method is 

where 

f(x, y) = (1 - ~z)(l- ~y)f(nl' n2) + (1- ~z)~yf(nb n2 + 1) 

+ ~z(l- ~y)f(nl + 1, n2) + ~z~yf(nl + 1, n2 + 1) 

~z = (x-nd; 

~y = (y- n2). 

The cubic Spline Interpolation [32] is one of the most popular techniques 

presently in use. I use two one-dimensional cubic spline interpolations to calculate 

the image value at (x, y). For a one dimension function f(x) defined on a set of 

pixels ° = Xo < Xl < ...... < Xsize-l = size, a cubic spline interpolation, S, for f is 

a function that satisfies the following conditions: 

a) S is a cubic polynomial denoted Sj on [Xj,Xj+1] for j=O,l, ... size-l; 
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b) S(Xj) = f(xj) for each j=:O,I, ... size-l; 

c) S(Xj) continuous through the second derivative on j=I,2 ... size-I; 

d) S"(O) = S"(size - 1) = 0; natural spline boundary condition. 

The spline function is set up by 

for each j=O,l, ... size-I. 

aj, bj , Cj, dj can be solved from following equations plus the natural bound

ary condition: 

aj+l = aj + bj + Cj + dj ; 

bj+l =: bj + 2cj + 3dj ; 

Cj+l =: Cj + 3dj • 

The solution is to calculate a matrix. It is not hard to solve by computer, 

it just takes a little more computation than the bilinear interpolation. 

5.3 Nonlinear image enhancement 

In the previous section, the image is processed on the X-Y plane. For an image 

pixel, there si another number of information, that is intensity of the image or 

height of the surface. That is Z value of the image. This section discusses the Z 
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value manipulation. Image enhancement can help us to see some detailed structure 

of the sample surface that can not be seen in the raw image. 

The dynamic range of the Z value is only 8 bits, or 256 gray scales. For the 

color image that is three 8-bit gray scales for three different colors. In the limitation 

of the dynamic range, a linear transformation will cause the image to be saturated 

in the brightness or cut off in darkness. For example, the images of buckyballs 

on the silicon surface that were displayed in the previous chapters have big values 

(bright) of Z for the buckyballs and small values (gray) for the silicon surface. In 

order to enlarge the dynamic range of the surface pixels to see more detail of the 

silicon structure, for a linear enhancement, the buckyball's pixel value will go out 

of the 8 bit dynamic range and make the buckyball appear as a big bright spot. 

5.3.1 Histogram of image pixels and brightness function 

For 8 bit images the pixel value is between 0 and 255. Plotting a line that has the 

pixel values of the image as a horizontal axis and the number of points of this value 

as a vertical axis is called a histogram H (Z) of a given image. A histogram can 

tell us image intensity distribution information. Fig. 5.29(top) is a histogram of 

an image which shows one buckyball on a corner hole and a dark area around the 

buckyball. The histogram shows that the most of the pixel values of the image are 

between 27 and 51; these pixels are from the silicon surface. Because the dynamic 

range of the silicon surface is small, it is hard to see clearly the silicon structure on 

the image. Buckyballs take a large dynamic range of pixel values, so it is shown 
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that the C60 is a spherical ball. 

The straight line on the histogram is the brightness function B(Z). It 

represents the brightness of all pixels at a certain Z value. In normal cases this 

function is a straight line or is a linear brightness function. The zero value of this 

function is a black point on the image. 

5.3.2 Histogram Equalization 

The distribution of the histogram of Fig. 5.29 is not uniform. The basic idea of 

histogram equalization is to make histogram distribution uniform [33, 34]. In order 

to perform a transformation of histogram equalization, the histogram of a given 

image is written as H(Z) , and the lowest value of Z as Z" the highest value of Z 

as Zu. The following transformation of the Z value is done: 

Z' = 2!5 H(Z)j (5.60) 

H(Z) = { t H(Z) _ H(Z) ~ H(Z,)} 
k=Z, 

(5.61) 

