
ABSTRACT 

BHARATH, SATYAVEDA CHAVI.  Characterization of Molecular and Atomic Species 
Adsorbed on Ferroelectric and Semiconductor Surfaces.  (Under the direction of Thomas P. 
Pearl and Gerd Duscher). 
 

In order to clarify the mechanisms behind the adsorption of atomic and molecular 

species adsorbed on ferroelectric surfaces, single crystalline lithium niobate (LiNbO3, LN), 

‘Z-cut’ along the (0001) plane, has been prepared, characterized and subsequently exposed to 

molecular and atomic species.  4-n-octyl-4′-cyanobiphenyl (8CB) liquid crystal was chosen 

as a polar molecule for our model system for this study.  Low-energy electron diffraction 

(LEED), atomic force microscopy (AFM), surface contact angles (CA), and X-ray 

photoelectron spectroscopy (XPS) were used to characterize the surface of LN as well as the 

nature of the liquid crystal films grown on the surface.  Atomically flat LN surfaces were 

prepared as a support for monolayer thick, 8CB molecular domains.  Also, for the purpose of 

gaining a fundamental understanding of low coverage interactions of metal atoms on 

ferroelectric surfaces, we choose to deposit gold onto the LN surface.  These gold atomic 

layers were grown under UHV conditions and characterized.  Understanding anchoring 

mechanisms and thin film organization for LC molecules and metal atoms on uniformly 

poled surfaces allows for a fuller appreciation of how molecular deposition of other 

polarizable molecules on patterned poled LN surfaces would occur as well as yielding greater 

insight on the atomic characteristics of metal on ferroelectric interfaces.   

Also, to reveal the mechanisms involved in the adsorption of organic aromatic 

molecules on high-index Si surfaces, thiophene (C4H4S) and pyrrole (C4H5N) molecules were 

dosed on prepared Si(5 5 12)-2x1 surfaces as our experimental system.  The Si(5 5 12) 

surface was prepared to produce a 2x1 reconstruction after which molecules were dosed at 



low exposure to observe the preferred adsorption sites on the surface.  All surface preparation 

and experiments were performed in UHV and measurements of the surface before and after 

deposition were performed using scanning tunneling microscopy (STM).  Fundamental 

understanding of organic nanostructures on Si(5 5 12) surfaces will yield a broader 

appreciation of the mechanisms that drive the creation of these nanostructures for specific 

potential applications. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Motivation 

  

 Scientific phenomena associated with the surfaces of condensed matter have been 

studied since ancient times.  According to A. Zangwill the oldest written record of 

knowledge in this area dates back to Babylonia written in cuneiform script.  It involved the 

examination of the properties of oil poured into a bowl of water, a form of foretelling known 

today as lecanomancy.  The establishment of modern methods of scientific analysis that 

occurred during the nineteenth century produced a few very notable results of importance to 

the future of surface science.1  The past two decades bear witness to the evolution of surface 

science into a field that that includes and highlights interfacial behavior specifically 

associated with nanoscale properties.  Nevertheless, in most cases, there is a lack of 

fundamental principles and unifying themes that can accurately capture the broad range of 

phenomena present in reduced dimension systems.  The purpose of this dissertation is to 

present work that explores complex surface systems that push the limits of conventional 

surface science.  To achieve this, polar molecules and transition metal atoms were adsorbed 

on a ferroelectric surface to observe domain inclination, orientation, and topography of the 

adsorbed species.  Also, organic aromatic molecules were dosed on a high index silicon 
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surface to study their nucleation site preference and orientation as a function of a periodic 

defect.  

 Scientific interest in ferroelectric material has grown exponentially over the past fifty 

years.  This is owed to its unique properties such as piezoelectricity, the existence of 

spontaneous polarization, which can be reversed by the application of an electric field 

yielding a  hysteresis loop just to name a few.  These properties have been capitalized on for 

the development of ferroelectric capacitors and ferroelectric memory.  These applications 

have already made it to daily domestic devices.  The ferroelectric capacitor is used in some 

high-end cameras to generate a large burst of current for the production of extra bright 

flashes.  Also ferroelectric-based memory is currently used as the memory source for Sony 

playstations.   

Even more recent is the interest in the surface properties of ferroelectric materials 

associated with applications such as catalysis and sensors.  In order to achieve a clear 

understanding of these applications for the purpose of creating a viable technology or device, 

primary understanding of the physics and chemistry at the surface is obligatory.  With the 

work done thus far on appreciating the full extent of surface properties this realization of a 

viable technology is still on the horizon.  Some of the work performed in this dissertation 

serves to contribute to the clarification of the adsorption mechanisms that occur when polar 

molecules and metal atoms nucleate on a ferroelectric surface.  To this end charge transfer 

and/or orbital overlap seem to drive the nucleation of metal atoms on particular adsorption 

sites while polar molecules display preferential adsorption on domains. 
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With a similar motivation that drives the work on ferroelectric surfaces, there is a 

great deal of interest in capitalizing on the very rich physics and chemistry of semiconductor 

surfaces. Semiconductor devices include transistors, many kinds of diodes such as light 

emitting diodes (LED’s), digital and analog integrated circuits, and silicon controlled 

rectifiers.  Even more than the ferroelectric material, semiconductor devices are the 

foundation of modern electronics including telephones, radios, computers, and many others.  

Similar to that of ferroelectric materials, a more holistic focus of semiconductor surface 

chemistry and physics is necessary for attaining the full potential of these types of surfaces.  

While the technology linked to semiconductor materials is in its adolescence the 

information associated with organic molecules adsorbed on semiconductor surfaces is still in 

its infancy.  The applications of such an interface are vast and range from nanostructures to 

nanosensors and there is still a great of work to be done to realize many of the molecule 

based architectures that utilize semiconductor platforms.  In this dissertation scanning 

tunneling microscopy experiments were performed in an attempt to explicate the 

fundamental surface science related to organic molecule adsorption on a high index silicon 

surface, Si(5 5 12)-2 x 1, as it relates to molecular functionality, conjugation, and specific 

surface adsorption sites.  It was found that the driving force behind the adsorption behavior 

of pyrrole and thiophene, two particular cyclic, conjugated aromatic molecules, is related to 

covalent bonding to specific sites on the high-index surface that contains a range of periodic 

structures containing many active sites for possible adsorption.   
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1.2. Overview 

 

 The progression of this dissertation will be concisely described in this section and its 

structure is as follows: 

Chapter 2 presents a brief outline of the main techniques used for all the experiments 

that comprise this dissertation.  It gives methodology and details relevant to the 

measurements performed in this dissertation as well as an explanation of relevant 

fundamental physics and materials science principles behind the techniques employed.   

In chapter 3, the lithium niobate surface was successfully prepared and characterized 

using various surface sensitive tools.  Atomic deposition on lithium niobate was done by 

examining transition metal atoms evaporated on the single domain surface.  Gold atoms were 

evaporated, at very low rates in vacuum, in an effort to get a handle on the initial nucleation 

sites on the lithium niobate surface. 

Chapter 4 continues from the previous chapter about gold adsorption on lithium 

niobate.  After the confirmation of the successful preparation and characterization of the 

surface, polar liquid crystal molecules were deposited.  These liquid crystal molecular films 

were extensively examined using surface specific techniques. 

Chapter 5 changes substrate and focuses on conjugated, cyclic organic molecules 

adsorbed on a high-index silicon surface, Si(5 5 12)-2 x 1.  Thiophene and pyrrole molecules 

were dosed separately onto this high index surface in an effort to observe the specific 

nucleation sites from the range of possible sites present on the Si-surface.  Also some insight 
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on the adsorption geometry for these two molecules was gained as part of direct comparison 

between the two systems. 
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CHAPTER 2 

CHARACTERIZATION TECHNIQUES 

 

2.1. Introduction 

 

The surface science tool box is vast.  There is a wide array of surface sensitive tools, both 

surface averaged and local, that are capable of providing information on chemical, structural, 

and electronic properties of surfaces and interfaces. that the interpretation of the properties 

and behavior of a surface requires a broad perspective, with complementary information 

spanning chemical, physical, and morphological features.  Fundamentally, a nanoscopic 

approach is necessary.  For this dissertation the main tools of choice were, scanning 

tunneling microscopy (STM), atomic force microscopy (AFM), low energy electron 

diffraction (LEED), x-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy 

(AES), and surface contact angle measurements (CA).  This section is devoted to briefly 

describing and outlining the scientific principles and methodology of the specific techniques 

I used. 
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2.2. Scanning Probe Microscopy (SPM) 

 

When choosing a suitable tool, in this case the right microscope, there are a few 

options available, each with their own capabilities and range of sensitivity.  Figure 2.1 (a) 

shows a bar-chart which outlines the general size ranges for several structural features of 

interest found in many materials, and figure 2.1 (b) shows a bar-chart representing the 

functional resolution ranges for a few of the most popular microscopic techniques in addition 

to the naked eye.2  From these figures it can be seen that atomic related features 

corresponding to sizes on the order of several Å’s can be resolved very easily with both 

scanning probe microscopy (SPM) and transmission electron microscopy (TEM).  More 

specifically, SPM allows for the investigation of features on the surface of a material whereas 

TEM is more suited for imaging bulk features.  Secondly, techniques like TEM and scanning 

electron microscopy (SEM) require vacuum conditions to avoid beam disruption by ambient 

particles and also vacuum provides an appropriate environment for the electron source for 

these types of microscopes.  SPM techniques are a bit more robust in this respect since they 

can be operated in various environments such as vacuum, ambient, and liquid.  Lastly, 

despite the similarity in the resolution of electron microscopy techniques and SPM 

techniques the latter is a better fit for the purposes of the work in thesis because of the 

emphasis on surface features and analysis. 
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Figure 2.1: (a) Bar-chart comparing the size range of various features found in materials. (b) 
Bar-chart showing useful resolution ranges for some common microscopy techniques as well 
as the naked eye.  These charts were adapted from “Materials Science and Engineering an 
Introduction” by Callister.2 
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2.2.1 Scanning Tunneling Microscopy (STM) 

 

Atomic scale resolution associated with the investigation of local electronic properties 

of conductive surfaces became possible with the advent of the scanning tunneling microscope 

(STM).  This instrument was created in 1981 by Binnig and Rohrer of IBM Zurich, for which 

they were awarded the Nobel Prize in Physics in 1986.3-6  This invention has enabled the 

investigation of individual surface atoms of flat surfaces in real space and in real time by 

measuring relative changes in the local density of electronic states, also features in any STM 

image are the result of a convolution of morphology and electronic structure..  Features in an 