Here is N = H(Zu). The transformation is simple and takes a small amount 

of computation. Fig. 5.30 is the histogram equalized image of Fig. 5.29. Compared 

with the original image, it shows more detailed structure on the substrate of the sil-

icon surface than the original image. But the new image loses t&e detailed structure 
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Figure 5.29: Histogram of image which shows one buckyball on the corner hole and 
the dark area around the buckyball. In the histogram it shows that most of the 
pixel values are between 27 and 51. These pixels represent the silicon surface. It is 
not easy to see the silicon surface clearly because the dynamic range of the silicon 
surface pixel value is small. The straight line on the histogram is the brightness 
function. It represents the brightness of the pixels at certain Z values. 
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of buckyballs, and the image contrast is too large. This transformation is used to 

process the image before drift correction. For drift correction it is required to see 

the detailed structure of substrate corner hole positions and to draw lines on the 

image. 

5.3.3 Arbitrary brightness function 

Another straight forward way to enhance an image is to change the brightness 

function directly. My software package reads an Adobe Illustrator drawing file to 

get the brightness function, and converts the input image to a new image which has 

a brightness function given by the user. Fig. 5.31 shows the result of one brightness 

function (top) enhancement. The new image shows the surface structure clearly 

and also shows the dark area around the corner hole buckyball. Also, the buckyball 

structure here is still clear on the new image. Actually this is a double dynamic 

range image. Both the substrate and buckyball take a 256 gray scale. 

Fig. 5.32 is another image enhanced by brightness function modification. 

In this new image, it is easy to see the location of surface atoms and their relative 

height. Brightness function modification is a good way to study STM image data. 

5.4 Software package STM 

The basic task for the STM software package is to read NanoScope data and write 

out NanoScope or PostScript data after image processing. Fig. 5.33 is a diagram of 
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Figure 5.30: The histogram equalized image of Fig. 5.29 shows more detailed struc
ture on the substrate of the silicon surface, but we lost the detailed structure of the 
buckyball. 



112 

Figure 5.31: According the histogram distribution, construct a brightness function 
to transform image Z values to make both the substrate of the silicon surface and 
the buckyballs structure clearly visible. 
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Figure 5.32: Brightness function has been changed a little bit from the previous 
image brightness function. It shows more features of the silicon surface. Faulted 
corner hole adatoms are "higher" than unfaulted corner hole adatoms and also higher 
than middle adatoms. 
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the software package. Adobe files are used to control the processing. PNM format 

input and output are used for image exchange with other systems. PostScript format 

files can be displayed by the NeXT station or printed out or sent to the MPICT 

(next section) package for publication. 

The software package can determine input file formats automatically and 

command line options can select the type of image processing. The program recog

nizes data and commands first and then separates image data and command data 

before these are stored in a data buffer. During processing, there is a mathemat

ics package to support calculations. The mathematics package has the functions of 

drift correction, spline interpolation, coordinate rotation and drift, and nonlinear 

enhancement. After processing, the image is sent back to the image buffer again 

and written out to disk as requried. 

Besides the drift correction and nonlinear enhancement functions of the 

package, it has other features as image mirroring, zoom area in any orientation, 

image resize, printing NanoScope data file header information, NanoScope III file 

to NanoScope II conversion, low-pass filter, histogram equalization, etc. 

All the experimental images used in this dissertation are processed by the 

STM package. 

The whole package is written in the C language with about three thousand 

four hundred lines. The package is compiled on NeXT UNIX machine and it is 

transferrable to any operating system. 
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Image processing 

Mathematic: library 

Recognizing and classifying 

Figure 5.33: The basic task for the STM package is to read NanoScope data and 
write out NanoScope data after image processing. Adobe files are used to control 
the processing. PNM format input and out are used for image exchange with other 
systems. PostScript format files can be displayed NeXT on the station or printed 
out or sent into the MPICT package for pUblication. 
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5.5 Software package MPICT 

The primary function of the MPICT package is to read NanoScope files and then 

create a PostScript file that has multi pictures on one page and then send the output 

PostScript file to the Tektronix (Phaser IIsdx) color printer. 

Fig. 5.34 is a block diagram of the package. There are three different types 

of input file. The first is the image file. The image file format can be a PostScript 

file that is created by the STM package, a PostScript image file created by the 

N anoScope system, PNM images, Sun Station Raster images, or a DT CCD image 

file. The second type of input file is an Adobe Illustrator file. This file is created by 

Adobe Illustrator and is used as to locate image positions and draw graphics on the 

image. The MPICT reads this type file and converts it to an ADB file immediately. 

ADB is the third type of input file for the MPICT package. ADB files accepted by 

the MPICT package are only used to control graphic drawing on the image. 

Here is one example of an ADB file. 

%%mpict - Adobe combining 1.0 

%%Creator: mpict-Adobe 

Image filename: nov2347.eps 

Offset: 39 231 512 512 

line w 3 217 618184574209530239572217618 stop 

line w 3393449371 418411 418432447393449 stop 

line w 3472559484551 475538464546472559 stop 

words 179503200 w Helvetica-Bold 



Command 
buffer 

Input file format recognizing 
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vess c::::>- ADB input 
Convert to 
ADBfile 

Figure 5.34: Read different image formats and convert them to a PostScript file. 
The output page layout is controlled by the ADB file. One feature of MPICT is to 
output a line profile of the image. 



(7x7) 

words 369 389 20 0 w Helvetica-Bold 

(5x5) 

words 483 519 20 0 w Helvetica-Bold 

(2x 3) 

line w 4 512 519 515 527 519 516 524 534 537 534 stop 

line w 4327598293571 262537259488308472295424277 368 stop 

quit 
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In this file, the input file has been specified as nov2347.eps, and the "Offset" 

is the coordinate position on the image. The command "line" is to control a line 

drawing, and ''w'' and "3" is line color and width. This image is shown on Fig. 5.35. 

One feature of MPICT is its profile line. It is easy to use the ADB file to 

set a line on the image and MPICT can read the Z values along the line and then 

plot it as an Adobe file format for data analysis or publication. 

MPICT is written in the C language, and the whole package is about three 

thousand lines. 

The last image to be displayed in this chapter is Fig. 5.35 which is created 

by the MPICT package. All the images in the figure show that silicon grows around 

C60 on the silicon (111) surface. 
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Figure 5.35: This multi image picture is created by MPICT. All these images show 
silicon growing around buckyballs. The surface was created by depositing C60 on 
the Si(l11) surface first, and then depositing silicon atoms. They show silicon 
growing around buckyballs. On the growing island, the 7 x 7 reconstruction, 5 x 5 
reconstruction and 2 x J3 reconstruction can be seen. 
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CHAPTER 6 

Numerical simulations of a 

scanning force microscope with a 

large-amplitude vibrating 

cantilever 

This chapter discuses a topic which is independent from the previous five chapters. 

This is a simulation calculation to study the scanning force microscope (SFM) tip 

and sample interaction. This work has been published in Nanotechnology [97,98]. 

6.1 Introduction 

The original atomic force microscope (AFM), as conceived by Binnig et al. [99], 

was operated in a mode where its tip was in contact with a sample, and the acting 

forces could be either attractive or repulsive [100]. Here the tip-sample force, F, 

was balanced by the deflection, Z, of a cantilever, given by Z = F/k, where k is the 
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cantilever spring constant. An AFM, operating in the contact mode, is able to yield 

images of conducting as well as nonconducting samples with atomic or molecular 

resolution. To probe electric, magnetic, and van der Waals type fields, one would 

move the cantilever slightly away from the surface of the sample and vibrate it at 

or near its resonance frequency [101, 102, 103]. For an amplitude of vibration much 

smaller than the tip-sample distance, one could use a perturbation approximation 

to model the influence of the sample force fields on the mechanical properties of 

the vibrating cantilever. The approximation yields an effective spring constant, 

kl = k - pI, and a shifted resonance frequency given by Wl = [kdm]l/2 [101], where 

k is the spring constant of the cantilever. Here m is the cantilever effective mass, 

and pI is the local tip-sample force derivative that changes the free-standing angular 

resonance frequency from Wo to Wl. The change in resonance frequency gives rise to 

a change in the phase or amplitude of the cantilever, which can be used to measure 

the interaction fields. By mounting the cantilever on a piezoelectric element and 

employing a feedback system, one can get a topographic map of the forces across 

the surface of the samples that originate from true topography or from electric and 

magnetic fields. The disadvantage in operating in this noncontact mode is some loss 

in resolution. The advantage of operating in this mode, however, is that substantial 

increase in sensitivity to small forces can be obtained [101, 102, 103, 104, 105]. 