STM image are the result of a convolution of morphology and electronic structure of the 

surface.  As can be seen in figure 2.2, STM utilizes a sharp metal tip attached to a 

piezoelectric ceramic actuator which orients the tip several Å’s above a conductive sample, 

in a quantum mechanical tunneling junction.  This electronic tunneling junction is created 

when a bias is applied and the Fermi levels of the two conductors (tip and sample) in the 

junction are offset.  The key feedback loop input that drives the definition of the height of the 

tip relative to the surface is the tunneling current.   
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Figure 2.2: Schematic of scanning tunneling microscope. 7 
 

 

There are many caveats to optimizing the output of the STM.  The probe used is of 

paramount importance, and generally a good choice for an STM tip would be a metal.  Not 

just any metal, but more specifically the electronic characteristics of this material are very 

important.  As a result, transition metals are touted as the best material for an STM tip since 

their d-band orbitals are more pointed than s-, p-, and f-band orbitals.8  Both ultra-high 

vacuum (UHV) and ambient conditions are conducive to operating an STM, but UHV creates 
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a more controlled environment.  The last main element of the STM is the application of a 

difference in potential or bias voltage between the tip and sample.  This bias voltage 

differential creates an electric field for electrons to quantum mechanically tunnel through.  If 

the tip is biased positively, electrons tunnel from the sample to the tip and the converse is 

true when the tip is biased negatively.  These tunneling electrons produce a current (usually 

about 0.1 nA to 10 nA) that flows from the occupied electronic states near the Fermi level, 

EF, of one electrode into the unoccupied states of the other electrode.  This tunneling current, 

which is of quantum mechanical origin, depends exponentially on the separation between the 

two electrodes.  Therefore, a high spatial resolution of the order of 1 Å across and less than 

0.01 Å vertically can be achieved, because a change in the distance between the tip and 

sample of only 1 Å typically leads to an order of magnitude change in the current.  Varying 

the bias voltage permits the selection of electronic states near EF which can contribute to the 

tunneling current.9  This tunneling of electrons across a gap can be mathematically explained 

using Schrödinger’s equation.  The following equation is a wave function representing the 

electrons flowing between the STM tip and sample surface: 

Ψ (z) = Ψ0e-
κz

,                ( 2.1) 

here z is the tunneling barrier or the tip sample distance and,             

κ = √ [2m (V - E)] / ћ,           (2.2) 

where m is the mass of an electron, V is the height of the barrier to tunneling , and E is the 

energy of the electron.  (V - E) can be referred to as the approximate work function of the 

sample, Φ, which is about 4eV for metal surfaces.7  Using elementary quantum mechanics 
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we can predict the probability of electrons successfully crossing the gap or the tunneling 

current (I) which is proportional to the tip-sample distance:   

I ~ e-
2κz

.         (2.3) 

Ideally, for most STM tips κ ~ 1, therefore the tunneling current changes by an order of 

magnitude for every change in the tip-sample distance by 1 Å.  This exponential dependence 

on distance permits accurate measurements in the Z-direction, normal to the surface. This is 

well illustrated in figure 2.3, which shows tunneling current as a function of distance.  Also, 

precise lateral measurements are possible 








 −
=

R

x
IxI

2
2^2

exp)( 0
κ

,       (2.4) 

where R is the radius of curvature of the STM tip.  Approximately 90% of the tunneling 

current is drawn by the outermost atom of the tip that interacts with the sample surface in 

close proximity.  Also very important is the fact that the tip can be positioned at a fraction of 

an Å resolution due to the precision of piezoelectric ceramic transducers used for positioning 

the tip relative to the sample.  Accordingly, for a sharp tip, atomic resolution is relatively 

routine for a broad range of conductive surfaces including smooth metallic surfaces with an 

effective local density of states corrugation of less than 0.5 Å. 
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Figure 2.3: Tunneling current as a function of distance.7 
 

 STM can be operated in two main modes, constant current and constant height.  In 

constant current mode the feedback loop maintains the tunneling current at the set point 

value, which dictates the distance between the tip and the sample, by modulating the tip 

sample distance as the tip rasters across the sample surface.  In constant height mode the 

feedback loop is disabled since the tip is rastering across the sample surface at a constant 

height, thus changes in current are monitored as a function of position to produce an image.  

This mode is not very suitable for very rough surfaces because large features create a high 

tendency for the tip to crash into since the height is being kept constant. 

 Other factors such as the feedback loop gain, which controls the voltage applied for 

positioning the tip height as a result of changes in the surface topography, vibration isolation, 
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and elimination of thermal noise all, contribute to a better overall environment for ideal 

imaging.  To lessen the thermal activity on the surface low temperature microscopy is often 

adopted, especially when observing molecules adsorbed on particular surfaces.  Usually 

liquid nitrogen or liquid helium is used to reduce the temperature at the surface to take a 

“snap shot” of the activity occurring.10-12  One of the first materials used to achieve atomic 

resolution was the Si(111)-(7 x 7) surface.13  Here the adatom layer was imaged with STM, 

first achieved by Binnig et al. (1983), and is shown in figure 2.4 as recorded by the 

instrument used in this thesis work. 

 

 
 
Figure 2.4: Si(111)-(7x7) image using (Omicron VT SPM) STM.  The image was taken with 
voltage = -1.816 V, current = 0.1 nA, with scanning area of 30 nm2. 
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2.2.2. Atomic Force Microscopy (AFM) 

 

 AFM is member of the scanning probe microscopy (SPM) family.  Unlike its older 

sibling, STM, it has far fewer limitations with respect to sample type.  Fortunately for AFM 

it was because of these limitations in STM that it was conceived.  Early STM experiments 

showed that when the tip sample distance was small enough to facilitate a tunneling current, 

other noteworthy forces would act collaterally with the tunneling current.7  Soon after it was 

postulated that these forces can be put to other controlled uses, the AFM was born.  AFM 

was invented by Binnig in 198614 and soon after produced a working prototype with 

colleagues Quate and Gerber.  STM can only image conductive sample surfaces, which limits 

its range of surfaces that can be imaged to that of metals and semiconductors.  STM 

generally also has to have samples that are well prepared for successful imaging since this 

tool is most capable at measuring variations in the local density of states with an effective 

corrugation of less than 1 nm.  Only certain surfaces, such as highly oriented pyrolytic 

graphite (HOPG) or self-assembled organic monolayers grown on metals can be imaged 

reliably under ambient conditions with atomic and molecular resolution.  This occurs because 

the ambient atmosphere is conducive to having many atoms and molecules that can be 

adsorbed and desorbed from the sample surface, hence the solid surface layer changes 

constantly under ambient conditions.  UHV is a more suitable environment for optimal 

operation of a STM.  Alternatively, since electrical conductivity is not a requirement, AFM is 

able to image practically any surface without the necessity for surface preparation of a 

conductive surface and a specialized environment like UHV.  The disadvantage of AFM is 
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the fact that it does not have the resolution power that is possessed by STM.  This makes 

AFM more ideal for probing structures of a few nanometers in height and many nanometers 

in lateral resolution.  Regardless, AFM’s are very widely used in many universities, industry, 

and research laboratories across the world.  Most of these instruments are operated under 

ambient conditions.7 

 AFM was initially developed to measure surface topography by using a tip and force 

sensor to detect repulsive forces.  However many other techniques have been spawned from 

AFM to probe other nanoscale surface forces and therefore other surface properties.  These 

techniques include electrostatic force microscopy (EFM),15-20 scanning Kelvin probe 

microscopy (SKPM),21-23 piezoresponse force microscopy (PFM),24, 25 magnetic force 

microscopy (MFM),26, 27 lateral force microscopy (LFM),28 and conductance microscopy.29-31 

 The AFM is composed of three principal mechanisms; a micro-fabricated cantilever, 

which serves as a force sensor, a device to detect cantilever detection, and a scanner that 

scans the cantilever, or sample stage, and adjusts the cantilever tip and sample distance.  

AFM can also be performed using a tuning fork assembly instead of a cantilever, but the 

instruments used for this dissertation were all beam deflection cantilever style microscopes.  

Most cantilevers have a rectangular, “diving board” geometry, which is a good set up for 

creating a spring effect for sensing the force between the tip and the sample surface with the 

typical spring constant used in this dissertation of ~40N/m.  Also for sensing normal tip-

sample forces, the force sensor should be rigid in two axes and relatively soft in the third 

axis.  The cantilever assembly satisfies these criteria and is why the cantilever geometry is 
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typically used for force detectors.  For a rectangular cantilever with dimensions w, t, and L, 

the spring constant k is given by 

  k=
3^4
3^

L

Ywt
,8         (2.5) 

where Y is the Young’s modulus for the material.  The fundamental eigenfrequency f0 is 

given by 

 f0 = 0.162 
L^2

t
√(Y/ρ),        (2.6) 

where ρ is the mass density of the cantilever material. 

 Generally, the properties of interest when choosing a cantilever are the stiffness, k, 

the eigenfrequency, f0, the quality factor, Q, the variation of the eigenfrequency with 

temperature, δ f0/δT, and, of course, the chemical and structural composition of the tip.  

 

2.2.3. Non Contact Atomic Force Microscopy (NC AFM) 

 

 AFM can be performed in three main modes, non-contact, contact, and tapping or 

intermittent contact mode.  Figure 2.5 shows graphically the forces present in each of the 

aforementioned modes of AFM.  In contact mode operation the cantilever deflection under 

scanning replicates the repulsive force acting upon the tip.  The repulsive force acting upon 

the tip is related to the cantilever deflection by Hooke’s law 

 F = -k x.         (2.7) 
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In contact mode, the tip is in contact with the sample and an image is generated by measuring 

either the deflection in a constant height mode of operation or the voltage applied to the 

scanner in a constant force mode of operation.  Importantly, the tip deflection still represents 

the surface topography since the cantilever’s vertical position is being changed by the 

feedback loop to maintain a constant force.  Contact mode is useful for measuring frictional 

force and spreading resistance simultaneously with the topographical image.  Conversely, in 

this mode scanning speed is restricted by the response time of the feedback system.  Also 

when scanning soft samples, such as polymers and biological samples, the surface tends to be 

damaged since the tip is in direct contact with the surface being examined.  This mode is also 

not very suitable for scanning sample surfaces with films deposited on it for the same reason. 

 

 
 
Figure 2.5: Graph of force as a function of tip-sample distance during various AFM 
operations. 
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 As alluded to previously, non-contact AFM (NC AFM) has some advantages over 

other SPM techniques like STM and contact-AFM.  Instead of a repulsive force interaction, 

as in the case of contact AFM, NC AFM utilizes the principle of amplitude modulation and 

frequency modulation detection.  It is also very practical for imaging soft materials and 

surfaces with films because of the non-invasive nature of the measurement.  Amplitude 

modulation AFM is possible but the principle involves utilizing the gradient of the resonance 

frequency signal without necessarily a change in resonance frequency of the cantilever.  This 

is not commonly done any longer.  NC AFM takes advantage of the frequency modulation of 

the oscillating cantilever which transpires as a result of the tip and sample interaction.  This 

phenomenon can be well explained using a force gradient model.32  This implies, in the limit 

of small amplitude, that a cantilever approaching a sample undergoes a shift, df, in frequency, 

f0, to a new value,  

 feff= f0 √ (1-F’ (z)/k0),        (2.8) 

where feff is the new effective resonance frequency of a cantilever of nominal stiffness k0 in 

the presence of a force gradient, F’(z) owing to the sample surface.  The quantity z represents 

the tip-sample distance while df = feff - f0 is typically negative, in the case of attractive forces.  

If the cantilever is initially forced to vibrate at a frequency, fset >fo, then the resonance 

spectrum shift of the cantilever towards lower frequencies will cause a decrease in the 

oscillation amplitude at fset during the approach of the tip to the sample.32 
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 In non-contact mode the AFM tip is generally held about tens to hundreds of 

Ångstroms away from the sample surface.  The tip is then driven into oscillation at its 

resonance frequency value.  Once the tip force gradients cause the resonance frequency of 

the tip to shift, the microscope attempts to operate at a constant frequency shift using a 

feedback loop in the same fashion as a constant current measurement in STM.  By detecting 

the oscillation amplitude of the tip, i.e. the feedback required to maintain the frequency or the 

tip-sample separation unvarying and constant, an image of the surface topography can be 

generated. 

 

2.3. Low Energy Electron Diffraction (LEED) 

 

 In 1927 it was first observed by Davisson and Germer that electron beams behave in 

the same way light diffracts when it is directed on a grating.33  They detected that a 

monoenergetic electron beam was also diffracted when incident upon a crystalline surface.34, 

35  LEED is a technique that is directly based upon the observations of Davisson and Germer 

in the 1920’s.   

Essentially, electrons in an energy range of about 0 – 1000 eV incident upon a sample 

surface diffract off the ion cores of the atomic planes creating a diffraction pattern in k-space, 

which is a Fourier transform of the atomic lattice of the sample surface in real space.  It is 

referred to as “low energy” for two reasons.  In the range of about 60 – 100 eV, electrons do 

not penetrate the bulk and are diffracted from the surface only.1  In this low energy range the 
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mean free path of the electrons is the shortest.  Also, unlike x-ray diffraction, elastically 

scattered electrons are more suited for studying surfaces, because they only penetrate a very 

short distance into the solid sample.  Hence, the diffraction pattern is determined almost 

entirely by the influence of surface atoms.  

Quantitatively, the energy required by these electrons for studying the surface can 

very simply be estimated.  Assuming a free electron, wave vector, k, will have energy 

E = (ћ2
 * k

2
)/2m.

36
        (2.9) 

Following this argument, the de Broglie wavelength, λ, for an electron is related to its 

energy, in electron volts, by 

 λ = 12.3/√ (EeV).        (2.10) 

This value will be on the order of Ångstroms.  Therefore, in view of the fact that the electron 

wavelength must be at the command of the lattice constant of the particular sample or lower, 

energies of tens of electron volts or higher are obligatory.36  To produce a pattern the 

electrons must also be scattered in such a way that they satisfy the interference condition due 

to the crystal periodicity, which is the typical Bragg condition, 

 d sinθ  = n λ.         (2.11) 

 The emergent pattern is a two dimensional (2D) representation in reciprocal space.  

Kinematically speaking we can utilize an Ewald sphere construction, which is very common 

place when dealing with electron diffraction.  This can be done by assigning every 2D 

reciprocal lattice point (h, k) a rod normal to the surface.  According to the experimental 

geometry the primary beam must be oriented at the (0, 0) position with respect to the surface.  
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At this point an imaginary sphere is constructed around the starting point.37  Whenever the 

sphere crosses a reciprocal lattice rod, the condition is fulfilled and is represented by a 

diffraction spot which comprises the pattern.  This is an ideal outcome and arrangement.  In a 

real LEED experiment, the primary electrons generally do penetrate a few layers beyond the 

surface.  The deeper they penetrate the more scattering events occur because of the greater 

likelihood for a collision with an atom in the z-direction orthogonal to the surface. 

 The assessment of the geometric positions of the surface atoms from a LEED pattern 

requires interpretation of the intensities, similar to that of x-ray scattering.  Qualitatively, 

spots should be sharp and if they are broad, this may be due to crystallographic imperfections 

or random defects.  LEED is a surface averaged technique, so even though the pattern is 

limited to the width of the beam, the beam is significantly larger than the lattice parameter.  

In a standard LEED pattern, information about the crystal unit cell is given and during 

reconstruction of the surface, superstructure geometry if present can be found.  LEED 

patterns can also be an indication of the surface preparation, and if films are deposited, may 

generate different diffraction spots not due to the substrate surface interaction with the 

electron beam.  Spot separation can also reveal symmetry and confirm crystallography when 

converted to real space. 
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2.4. Auger Electron Spectroscopy (AES) 

 

 As the name implies, this technique is based on the principle of the Auger effect and 

Auger electron emission.38, 39  It is a surface specific technique that employs the emission of 

low energy electrons, usually with an incident beam energy ranging from 1 - 5keV and in 

rare cases up to 20keV, in the Auger technique.  AES is a common and standard analysis tool 

used in many surface and interface applications.  This UHV technique is regularly utilized to 

confirm the cleanliness of a prepared surface, study film growth, monitor chemical surface 

composition, as well as depth profiling of the concentration of particular chemical elements. 

 AES is a core-level electron spectroscopy; stimulated by a primary electron beam 

from an electron gun that creates an excitation process.  The other important constituent of 

the spectroscopy process is the detection and analysis of the sharply defined energy resulting 

from secondary electrons of the Auger process.  This detection and analysis is generally 

handled by a cylindrical mirror analyzer (CMA).37  As stated earlier in this section, AES is 

very surface sensitive, which is because of the limited escape depth of electrons.  This point 

is illustrated in figure 2.6 which represents an electron beam colliding with an atom in a solid 

and ionizes a 1s electron for example.  This 1s electron would possess a binding energy of 

E1s.  Assuming that E1s is less than approximately 2keV, then the hole in the 1s shell would 

be preferentially filled by a radiationless Auger transition, such as a 2s electron that drops 

into the hole and consequently the transition energy ejects a second Auger electron, from the 
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2p level (see figure 2.6).  Observing energy conservation laws, the kinetic energy of the 

outgoing electron would be  

 Ekin = E1s – E2s – E2p,
1        (2.12) 

obviously in this case E2s and E2p would be the binding energies related to the 2s and 2p 

atomic levels, in the presence of a 1s core hole.  This example holds true for most elements in 

the periodic table, except hydrogen and helium.  Essentially, every element demonstrates 

some type of Auger decay, of which there are a few possibilities where the kinetic energy of 

the ejected electron lies within the critical range for surface sensitivity.  

 

 

 
 
Figure 2.6: Diagram of KLL Auger decay of a 1s core hole. 

Core 
Levels 
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 Practically, AES is achieved by collecting the spectrum of emitted electrons N (E).  

This spectrum is subsequently differentiated and a series of peaks is exposed.  Characteristics 

of these peaks in the spectrum, such as position, size or intensity, and symmetry translate into 

element specific information of the sample surface.  This sample information comprises rich 

chemical meaning and is generally confirmed by comparing peaks to a collection of standard, 

known Auger peaks. 

 

2.5. X-ray Photoelectron Spectroscopy (XPS) 

 

 XPS was initially developed by Seigbahn, K. et al. in the mid-1960’s, for which he 

was later awarded the Nobel Prize in Physics in 1981.40  It was originally referred to as 

Electron Spectroscopy for Chemical Analysis (ESCA), which is more synonymous with the 

capability of the technique.41  XPS, similar to AES, is a surface analytical technique that 

capitalizes on the short mean free path of electrons of a material and the elemental specificity 

of the core-hole binding energies.42  The difference, in the case of XPS compared to AES, is 

the fact that XPS is based on the principle of the photoelectric effect and involves the 

analysis of primary electron ejection.  It uses a monochromatic source of x-rays, typically Mg 

Kα (1254eV) or Al Kα (1487eV) radiation.  The spectrum obtained in XPS is a function of 

the kinetic energy of the emitted electrons in the surface sensitive range.1 
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This is explained mathematically by observing the Einstein photoelectric equation 

which connects the binding energies to the peak positions 

 Ekin = hν – EB (-Φ),        (2.13) 

here hν is the incident photon energy, EB is the binding energy, and Φ is the work function of 

the material or the spectrometer.  This work function value is in brackets because it is 

employed depending on the system being studied and the conditions being considered.  The 

binding energy may be regarded as the difference in energy between the initial state and the 

final state after the photoelectron has left the atom.  This point is illustrated in figure 2.7, 

which is a simplified diagram showing the mechanism behind XPS.  There are a variety of 

kinetic energies of the emitted electrons which correspond to the range of possible final states 

of ions from each type of atom.  Also, there is a different probability or cross section for each 

final state of each atom.  There are many possibilities for the symmetry and intensity of a 

peak which can be deciphered into very specific information about the chemical and physical 

properties of the material being examined, including the nature of specific chemical bonds.  

This is one reason why XPS is considered to be a more useful tool than other spectral 

analysis tools like AES. 
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Figure 2.7: Simplified model showing the basic mechanism behind XPS.  Initial state shows 
photon incident on an atom and the final state shows the emission of a photoelectron. 
 

 

2.6. Contact Angles (CA) 

 

 The contact angle is the angle made at the interface of a liquid and solid surface.  This 

angle is specific for every particular surface and interface.  Typically, water is used as the 

choice of material for the liquid drop to probe the wetting characteristics of the exposed 

interface.  This sessile droplet is generally very small in volume, on the order of many 

microliters, to avoid effects related to macroscopic influences like gravity, adhesion, 

capillarity.  A small contact angle (close to 0°) implies the complete “wetting” of the surface 

by the liquid, i.e. the droplet spreads out a great deal, and also it is very indicative of a very 

hydrophilic surface.  For a large contact angle, the converse is true, meaning the liquid does 
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not wet the surface well and the surface is very hydrophobic.  Surface defects, dislocations, 

and impurities can often influence the size of the contact angle. 

 

Table 2.1: Table showing a comparison of physical properties of the interaction between the 
liquid and solid surface. 