The perturbation approach used to model the noncontact mode of operation 

works well for small amplitudes but fails complete1y for large ones. In particular, 

when the amplitude of vibration is equal to or larger than the tip-sample separation, 

one encounters the complicated case of a nonlinear driven oscillator system which 
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must be solved numerically. Note, that if the spring constant of the cantilever falls 

in the range of the force derivatives involved in the tip-sample interaction, yielding a 

double well-potential, the solution to the driven nonlinear oscillator system can be-

come chaotic [106]. This is not the case here, however, since we consider cantilevers 

which have large spring constants. 

To model the operation of the driven nonlinear oscillator, one has to decide 

upon the type of forces expected to playa major role in the tip-sample interaction. 

We have chosen for the attractive part of the force the sphere-plane Lennard-Jones 
--

type model, as given by Israelachvili [107, 108]. Here one integrates a 6-12 van 

der Waals type energy, contributed by the molecules belonging to a sphere and an 

adjacent plane, then differentiates the total energy to obtain a 2-8 type force. At 

a particular point, denoted here by Zo, the force turns from attractive to repulsive, 

crossing through a point where it vanishes. For smaller distances, the spherical tip 

pushes against the surface of the sample, and deforms it. A classical indentation 

force can then be used to model the repulsive part of the tip-sample interaction. We 

have used a combination of these two forces for the analysis of the vibration of the 

tip and the force it exerts on the surface of the sample. In our model we neglect the 

energy losses to the sample from the vibrating tip. 

The behavior of a driven nonlinear oscillator system is quite complicated, in 

the sense that one cannot use simple analytic arguments to deduce the forces from 

the change in amplitude of vibration of the cantilever and its mechanical properties. 

For example, during a full vibrational cycle, the tip experiences mostly an attractive 
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force, and only during a short fraction of a cycle will it experience a repulsive force. 

Also, the tip will deform a soft sample more than a stiff one. Since in both cases 

the tip momentum goes from a finite value to zero, the soft sample will experience 

a small force operating for a long time. A stiff sample, on the other hand, will 

experience a stronger force operating for a shorter time. 

The analysis of the tip-sample interaction presented here is, to the best of 

our knowledge, the first attempt to calculate the magnitude and duration of the 

pulsating tip-sample force as the vibrating tip is brought closer to the surface of 

a sample. This "tapping" mode of operation, when the amplitude of tip vibration 

is larger than the tip-sample separation, is useful because it eliminates the lateral 

forces acting on the tip as it raster scans across surfaces with varying degrees of 

stiffness [109, 110, 111, 112, 113]. The major results reported in this paper are: 

(a) the decrease in the tip amplitude cannot be used as a direct measure of the 

forces, and (b) the forces can be obtained directly from the experimentally observed 

non-sinusoidal motion of the cantilever. 

We would like to emphasize that the modelling here does not reflect any 

particular commercial or other atomic force microscopy system. The choice of pa

rameters in the present simulation was made solely for the purpose of covering the 

most probable experimental cases, and highlighting the physics associated with this 

driven nonlinear oscillator system. 
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6.2 Modelling of the System 

Fig. 6.36 is a schematic of the mechanical system used in the modelling, with the 

associated notation. Here, one has a piezoelectric tube which controls the position 

of the cantilever in x, y, and z, and a bimorph oscillating at a frequency wand 

amplitude A that drives a cantilever. Fig. 6.37 is an equivalent schematic of the 

model using a spring-mounted spherical tip and a deformable substrate. Here, Zo is 

the point at which the tip-sample force euqals zero, and Zl the tip-sample distance 

as set by the piezoelectric tube. 

6.2.1 Tip-Sample Forces 

The Lennard-Jones type interaction for a sphere-surface system [107, 108] assumes 

a tip with radius R and density PI, and a flat surface with a density P2. The acting 

force is given by 

1 
F(z) = loR[-(u/z)2 + 30(u/z)8]. (6.62) 

where, 

2 2 4 10 = 31r €PIP2U (6.63) 

and € and u are interaction parameters [114]. Note that the distance Zo, at which 

the force drops to zero, is given by 

1 
zo = 30-6"u. (6.64) 
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Figure 6.36: A schematic of the mechanical system used in the modeling. 



z 

i 
z1 

-.---1 
A"sin(mt) 

m 
k 

Y 
Q 

zO sample 

126 

Figure 6.37: An equivalent schematic of the model using a spring-mounted spherical 
tip and a deformable substrate. 
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We will use Eq. 6.62 for tip-sample separations larger than zoo To model the 

repulsive force for z < zo, we use a modified Hertz model [115, 116, 117] that yields 

a reasonable approximation to the deformation of two contacting spheres with radii 

Ri • According to this theory, the radius of contact of the two spheres, a, is given by 

(6.65) 

Here, 

(6.66) 

where Ei is Young's modulus, Vi Poisson's ratio, and F(z) the applied force. Assume 

now that Rl < < R2, namely, a sphere with El and Rl deforming a plane with E2. A 

small indentation of the plane by Iz - zol « R will result in an indentation radius 

a = J2R(z - zo). Inserting this value of a into 6.65 yields 

F(z) = g(z - zO)3/2 (6.67) 

with 

(6.68) 

6.2.2 Driven Nonlinear Oscillator System 

The equation of motion of our driven nonlinear oscillator system is 

cPz w dz . 
m dt2 + m Q dt + k[z(t) - Zl - Asm(wt)] - F[z(t)] = 0 (6.69) 
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with the total force given by 

F[z(t)] = { foR [-(;): + io(;)8] 
go(z - zo)2" 

,z > Zo 
(6.70) 

,z < Zo 

Here Q is the quality factor of the free-standing vibrating cantilever, and m 

its effective mass given by m = k/w2• It is convenient to convert Eq. 6.69, which is 

a second-order differential equation in z(t), into two first-order differential equations 

in z(t) and velocity v(t), and solve for 

and 

dz(t) = v(t) 
dt 

dv(t) wk. F[z(t)] -- = --v(t) - -[z(t) - Zl - Asmwt] + . 
dt Q m m 

(6.71) 

(6.72) 

Convenient boundary conditions for these two first-order differential equations, de-

scribing the tapping mode of operation, are z(O) = Zo, and v(O) = o. Namely, at 

the beginning of the calculation, the cantilever is bent downward from its set-point 

at Zl to the point Zo where the tip-sample force is zero, and set the velocity to zero. 

As the cantilever starts vibrating, its amplitude builds up until either the maximum 

amplitude reaches a value of AQ if it does not encounter a tip-sample force, or a 

smaller value if it does. Any other reasonable boundary conditions, however, should 

yield the same results once the system settles into a steady state. 
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6.3 Numerical Simulations 

For the numerical simulations, we follow Meyer et al. [114] and choose (j = 0.34 

nm, € = 3.79x10-22 J, and the number density p = 6.4x1028 m-3 • For the repulsive 

force, one finds that v is around 0.5, while E is 9 GPa for an LB film [117], 74.5 GPa 

for gold [116], and 179 GPa for Si [103]. The corresponding 9 values in Eq. 6.68, 

for a tip with a radius of of 50 nm, are 0.98x107 [mks], 6.9x107 [mks] and lOx107 

[mks], respectively. To cover most practical cases we choose 91 = 106 [mks], 92 = 107 

[mks] and 93 = 108 [mks]. Note that the particular choice of parameters is not very 

important for this paper, for two reasons. First, the Lennard-Jones potential plays 

only a relatively minor role in the numerical results for stiff cantilevers having k = 20 

N 1m. Second, for the repulsive regime of operation, we chose such a range of values 

for 9 that covers most practical cases. Also chosen for the simulations are a frequency 

of vibration of 100 kHz, a Q = 100, a bimorph amplitude of vibration A = 1 nm, 

and W = Woo It was found that a somewhat different choice of parameters, such as 

Q = 50, or W < wo, for example, did not affect the qualitative results appreciably. 