 

 

 
 

 While CA is a relatively trivial measurement to acquire with no complex sources or 

analyzer needed, extremely relevant and valuable quantitative information about the surface 

can be obtained.  Information about the surface tension, interfacial/surface energies, and 

work of adhesion can be calculated from contact angle data.43  Following this logic, we 

assume that at equilibrium the chemical potential should be equal.  Then in terms of the 

interfacial energy, the elements that constitute the contact angle measurement are related by 

the Young’s equation: 

γSL = γS + γL cos θ         (2.14)  

Here γSL is the solid/liquid interfacial free energy, γS is the solid surface free energy, γL is the 

liquid surface free energy, and θ is the contact angle.  This equation (2.14) displayed is used 

Smaller Contact Angle Larger 

Better Adhesiveness Worse 

Better Wettability Worse 

Larger Solid surface free energy Smaller 
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to describe the interactions between the forces of cohesion and adhesion and measure the 

surface energy. 

      

1.7. Summary 

 

 This chapter has been devoted to concisely describing the fundamental mechanisms 

and methodology utilized to help discover the important and relevant surface properties of 

the materials being examined.  It has also provided the necessary mathematical and scientific 

background required to address the research discussed in this dissertation. The following 

chapters will also include some smaller, yet salient, descriptions of methods and processes 

that did not require a devoted section to explicate.  
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Chapter 3 

GOLD NUCLEATION SITE ON FERROELECTRIC LITHIUM 

NIOBATE (0001) SURFACES. 

 

3.1. Introduction: 

3.1.1. Definition of Ferroelectricity and Ferroelectric Domains  

 

Ferroelectric materials are a class of insulating ceramics that have a net electric dipole 

moment associated with their unit cell and exhibit pyroelectric and piezoelectric behavior.  

Since ferroelectrics possess a spontaneous electric dipole moment; they develop charge on 

their surfaces when subjected to stresses and change shape when subjected to an electric 

field.  The main characteristic of ferroelectrics that distinguishes them from other 

pyroelectrics is the existence of a switchable spontaneous polarization.  Ferroelectrics belong 

to one of the 10 pyroelectric crystal classes as demonstrated in figure 3.1.  As noted in the 

preceding chapter, ferroelectric materials generally exhibit ferroelectric behavior below a 

certain temperature and paraelectric behavior above this temperature.75  This structural phase 

transition from a high-temperature nonferroelectric paraelectric phase to a low-temperature 

ferroelectric phase occurs at what is called the Curie point (Tc).  For this dissertation the 

ferroelectric used was lithium niobate (0001).  The various reasons why this particular 

ferroelectric was used are because of its extremely high surface charge, the ability for groups 
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collaborating on this project to pattern this surface by the application of a voltage pulse via a 

conducting probe, and also the ability to prepare an atomically flat surface which is a perfect 

canvas for atomic and molecular deposition. 

 

  

 
 
 
Figure 3.1 Organizational chart of the 32 crystal classes. Crystal classes of ferroelectric and 
piezoelectric materials. Of the 32 crystal classes, 21 lack a center of symmetry.  A 
centrosymmetric crystal does not possess polar properties, and cannot be piezoelectric.  Of 
the 21 noncentrosymmetric classes, 20 are piezoelectric (Class 432 is the only non 
piezoelectric, noncentrosymmetric class).75 
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Typically, a ferroelectric material in the paraelectric phase is centrosymmetric, which 

means it is not polar, and in the case of lithium niobate (LN), it is a distorted hexagonal 

structure above the Curie temperature (see chapter 4), at which point ferroelectrics become 

paraelectric and are neither pyroelectric nor piezoelectric.  Another subclass of ferroelectric 

materials is perovskites.  Ideally, a model perovskite structure would possess ferroelectricity, 

a cubic crystal structure, and a general chemical formula of ABO3.  In this formula A and B 

are cations of varying sizes.  LN is considered a non-model perovskite crystal since it does 

not possess a cubic unit cell.  Recently, there has been an increase in the interest of 

ferroelectric domains, especially the examination of these domains using various SPM 

techniques.  This interest arises from the potential application of nanodomain superlattices 

for electronic and photonic device generation.  In ferroelectric materials, the spontaneous 

polarized dipole moments align uniformly in regions called domains, a term borrowed from 

ferromagnetism, while the magnitude and direction of polarization is different from domain 

to domain prior to polarization.  The boundaries between these are called domain walls76 (see 

figure 3.2).  

Domains are largely responsible for the physical characteristics of ferroelectrics, and 

so a description of ferroelectrics without a discussion of domains is incomplete.  The 

formation of domains is governed by energetic considerations; i.e. the minimization of the 

total crystal energy.  In an ideal ferroelectric crystal with uniform spontaneous polarization, 

charges induced on the external surface will create a depolarizing field that leads to the 

formation of domains, which in turn, reduces the depolarizing field.  This process will 
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continue until equilibrium is reached; i.e. the energy stored in the domain walls must offset 

the reduction in energy of the depolarizing field.  Rarely is a ferroelectric material ideal, and 

one of the most important factors governing domain formation is domain nucleation; i.e. the 

way domains form when the material is cooled through the Curie point.  Obviously, domain 

formation is also affected by strain, imperfections such as dislocations and vacancies, 

interfacial effects, and finite conductivity.50  In general, however, domains form to minimize 

the polarization discontinuity at domain walls, thus minimizing the domain wall charge.  

Domain walls are often classified as two types: those with antiparallel polarizations 

on either side of the wall (180° domain walls), and non-180° walls.  Ideally, in tetragonal 

materials, the 90° wall is the only non-180° domain wall, and the polarization direction 

rotates by 90° from one domain to the other.  Recall that a surface charge exists whenever 

there is a discontinuity in the normal components of polarization.  For instance, 180° domain 

walls have no polarization component normal to the wall, and so there is no surface charge, 

while 90° domain walls are at approximately 45° to the polarization directions on either side 

of the wall, thus the normal component is nearly continuous across the wall.76  Since the total 

crystal energy is to be minimized, it is possible that non-through domains (domains which do 

not extend the entire thickness of the crystal) can be formed with charged head-to-head or 

tail-to-tail domain walls.50  

Ferroelectric domains have been imaged by many methods, including polarized 

optical microscopy,77
 

electron microscopy,78 electron emission,79
 

etching,80
 

and various 

scanning probe techniques.81-88 
 

Domains tend to lengthen, rather than growing laterally since 
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the forward coupling between the electric dipoles is stronger than the lateral coupling.80  As 

mentioned above, a tetragonal crystal has six possible polarization directions.  For this c-axis 

crystal, this means the polarization can be oriented normal to the surface in either direction, 

or in any four orthogonal directions parallel to the surface. 

 

3.1.2. Charge and Dielectric Properties in Insulators 

 

 It is well established that charge is unable to flow freely in insulators.  Therefore 

applied electric fields of considerable amplitude can infiltrate into the interior of these 

insulators.  Sometimes, there exist general scenarios in which it is important to be aware of 

how the internal structure of an insulator readjusts when an external electric field is 

superimposed on the electric field associated with the periodic lattice potential.36  Of 

significance is the response of the insulator in a static electric field to the AC electric field 

associated with electromagnetic radiation and the long range electrostatic forces between the 

ions in addition to the periodic lattice potential.  The theory of the macroscopic Maxwell 

equations in a medium is used to understand the phenomena of these scenarios.  Conversely, 

it is also essential to be conscious of the existence of the microscopic field acting on 

individual ions.  As a result it is critical to keep the relation between the microscopic and 

macroscopic quantities lucidly in mind when thinking about the dielectric properties of 

insulators.36 
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 A good knowledge of the stabilization mechanisms of polar oxide surfaces is 

important for understanding their functions properties associated with the natural processes 

in the crystal and also induced technological processes.89, 90  Without the presence of electric 

fields and electrodes, charged insulating surfaces have a propensity to lower their energy by 

surface metallization, reconstruction, molecular adsorption, or variation of surface 

stoichiometry.91-97  Each particular stabilization mechanism has a large impact on the 

chemical properties of the surface.  More specifically, a change in surface stoichiometry 

modifies the energetics, adsorption sites, and the atom exchange between the surface and the 

products and reactants during surface chemical reactions.98   

Ferroelectric oxide materials are an especially interesting and important subset of 

polar surfaces and can be tuned and patterned as mentioned elsewhere in this dissertation 

(chapter 4).  Surface structure and stoichiometry are determined not only by atomic structure 

and composition of the bulk material but also the temperature, composition, and pressure of 

the gaseous environment in contact with the surface.  Because of the subtle balance between 

covalent and ionic character of the metal oxygen bonds, the effect of the environment on the 

ferroelectric surface is extremely hard to forecast.98  Furthermore, the direction and 

magnitude of the polarization thin films can be altered and influenced by the gaseous 

environment it is in.99 

A. M. Rappe et al. found that in ferroelectric LN, the equilibrium stoichiometries are 

different for positive and negative polarized surfaces under the same conditions.  The 

potential produced by the surface charges is much greater than the band gap (~ 3.7eV for LN) 
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of the crystal and is screened almost completely by mobile carriers.  On the other hand, their 

analysis of the thermodynamic stability also showed that passivation with ions is preferential 

over the possible passivation via electrons and holes over a large range of chemical 

potentials.  This suggests that the surface charge is influenced little by the carriers in the bulk 

of the crystal (see figure 3.2) and therefore should be a good candidate surface for molecular 

adsorption to lower its surface energy. 
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(a) 

 

(b) 

Figure 3.2: Diagram showing the charged species present in a lithium niobate sample 
containing two domains.  Part (a) shows how the surface is screened with adsorbed charge.  
Part (b) shows a clean LN surface with polarization direction, surface dipole, and 
polarization charge indicated.  The line separating the two domains is referred to as a domain 
boundary. 

 

3.1.3. Metals on Ferroelectrics  

 

The potential applications for metal on oxide surfaces are vast and include coatings of 

oxides (thermal barriers, corrosion protection) for jet engines or power generators, metal-
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oxide seals, catalysts, sensors, the packaging of electronic components (like rectifier and 

MOSFET’s), magnetic recording heads, medical implants, advanced electronic and optical 

devices that are made of thin films or multilayers and therefore, metal-ceramic interfaces.  

More specifically considerable effort is being put into understanding the metal on oxide 

interface for the purpose of catalytic applications.  This effort has produced a variety of 

approaches to exploring the interface and as a result has been the central topic behind several 

review papers.43, 100, 101  For this dissertation gold atoms were evaporated on a ferroelectric 

lithium niobate surface.  Au atoms are used as the metal of choice because they are inert, a 

transition metal, and they are also non-toxic.  These features are important when tuning the 

system for specific applications such as the use of transition metals for catalysis, non-toxic 

metal for implants and a specialized application as a template for the deposition of thiolated 

DNA molecules.  The crucial step in the determination of structure/property relationships of 

these interfaces is to find the critical feature in the atomistic structure after the macroscopic 

characterization has revealed differences in the interface properties.43  These interfaces have 

potential for applications that do not fall under the usual suspect list, for instance, organic 

molecular deposition, like DNA molecules.  For the purpose of creating a substrate for DNA 

deposition for the formation of molecular devices, an interface similar to atomic layer gold 

deposited on LN is ideal.  Vital to this endeavor is the use of a powerful scanning probe 

technique, in this case AFM. 