6.4 Discussion 

In trying to reproduce the numerical results presented in Figs. 6.39 to 6.42, one 

should bear in mind that there is a range of parameters for which the noise associated 

with digital computing may give rise to a large noise in the force curves. This is 

most noticeable for very small forces, when the cantilever barely reaches the point zo, 
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where the force vanishes. To minimize the computer generated noise, we decreased 

the integration interval to such a small value that the noise became acceptable, and 

then cycles the system until it reached a steady state. 

Fig.6.38 shows the force, F(z), as a function of tip-sample separation ZI = 

0.16 nm to 0.30 nm, for (a) 91, (b) 92, and (c) 93. One observes that the force curve 

is continuous, yet its derivative is not. This should come as no surprise since the 

repulsive indentation force is clearly different in nature than a Lennard-Jones type 

force. Note that the repulsive forces is much larger than the bending force of the 

cantilever. 

Fig. 6.39 shows the motion of the tip, z(t), (left) and the force, F(t), (right) 

for (a) ZI = 110 nm, (b) ZI = 101.39 nm, and (c) ZI = 20 nm, all for 91. One observes 

that as the value of ZI decreases from 110 nm, through 101.39 nm, to 20 nm, the 

peak-to-peak amplitude of vibration decreases. The associated force is negative for 

ZI = 110 nm, indicating an attractive force. For ZI = 101.39 nm, one observes 

both attractive and repulsive force components, while for ZI = 20 nm the force is 

mostly all repulsive. The sharp peaks describing the time-dependent tapping force 

indicate that the average or peak values of the force cannot be obtained by a simple 

approximation. 

Fig. 6.40 shows the motion of the tip z(t) (left) and the force F(t) (right) 

for (a) 91 , (b) 92, and (c) 93, all for ZI = 50 nm. The forces acting on the soft 

sample, case (a), are observed to be smaller than those acting on the stiffer ones, 

cases (b) and (c). In all three cases the integral of the force over the interaction 
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Figure 6.38: The force F as a function of tip-sample separation for (a) gl (b) g2 and 
(c) g3, and (d) the cantilever bending force k(z - Zl). 
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time is approximately the same. Therefore, the soft sample will experience a smaller 

force operating for a longer time, and a stiff sample will experience a stronger force 

operating for a shorter time. This is clearly observed in the narrowing of the force 

peaks as the sample gets stiffer. Fig. 6.41 shows the peak-to-peak vibration of the 

cantilever for (a) gl, (b) g2, and (c) g3, for ZI ranging from 20 to 110 nm. Although 

the peak-to-peak vibrations, as a function of Zb are almost identical, the rather 

small difference between them gives rise to a large change in the peak value of the 

corresponding forces, as shown in Fig. 6.42. Here, the force for (a) g1, (b) g2, and 

(c) g3, for Zl ranging from 20 to 110 nm, is depicted together with a curve (d) 

showing F = k6Atip/Q. Fig. 6.42 also shows that using F = k6Atip/Q to model 

the forces underestimates its peak value [109]. This is expected since (i) the change 

in amplitude in each cycle depends on what happened in the previous cycle, and 

(ii) the softness of the sample plays a major role in the tip-sample interaction. The 

radius of the indentation circle, a, obtained from 

a = (2V2F/g)I/3VJi, (6.73) 

yields a= 20 nm for gl, a= 11.24 nm for g2, and a = 6.63 nm for g3, all for ZI = 50 

nm. 

6.5 Conclusion 

Numerical simulations of the operation of a large-amplitude vibrating cantilever 

scanning force microscope shows that the relation between the decrease in vibration 
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Figure 6.41: The peak-to-peak vibration of the cantilever for (a) gl, (b) g2, and (c) 
g3, for Zl ranging from 20 to 110 nm. 
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amplitude, as the equilibrium tip-sample distance is decreased, is quite complicated. 

Even more so is the temporal behavior of the tip-sample interaction force, knowl

edge of which requires numerical simulations. The results presented in this paper 

may serve as a first step in understanding the forces acting in the large-amplitude 

vibrating cantilever scanning force microscope. Further theoretical and experimen

tal work is still needed in order to isolate the contributions of a variety of forces and 

loss mechanisms that may playa role in the tip-sample interaction. 
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