There has been quite a surge in interest during the past few years to better understand 

the interaction of metal deposited on many ferroelectric surfaces.  This endeavor has been 
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approached from a variety of perspectives concerning getting the metal atoms on or 

incorporated into the ferroelectric crystal.  These include implantation,102-104105 sol-gel,106, 107 

wet chemical deposition,108-110 and metal evaporation.100, 111-113  As expected this all 

encompassing approach yielded a wide range of outcomes.  G. Duscher et al. implanted gold 

atoms at room temperature, 300 K, and also at 975 K into single crystal strontium titanate 

(001), STO.  This process was done with 2 MeV Au2+ ions at 60 degrees to the surface 

normal using a 3.0 MV tandem accelerator then annealing the implanted samples in an air 

environment for 10 hours at 1275 K.  These specimens were analyzed using high resolution 

transmission electron microscopy (HRTEM), in high-angle annular dark field (HAADF) 

imaging mode, also known as Z-contrast imaging.  Before heat treatment of the samples 

TEM images showed an amorphized surface layer resulting from the Au implantation into 

the STO followed by a transitional layer (~250 nm) then the perfect crystalline matrix.  The 

dark color of the transitional layer during bright-field dark-field imaging indicated the 

presence of a large concentration of lattice defects and distortions of the lattice and HRTEM 

also indicated that the Au was mobile and formed large clusters in the amorphous region.  

After annealing the room temperature implanted STO sample TEM images showed that the 

corrugated amorphous layer that was induced by implantation recrystallized during high-

temperature annealing and was is in good epitaxial orientation relationship relative to the 

underlying matrix.  A high concentration of Au clusters (size ~ 7nm) was observed in the 

recrystallized layer and these Au clusters possessed the same orientation with the underlying 

STO.  Also of note was the formation of a region of high strain following the recrystallized 
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layer, this region contained cavities of size ranging from several nanometers to ~ 20 nm.  

These cavity features were created during the implantation process and then the subsequent 

high temperature anneal produced a high volume of strained areas.  A similar result was 

observed with STO samples that were implanted at 975 K except that the Au clusters were in 

the size range of ~ 5nm to 50nm.  The observation of a coherent nucleation characterizing the 

precipitation of Au nanoclusters that exhibit an epitaxial orientation with the underlying STO 

matrix is a very exciting and promising result.  Unfortunately, the large number of defect and 

dislocation features coupled with the existence of relatively large cavities is not very 

desirable.  These undesirable features tend to change the stoichiometry of the crystal.  In 

processes where the ferroelectric substrate is critical, such as catalysis, these features may 

impair the process rather than add to its efficiency.  

Nanoclustering and nanocrystals have been observed at the interface of noble metals 

and model ferroelectrics such as strontium titanate (SrTiO3).
105, 114, 115  There is a common 

theme, in theses experiments, of the metal preferring to interact with the TiO2 termination 

versus the SrO termination.  These reproducible results have been successfully attempted by 

many groups for a variety of deposited metal.  Still there is little known about the specific 

characteristics of the interaction at the interface with these metals.  F. Silly et al. found that 

they can reliably tune the size and shape outcome of the nanocrystals they formed on 

SrTiO3(001).  They were able to generate different surface reconstructions, (2 x 1) and c(4 x 

2), by using different surface preparation recipes.  This, coupled with varying the conditions 

during deposition of the palladium, i.e. varying sample temperature during deposition and 
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anneals of the system after deposition, created reliable techniques to make surfaces that were 

covered with pyramidal, hexagonal, and hut shaped nanocrystals.  These features were 

characterized using STM and extensive statistical analysis.  This group has been able to 

replicate this result for various metals on ferroelectric interfaces such as cobalt, silver, and 

iron on strontium titanate.114-117  In some cases, similar to that of this dissertation, it is not 

very clear where the nucleation of the metal atoms occurs.  As shown in figure 3.3 there is an 

almost equal probability that metal atoms will adsorb to the step edge and or the step base 

when we examine gold atoms on LN.  Both conditions are important to know specifically 

where the initial nucleation begins and therefore have a better understanding of the energetics 

associated with that surface. 
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Figure 3.3: Simplified diagram showing possibilities for molecular adsorption of metal atoms 
on a flat LN surface containing monatomic steps.  The red lines indicate the step base and the 
grey lines indicate the step edges. 
 

 

Regardless of what, at times, seem to be fairly thorough analysis of this metal on 

ferroelectric interface, there is still an incomplete picture of morphology, chemistry, and 

structure of the interface at the atomic scale.  Furthermore, there has been scant and 

incomprehensive work done to try to understand the non-model perovskite crystals like LN.  

There are many advantages to using a substrate such as LN for this type of interface; one of 

the main attractive characteristics is its very high surface charge (~ 70 µC/cm2).  This high 

metal atoms 

step edge 

step base 
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surface charge can serve to enhance some of the applications of this interface which include 

catalysis and also a more ideal template for DNA adsorption.  The inherent high surface 

charge on the LN surface coupled with the presence of an inert gold layer would not only be 

an ideal platform for DNA adsorption but also may induce ordering of the DNA because of 

this underlying charge.  This can be essential for the formation of a better molecular device 

and also compliments the concern of extra agents controlling the deposition and orientation 

of the DNA. 

 

3.2. Experimental 

 

 Uniformly poled, single crystalline, lithium niobate wafers (3” diameter, 0.5mm 

thick, polished, Z-cut; Crystal technology, Inc.) were diced into 3mm × 10mm pieces using a 

stainless steel wire saw (South Bay Technology).  The surface preparation of these LN(0001) 

samples was identical to that highlighted in chapter 4118 and the only difference being the 

size of the sample used during the experiment.  The reason for the sample size of 3 mm x 

10mm was because the sample holder used in the UHV instrument employed for this work 

demanded this specific size for the sample to fit and operate properly in that holder.  The 

sample holder used contained a PBN heater built in the sample holder assembly.  When 

positioned on the horizontal manipulator in either chamber this sample holder was capable of 

heating samples to about 900K.  The heating capability of this holder was plotted using a 

generic diamond sample and an optical pyrometer synonymously referred to as an IR 
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sensitive thermometer.  Preliminary experiments of Au on LN were done using e-beam 

deposition in the former surface science lab at NCSU, details of this set-up are discussed 

elsewhere.119  This deposition was at a much higher flux rate and involved a greater 

deposition of Au layers on the LN surface.  AFM images of these films can be seen in figure 

3.4 and figure 3.5 and are also referred to later on in this chapter. 
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Figure 3.4: Ambient NCAFM image and line profiles of 30Å of Au deposited on positive 
face of LN using e-beam evaporator used with base pressure ~2x10-9 Torr. (NSC 14 
cantilever with FR~160KHz and Force constant~6N/m) 
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Figure 3.5: Ambient NCAFM image and line profiles of 60Å of Au deposited on positive 
face of LN using e-beam evaporator used with base pressure ~2x10-9 Torr. (NSC 14 
cantilever with FR~160KHz and Force constant~6N/m)  
 

The cleanliness and surface morphology of the sample surface was verified after 

sample preparation by the use of NCAFM both under ambient conditions and UHV 

conditions.  Details of both AFM arrangements were described elsewhere in this 
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dissertation.118  After confirming the inclination of the LN surface, we deposited Au atoms 

onto the sample at very low flux, with coverage on the order of a few monolayers to a partial 

monolayer.  This deposition occurred in the preparation chamber using a triple cell 

evaporator, EFM 3T. 

 The EFM 3T is an evaporator that can be used to deposit metals and other materials 

from rods or a crucible in vacuum.  In the case of Au evaporation, high purity gold slugs 

(99.995% metals basis) purchased from Alfa-Aesar with dimensions of 3.175 mm dia. x 

3.175 mm were used in conjunction with an alumina crucible.  The UHV evaporator EFM 3T 

was used in combination with a CE-complying power supply, EVC 300, and a chilled water 

supply flowing through a cooling shroud during operation.  This triple cell evaporator 

contains three completely separate evaporation cells on one CF 35 flange and each cell 

contains an independent electron bombardment heater.  The EFM 3T can be used for 

simultaneous or subsequent evaporation of up to three different materials and was therefore 

perfectly appropriate for growing binary and tertiary compounds or multilayers as well as 

standard single layer functions.  According to the supplier, Focus Inc., the evaporation 

showed no material crosstalk between the three cells.  Each cell had its integral flux monitor 

so that the flux can be measured independently and pre-set before opening the shutter.  With 

the shutter mechanism each cell can be opened separately as well as various combinations of 

cells.  The distance from the end of the evaporator to the sample was approximately 94 mm.  

Other features and details of this evaporator are similar to the EFM 3i and are described 

elsewhere.120 
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 The sample was placed on a three stage horizontal manipulator in the preparation 

chamber and visually aligned with the aperture of the EFM 3T.  The evaporator/evaporant 

was degassed by slowly increasing the filament current for the particular cell to ~1.5 A and 

increasing the electron bombardment voltage to ~600V while monitoring the pressure in the 

chamber.  After sufficient degassing, the water cooling was turned on and the filament 

current was further increased until emission started and the flux monitor indicated an ion flux 

(positive polarity) above 1 nA.  To optimize the emission and flux output, the voltage and 

current were adjusted along with the evaporant position in a linear motion (forward or 

backward) being cautious not to touch the filament, because of the danger of destroying the 

heating filament.  When the preferred conditions were realized the shutter was opened and 

the deposition began, with the shutter being closed when the desired deposition time was 

attained.  All Au deposition on the LN surface was done at room temperature.  Generally a 

filament current of 1.98 A to 1.99 A was used with an electron beam voltage range of about 

750 V to 780 V.  These conditions yielded an ion flux of ~ 17 nA and an emission current in 

the range of 16 mA to ~ 17 mA.  Deposition time for Au on LN varied from 150 seconds (2.5 

minutes) to about 30 seconds. 

 The equation governing evaporation fluxes from effusive low pressure sources is: 

 

Deposition rate [atoms/(cm2 s)] ~ 8 x 1021 . (p . r
2
)/(L

2
 √(M . T))      (3.1) 
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Since this formula does not contain a sticking coefficient, it is an arrival rate.  In this formula 

r is the radius of the evaporant bar or rod, L is the distance from the tip of the evaporant to 

the substrate surface, M is the molecular weight of the evaporant, T is the temperature of the 

evaporant, and p is the vapor pressure which is a function of temperature for a given 

material121.  According to this same source, to calculate the flux in terms of monolayers per 

second, one can assume 1015 atoms per square centimeter per layer.  From these calculations 

I arrived at a value of ~ 2 x 10-4 monolayers per second. 

 After the completion of the Au deposition the sample was left to settle for about one 

hour.  The deposited surface was then moved to the analysis chamber and the surface 

morphology was probed using the Omicron VT AFM in non-contact mode.  The operation of 

this UHV VT AFM was very inconsistent and often the deposited sample were taken out of 

vacuum and examined using the CP Research ambient microscope in non-contact mode.  

Both microscopes are beam-bounce cantilever based and both microscopes used the same 

type of NCAFM cantilever.  NSC-15 NCAFM cantilevers provided by Mikromasch with a 

resonance frequency in the range 265 kHz to 400 kHz and a force constant of ~ 40 N/m were 

used to probe the LN surface with and without Au films adsorbed on it.  When using the 

UHV VT AFM topography images were taken and when using the ambient CP Research 

microscope both topography and phase images of the surface were taken.  The phase signal 

measures the lag between the periodic signal that drives the cantilever to oscillate and the 

cantilever oscillation signal.  All images used in this dissertation were processed using 
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WSxM image processing software, the processing was done for clarity and not to alter the 

data taken.122  

 

3.3. Results and Discussion 

 

 After preparing the LN sample by annealing in an ambient furnace the surface was 

imaged using NCAFM, this was done to verify the existence of a flat surface with atomic 

steps.  A surface with atomic steps indicates a single crystalline material which is an ideal 

canvas for molecular and atomic deposition.  This surface can be seen in figure 3.6 which 

displays an LN surface with monatomic steps.  It is important to note that only the positive 

face of the single domain LN (0001) surface was used to perform these experiments.  Also 

previous experiments involving metal on ferroelectric oxide surfaces have used the positive 

face for deposition, so from a comparison perspective it is appropriate to use the positive face 

for reference.  Before any deposition of material from evaporation cells can occur they must 

be degassed.  The purpose of this was to ensure the removal of all contaminants that mainly 

could have occurred from opening the fast entry load lock during introduction of sample into 

UHV.  Also, it was important to have a very pure source when evaporating material and this 

was of course achieved by degassing the evaporant before actually beginning deposition. 
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Figure 3.6: NCAFM images of bare LN surface. (A) Topography image showing monatomic 
steps on an LN surface, (B) line profile showing height of on step shown in (A) image, (C) 
phase image of the same surface with no real contrast at the steps. 
 
 

 The sample surface of the LN was aligned to face the aperture of the evaporation cell 

using a line-of-sight view port.  The reason for this was to ensure maximum efficiency of the 

stream of Au atoms being directed onto the LN surface.  Initially, deposition of gold was 

done for a relatively long time, 150 seconds, to guarantee a clearly observable effect on the 

LN surface.  After this the deposition time was gradually optimized to obtain a low coverage 

outcome for the purpose of identifying the initial nucleation site.  Figure 3.7 shows a 

NCAFM image of Au deposited on LN for 150 seconds.  From this image it can be noted that 

there was partial or more specifically incomplete coverage of Au atoms on the LN terraces.  

As a result of this it was not very obvious where the nucleation of the Au began.  

Nevertheless it was very interesting to observe the tendency of the gold atoms to begin 

nucleation on another step edge before completely covering a terrace, meaning partial 

coverage for each terrace.  It was assumed that this incomplete coverage was related to the 
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fact that it was more energetically favorable for gold atoms to adsorb on or near a step edge 

or step base rather than completely adsorbing across an entire terrace.  This is explained in 

greater detail later on in this chapter.  Also of significance in figure 3.7 was the height of the 

terraces that contained Au atoms.  The height profile of the images taken was indicative of 

more than one layer of Au, possibly two, comprising the layer on the LN terrace. 

 

 
 

Figure 3.7: UHV NCAFM image of Au deposited on LN surfaces for 150 seconds, showing 
incomplete coverage of terraces.  The left image shows the true topographic view of three LN 
steps and terraces partially covered with Au atoms, with the highlighted line profile on the 
right showing the relative heights of the steps and features. 
 
 

 To get a better understanding of the initial nucleation site of the Au atoms on the LN 

surface, lower coverage was necessary.  At a very similar deposition rate, Au atoms were 
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deposited onto the LN surface for 60 seconds.  Figure 3.8 illustrates the resulting image 

produced from the 60 second deposition.  Similar to the result of the deposition at 150 

seconds there was again an incomplete coverage of the Au atoms on the LN terrace.  Also 

evident from this image was the occurrence of what seems to be the start of a ridge of Au that 

seemed to taper off then end with no Au on the rest of the terrace, similar to that of the 150 

second deposition.  This specific ridge feature was not noticed when the deposition was done 

for 150 seconds but the incomplete coverage of the terrace was definitely a common theme in 

both cases.  Also, common to both cases was the inability to distinguish whether the 

nucleation of the Au layer began at the step edge or the step base of the LN terrace. 

 

 
 
 

Figure 3.8: UHV NCAFM image of Au deposited on LN surfaces for 60 seconds showing 
about 2 steps and incomplete coverage of terraces.  Line profile of the feature highlighted in 
the left image shows a step height of ~1.1 nm which is greater that the LN step height.  
 

300nm 5004003002001000

1

0.8

0.6

0.4

0.2

0

X[nm]

Z
[n

m
]



 

 54 

 

 Clearly, further reduction in the deposition time was needed in order to more 

precisely identify the initial nucleation site of the Au atoms.  Consequently, the deposition 

time was reduced to 30 seconds while maintaining a similar deposition rate/flux.  Figure 3.9 

shows an ambient NCAFM image of Au adsorbed on the LN surface after a 30 second 

deposition.  The rationale behind using ambient AFM was because of the difficulty in 

perfoming UHV AFM on this particular surface system.  This capriciousness could be 

attributed to a combination of the extremely high surface charge interacting with the AFM tip 

in vacuum during scanning and also the intermittent problem of a low signal to noise ratio 

during the cantilever approach which induced a “false feedback” effect that caused the 

approach sequence to terminate before satisfying the assigned set-point value.  The ambient 

measurement was a bit more reliable with surprisingly slightly better resolution of the images 

taken. 
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Figure 3.9: Ambient NCAFM images of Au adsorbed on LN surfaces for 30 seconds.  The 
top left image shows the topography of the Au on LN step and the top right image shows the 
phase image of the same area.  The bottom left is another area with Au on LN steps and the 
corresponding line profile in the bottom right image. 
 
 

 In addition to the topography, phase images were recorded of the surface exposed to a 

30 second Au deposition.  As mentioned earlier the phase signal measures the lag between 
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the periodic signal that drives the cantilever to oscillate and the cantilever oscillation signal.  

Very clearly visible in the images in figure 3.9 was the similar theme of incomplete coverage 

of Au atoms but with a much smaller amount of Au atoms present.  Also inclusive in the 

phase images taken was the very evident difference in contrast of the small Au layer with the 

surrounding LN surface.  This obvious contrast difference at the step edge was not evident at 

all for images taken on the bare LN surface before deposition of Au atoms.  From these phase 

images it was much easier to assess the initially nucleation site of the Au atoms, which was 

undoubtedly at the step edges of the LN terrace.  There was also evidence in the line analysis 

of the Au on LN a peak with a gradual tapering off to the actual LN surface on the terrace, 

see figure 3.9.  This implied that the Au atoms seemed to accumulate or order at the very end 

of the step edge before accumulating laterally along the terrace. 

 Firstly, a possible explanation for the existence of a sort of atom pile up or 

accumulation of Au atoms at the step edge is due to the variation in surface electron affinity 

associated with the surface layers formed by surface adsorbates.  R. J. Nemanich et al. 

demonstrated in their publication on the polarization dependent electron affinity of LN 

surfaces that there was a threshold difference between the opposite domains of a periodically 

poled LN sample.123  They attributed this to a variation in the electron affinity to opposite 

surface dipoles induced by surface adsorbates.  Also screening of polarization charges by 

adsorbates gave rise to additional surface dipoles, which implied a variation in the electron 

affinity.123  Following their arguments adsorbates at the step edges of the LN surface initially 

would be adsorbed to screen the polarization charge.123  Assuming this charge is greatest at 
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the step edge, which was quite likely, then it follows that there was probably a surface dipole 

that further attracts Au atoms to the step edge and hence accumulate or pile-up there 

preferably to the rest of the terrace. 

 In an effort to characterize the type of nucleation that is occurring during the 

deposition of Au on the LN surface a fundamental view of the process was necessary.  The 

three main modes of growth were considered: Volmer-Weber which defines island 

formation, Frank-van der Merwe which defines layer by layer growth, and Stranski-

Krastanov which defines layer then island formation of films.  From preliminary results of 

this work, 30 and 60 Ångstroms of Au were deposited on the positive LN surface.  At 60 Å 

deposition there was very large island like features occurring on the surface about 20 nm 

high and about 125 nm wide.  This can be classified as a type of Volmer-Weber growth.  

Since the initial growth at very low coverage did not create a flat layer, but instead a long 

range 2-D sort of feature was observed at the step edge.  This largeAu island formation on 

the LN surface is shown in figures 3.4 and 3.5 of this chapter. 

 The attraction of the Au atoms to the step edge versus any other adsorption site such 

as the step base or a defect site etc can be explained in a few ways using the logic of similar 

systems of metal adsorbed on an oxide surface.  On one such system, (magnesium oxide) 

MgO(001) surfaces, B.D. Yu et al. found that Au and other transition metals (TM) preferred 

to bind to defective sites, like atomic steps, than anywhere else on the MgO surface.124  They 

explained this attraction in terms of orbital mixing.  They found that transition metal 

electrons interacted more strongly with defect sites on the MgO surface because of stronger 
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orbital mixing of the TM states with the defect states more than any other site on the surface.  

As a result they concluded that defects played an important role in the alignment of the 

energy levels of transition metal atoms on the MgO(001) surface.  This study was conducted 

by this group for the tuning of the transition metal on oxides surfaces for the purpose of 

catalysis applications. 

 Another possible explanation that can be used to describe the attraction of the metal 

on the LN steps is the interface effect of charge transfer.  There are a few things to generally 

consider when taking this phenomenon into account: the metal work function, the electron 

affinity of the oxide, the band gap energy of the oxide, and other interface characteristics.100  

This charge transfer occurs commonly through covalent bonding of the metal atoms to the 

oxide surface but also can occur through metallic bonding of the same atoms.  Again on 

MgO surface M. Sterrer et al. found that Au clusters were formed on the surface and was 

explained by partial charge transfer from the substrate atoms to the Au atoms.125, 126  In the 

case of low coverage Pd atoms on NiAl substrates it was very apparent that the Pd atoms 

preferred to form small clusters along the step edges of the NiAl (110) surface over other 

point defect sites.127, 128  Many other systems involving metal atoms on oxide surfaces also 

experience a greater attraction for the metal atoms to bind to the step edges rather than at any 

other defect sites.112, 129-135  Most of the papers’ authors who gave reasons for the mechanism 

behind the attraction for the step edges subscribed to either of the above scenarios with the 

majority expressing the dominant influence being from charge transfer.136-138,139 



 

 59 

 On ferroelectric LN surfaces, which share some similarities with the other oxide 

surfaces mentioned, these effects may also be present.  For both explanations of orbital 

mixing and charge transfer the common theme is the existence of a step edge defect and 

available electron rich sites.  The difference with the LN substrate compared to the other 

substrates is that the LN surface contains very high surface charge and as defined earlier 

charged domains of opposite sign.  This charge is most likely not uniformly distributed 

across the surface and as a result may be higher in some areas that others, for instance step 

edges.  This surface charge may enhance, exaggerate, or modify the defined step adsorption 

effects creating the very interesting results observed in these experiments.  These questions 

may be clearly answered with surface potential measurements before and after deposition of 

Au. 

Other effects like thermodynamic considerations can only be verified by applying 

energy to the system, in the form of heating or annealing, to observe the enthalpy changes for 

thermodynamic reactions.  This sort of effect can be evident by the response of the metal to 

heat treatments i.e. mass migration to form larger clusters at the step edge or elsewhere on 

the surface.  Also of note is that the negative surface should have a different result to that of 

the positive face.  This is because the surface termination and charge potential profile of the 

negative face is different to that of the positive face. 

 

 

 



 

 60 

3.4. Summary and Future Outlook 

 

 In an effort to decipher the nucleation site of Au atoms adsorbed on the positive face 

of single domain LN(0001) careful surface preparation was done to produce a flat surface 

with monatomic steps, ideal for adsorption of atomic and molecular species.  Low coverage 

of Au atoms was analyzed using AFM and it was found that the Au atoms incompletely 

adsorb on the LN terraces. Also at much lower coverage it was possible to conclude that the 

Au atoms preferred to adsorb directly on and in the vicinity of the monatomic steps of the LN 

surface.  This step edge preference was attributed to a charge transfer effect at the Au and LN 

step interface and also the alignment of Au atomic orbitals with the step edge (which is a 

type of defect) atom orbitals.  Further it was observed that the Au atoms created a sort of 

pile-up effect at the very end of the step edge and then gradually tapered of across the LN 

terrace away from the step edge.  

 To achieve a more unambiguous picture of the activity at the surface between the Au 

atoms and the LN atoms, surface potential measurements may be necessary.  To this end I 

intend to perform some Scanning Kelvin Probe Microscopy (SKPM) measurements on the 

Au atoms adsorbed on the LN surface.  This should give us a clearer understanding of the 

incomplete coverage effect as well as information about the potential of the surface before 

and after the deposition of Au atoms.  This would lend to a more complete assessment of this 

system and then can be used to tune the outcomes for specific applications such as catalysis 

or a platform for DNA deposition and assembly. 
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CHAPTER 4 

 

CHARACTERIZATION OF LIQUID CRYSTAL MOLECULES 

DEPOSITED ON SINGLE CRYSTALLINE LITHIUM 

NIOBATE SURFACE. 

 

“Liquid crystal deposition on poled, single crystalline lithium niobate”, S. C. Bharath, K. R. 

Pimutkar, A. M. Pronschinske, and T. P. Pearl. Applied Surface Science 254 (2008) 2048–

2053. 
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4.1. Abstract 

 

For the purpose of elucidating the mechanisms for molecular organization at poled 

ferroelectric surfaces, single crystalline lithium niobate (LN), ‘Z-cut’ along the (0001) plane, 

has been prepared and characterized and subsequently exposed to liquid crystal molecules.  

As a model system we chose to study the anchoring of 4-n-octyl-4'-cyanobiphenyl (8CB) to 

LN.  Liquid crystalline films are of interest because of their useful electronic and optical 

properties as well as chemical sensing attributes.  Low-energy electron diffraction (LEED), 

atomic force microscopy (AFM), surface contact angle measurements (CA), and X-ray 

photoelectron spectroscopy (XPS) were used to characterize the surface of lithium niobate as 

well as the nature of 8CB films grown on the surface.  Atomically flat LN surfaces were 

prepared as a support for monolayer thick, 8CB molecular domains.  8CB liquid crystal 

molecules were deposited by an ambient vaporization technique and the films were analyzed 

using XPS and CA.  Understanding electrostatic anchoring mechanisms and thin film 

organization for this molecule on uniformly poled surfaces allows for a fuller understanding 

of how molecular deposition of other polarizable molecules on periodically poled and 

patterned poled lithium niobate surfaces would occur. 
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4.2. Introduction 

 

Lithium niobate, (LiNbO3 or LN) is a ferroelectric material with a wide variety of 

storage, optical, and optoelectronic applications.  This synthetic material was discovered in 

1949 and its properties have been thoroughly investigated by many groups beginning with 

Bell Laboratories in the 1960’s.44-48  LN is characterized by large pyroelectric, piezoelectric, 

electro-optic, and photoelastic coefficients, and is naturally birefringent.49  However, for our 

study we are concerned with the surface characteristics and chemistry exhibited by this 

material, particularly in single crystalline form, ‘Z-cut’ along the (0001) plane.  When 

ferroelectric crystals, like LN, are heated beyond the Curie temperature (1210°C) there is a 

loss of ferroelectricity49, 50 but as the temperature decreases from the Curie temperature, the 

elastic forces of the crystal become dominant and force the lithium and niobium ions into 

new positions.51  The charge separation resulting from this shift of ions relative to the oxygen 

octahedra causes LiNbO3 to exhibit spontaneous polarization at temperatures below 1210°C, 

thus LiNbO3 belongs to the broad class of displacement ferroelectrics which also includes 

barium titanate (BaTiO3) and lithium tantalate (LiTaO3).
49 

The strong polarization exhibited by LN, which can be engineered in the form of 

uniform and spatially periodic bulk and surface poling, as well as locally patterned surface 

polarization, creates a net electric field outside of the LN crystal49, 50.  For the single 

crystalline system we have chosen, the electric field is orthogonal to the (0001) surface 

(Figure 4.1).  This presents a possible driving force for selective molecular adsorption of 
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polarizable molecules to the LN surface, including ones with electrostatic moments.  The 

presence of high surface charge that exists for LN (±70 µC/cm2) allows for novel surface 

patterning52-55 but the compensation mechanisms of this charge often make surface sensitive 

experiments remarkably challenging.  In this study, we have chosen to observe the deposition 

of a model liquid crystal molecule, 4-n-octyl-4'-cyanobiphenyl (8CB), on lithium niobate.  

8CB is a relatively simple and short chain molecule in the liquid crystal family with a 

terminal cyano functional group that supplies a relatively large dipole moment of five Debye 

(Figure 4.1).  Three structural phases exist for this molecule.  With increasing temperature, 

there are transitions at ~21.5°C from a crystalline to a smectic-A phase, at ~33.5°C there is a 

second-order transition to a nematic phase, and lastly, at around 40.5°C, there is a weak first-

order transition to an isotropic liquid56.  The interfacial properties of liquid crystals are not 

only of fundamental interest but also of practical importance for the design of display devices 

such as liquid crystal displays57.  The focus of this study is to capitalize on the strong dipole 

nature of the cyano functional group in 8CB as well as the smectic nature of the liquid crystal 

to observe the influence of the ferroelectric substrate on molecular ordering.   
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Figure 4.1. Left: View along the c axis of lithium niobate, LiNbO3, with Nb, Li, and O atoms 
labeled and the surface is assumed to be oxygen terminated with Nb and Li in planes below.  
Right: 8CB liquid crystal molecular structure with the orientation of the chemical dipole 
moment of the terminal cyano group labeled. 

 

The wetting properties of liquid crystals at the surfaces of solids have been studied 

with a wide range of surface sensitive techniques, including X-ray diffraction58-60, 

ellipsometry58, scanning tunneling microscopy (STM)61, 62, second harmonic generation63, 

and atomic force microscopy (AFM)56, 57, 64.  Low coverage phases of liquid crystals on 

ferroelectric surfaces have not been studied however.  Our study of 8CB liquid crystal 

molecules on uniformly poled lithium niobate is a precursor to determining how locally 

polarized surfaces can be used as a means of spatially confining anchored, polar molecules 
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with respect to domain size and orientation52, 55.  As a result, various surface sensitive 

techniques such as low energy electron diffraction (LEED), X-ray photoelectron 

spectroscopy (XPS), surface contact angle (CA), and AFM have been adopted throughout 

this experiment to investigate the surface physics and chemistry of uniformly poled LN. 

Sample preparation steps were optimized to generate atomically flat, well ordered surfaces 

with retention of polarization.  We subsequently determined that there is a difference in the 

surface coverage as well as the molecular orientation for a dipolar molecule like 8CB 

attached to the two different poled faces of the LN crystal.  The degree to which the nature of 

the liquid crystalline adsorption is dependent on the LN polarization at the surface, including 

surface coverage and ordering, reveals the relative utility of ferroelectric domains for 

molecular assembly.  These results lead to a more fundamental understanding of how a 

ferroelectric oxide influences selective molecule-surface anchoring and organization.   

 

4.3. Experimental 

 

 Uniformly poled lithium niobate wafers (3” diameter, 0.5mm thick, polished, Z-cut; 

Crystal technology, Inc.) were diced into 1cm × 1cm pieces using a stainless steel wire saw 

(South Bay Technology).  These samples initially underwent two ultrasonic bath cleaning 

cycles, first with acetone and then methanol, each approximately twenty minutes in length.  

The LN was then annealed in a Lindberg high temperature ambient furnace first at a very low 

ramp rate (~1.5°C/minute) to 200°C and then at a faster ramp rate (~30°C/minute) to 1000°C 
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where it dwelled for two hours.  We modified a procedure described previously65 and this 

high temperature anneal allows for a surface reformation which promotes the surface to a 

relaxed geometry.  

 The clean LN surface morphology and crystallinity were characterized in an ultra-

high vacuum Omicron Multiprobe station (3 × 10-11 Torr base pressure) equipped with LEED 

optics, a VT SPM (25-1000 K) capable of beam deflection AFM and STM, and a fast entry 

load lock for sample transfer. LEED images were captured in reverse view using a digital 

camera with long exposure time with samples at 300 K.  Imaging of clean, annealed LN 

samples was done using both UHV and ambient (CP Research Thermomicroscopes) atomic 

force microscopes in non-contact mode, using NSC 14 MikroMasch silicon tips coated with 

titanium (Ti) and then platinum (Pt).  Prior to microscopy and diffraction measurements in 

UHV, samples were subjected to a five minute in situ anneal at 100°C to ensure that the 

surface was free of any ambient species which may have adsorbed to the surface during the 

cool down from the anneal cycle.  No further processing was done to samples that were 

imaged with AFM under ambient conditions.   

 After preparation of a clean, well ordered LN surface, 8CB liquid crystal molecules 

(98% purity, Sigma Aldrich) were deposited without further purification via ambient 

vaporization.  This involved placing a 1cm × 1cm LN sample on the surface of a hot plate at 

110°C and then locating two drops of 8CB adjacent to the LN sample but on opposite sides, 

i.e. about 0.5 cm away from either side of the LN sample (see Figure 4.2).  The liquid crystal 

and LN combination was then subsequently covered with a polystyrene (non-glass) petri dish 
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and left for various lengths of time from two minutes to forty minutes to monitor the surface 

coverage with respect to deposition time.  A fresh, annealed LN sample was used for each 

exposure time as opposed to using a single sample which would undergo incremental 

exposures in between measurements. 

 

 

 

Figure 4.2. Left: Technique for exposing liquid crystal molecules to lithium niobate samples.  
Right: Measurement parameters for surface contact angle measurements for liquid crystalline 
domains grown on lithium niobate. 
 

 

 To verify the success of the deposition of the 8CB on the LN surface CA and XPS 

measurements were collected as a function of exposure time.  Surfaces covered with 8CB 

were probed with AFM but the juxtaposition of a soft molecular layer which requires highly 

flexible cantilevers with the ferroelectric surface which is optimally imaged with very stiff 

cantilevers made imaging prohibitively difficult. The contact angle measurements were done 

using fresh de-ionized (DI) water in a KSV instruments CAM 200 Optical Contact Angle 

Meter and the data was complied using the CAM 200 contact angle measurement system.  A 
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small drop of DI water was placed on the surface of the LN sample with 8CB molecules 

attached and the angle made between the left and right edges of the water droplet with the 

surface plane of the LN was monitored.  The plotted angles are the mean of the angles 

measured on two opposing sides of the water droplet.  Figure 4.2 illustrates which angles 

were measured for surface contact angle.  Very small angles (close to zero) imply a 

hydrophilic surface while larger angles imply the converse and can be indicative of a layer of 

molecules present on the surface66.  XPS was first performed on clean, annealed LN and then 

on LN with 8CB deposited for comparison.  The X-ray photoemission spectra were obtained 

in a UHV system at a base pressure of ~2 × 10-9  Torr using the 1253.6 eV Mg Kα line from a 

VG Microtech (presently Thermo Electron Corp) XR3 dual anode source and a VG 

Microtech Clam II (100 mm mean radius) hemispherical electron analyzer.  Details of this 

instrument and its use have been published previously67.  Energy observation windows were 

set around the C 1s, O 1s, and Nb 3d core level binding energies for clean, annealed LN and 

the same core levels as well as the N 1s core level binding energy for analysis of LN with 

8CB deposited.  For all the XPS peaks associated with species on LN there was consistently 

an offset, in a range of 4eV to 8eV from the actual value of the particular atomic core levels.  

This occurrence is attributed to a charging effect from the surface of the LN68, 69. 
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4.4. Results and Discussion 

 

 As mentioned in the experimental procedure, we prepared the LN surface by 

annealing in a high temperature ambient furnace.  This was done in order to obtain surface 

free of adsorbed ambient species and also to drive the surface reformation which yields a 

clean, atomically flat surface.  Annealing in an oxygen deficient atmosphere, like in vacuum, 

discolors the crystal and lithium oxide (Li2O) desorbs from the surface at about 400°C 50, 68, 

70, 71.  This occurs during a reduction process which tries to equilibrate the oxygen 

concentration between the crystal and the environment thereby removing oxygen from the 

bulk to replace the desorbed species from the surface.  This is the primary reason why we 

annealed LN in an oxygen rich environment (ambient gas, ~20% O2) and lessened the 

possibility of desorption of Li2O
50, 68.   

The structure of LN at temperatures below its ferroelectric Curie temperature consists 

of planar sheets of oxygen atoms in a distorted hexagonal close-packed configuration49, 72.  

This lattice symmetry was resolved with LEED (Figure 4.3a) where analysis of the 

diffraction pattern yields information on size, symmetry and rotational alignment of the 

crystal reciprocal lattice.  A hexagonal pattern was observed for both the negative and 

positive surfaces of LN at moderate beam energies.  Figure 4.3a shows a LEED pattern for 

the positive face of LN (diffraction from negative face is identical).  This hexagonal pattern 

is indicative of the reciprocal space unit cell of LN and the spacing of the (00) and (01) 

diffraction spots agrees with the real space lattice spacing depicted in the diagram of the LN 
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unit cell in Figure 4.1. There is a threshold electron beam energy of approximately 95 eV 

below which diffraction is not observed due to the high surface charge of poled LN.   

To corroborate the diffraction data, ambient AFM imaging was performed on the 

clean LN surface.  Figure 4.3b shows an image of the positive face surface with well spaced 

monatomic steps (h=0.25 nm, average terrace width=230 nm), which is a perfect canvas for 

the deposition of molecules.  Images collected with an AFM operated in UHV yielded 

similar results for the clean positive and negative faces. 

After having established a reliable protocol for generating an atomically flat LN 

surface, the deposition of 8CB was monitored with XPS and contact angle measurements to 

quantify the surface coverage and also observe any differences between the positive and 

negative faces of the LN samples.  XPS of clean/annealed LN was done to resolve the 

various atomic species present and serve as a background for comparison with the post-

deposition results. 
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Figure 4.3. Reciprocal and real space data for furnace annealed (1000oC, non-
vacuum), single crystalline (0001), uniformly poled lithium niobate.  (a) Low energy electron 
diffraction collected at Ebeam=102 eV.  (b) Non-contact atomic force microscope image 
recorded under ambient conditions, area: 3.7 µm × 3.7 µm.  Both the microscopy and 
diffraction indicate the successful preparation of atomically flat substrate suitable (average 
step height: 0.25 nm and average terrace width: 230 nm) for the growth of polarized thin 
films. 

 

In order to track the surface concentration of 8CB on LN, we initially chose to 

measure the N 1s (398.1 eV+charging energy offset) signature for an atomic component 

native to 8CB in addition to C 1s (284.5 eV+charging energy offset).  Unfortunately, the 
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nitrogen peak was not clearly measurable which was most likely due to its very small 

quantity relative to other atomic species in the liquid crystal molecule as well as its lower 

photoelectron ejection cross-section compred to C 1s.  As a result, the carbon peaks before 

and after depositions were compared instead.  A measurement of absolute surface coverage 

proved to be very difficult considering the propensity for carbon contamination when 

introducing samples in and out of vacuum73 as well as the influence of the molecular length 

on photoelectron ejection.  For the purpose of reducing the carbon background on the 

annealed samples and improving XPS resolution, an oxygen plasma treatment was performed 

on LN samples for two minutes prior to deposition of 8CB.  Details of this protocol and 

apparatus are highlighted elsewhere74.  The purpose of the oxygen plasma treatment was to 

remove all the carbon species present on the LN surface that would have been adsorbed when 

the samples were removed from the ambient furnace.  XPS measurements of the oxygen 

plasma treated surface revealed zero carbon concentration on the LN surface but subsequent 

removal of the samples from vacuum for liquid crystal deposition caused a reappearance of 

carbon due to ambient species adsorption as measured on samples reintroduced into vacuum 

with no deposition performed.   

Both the positive and negative faces showed an increase in the carbon content on the surface 

of the LN after deposition of 8CB liquid crystals.  Figure 4.4 shows a set of XPS spectra for 

both positive and negative faces of LN, before and after a ten minute exposure of 8CB to an  
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Figure 4.4. XPS spectra for C 1s before and after deposition of 8CB on lithium niobate at an 
exposure time of 10 minutes.  There are two peaks per scan which are the result of carbon 
from the sample holder material (285 eV) and the second peak is due to carbon on the lithium 
niobate surface which has a 4-8 eV offset.  Spectra have been offset with respect to intensity 
for clarity.   
 

annealed surface.  Spectra recorded for longer exposure times yielded roughly the same 

increase in C 1s indicative of a surface saturation of deposited molecules.  As shown by the 

XPS spectra after deposition in the top two spectra of Figure 4.4, there is an increase in the C 

1s signal for both the positive and negative faces of LN with a small but measurable 

enhancement for the positive face relative to the negative face.  The ratio of the C 1s peak 

area that results from carbon on the surface (in contrast to the C 1s signal from sample holder 

material with no charging energy shift) to the Nb 3d peak for the surface (202.4 eV+charging 

energy offset) is 0.50 and 0.42 for no 8CB deposition on the positive and negative faces 

respectively and 0.71 and 0.59 for a ten minute 8CB exposure to the positive and negative 
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faces respectively.  Due to the small increases in C 1s after deposition of 8CB, we concluded 

that the surface coverage is remarkably low. 

XPS data proved to be suggestive but not completely conclusive regarding any poled 

face specific adsorption or ordering for 8CB molecules.  To investigate the influence of the 

charged surface further, contact angle measurements were performed as a function of 8CB 

exposure time for samples cut from multiple LN wafers.  Each set of exposures was 

performed from samples cut from the same wafer (three different wafers used for three 

different deposition runs) in order to keep track of any wafer dependence on contact angle 

change.  At zero deposition time, the annealed and clean surface of LN showed a low but 

wafer dependent contact angle range, between 0-22.5o.  If the LN surface is not annealed, the 

contact angle on either face is close to 50o.  Figure 4.5 shows the measured changes in 

contact angle as a function of exposure time for samples cut from three different wafers.  For 

each case, the zero deposition time contact angle for a clean sample from each wafer was 

subtracted as an offset from all the data points.  The CA results after deposition of 8CB 

showed an increase in angle which implies adsorption or wetting on the surface between the 

8CB and the LN surface.  As deposition time increased the contact angles also increased 

indicating a dependence of deposition time on surface coverage (see Figure 4.5).  At early 

deposition times the rate of contact angle increase with deposition time was larger for the 

positive face compared to the negative face.  However, as the deposition time reached above 

10-20 minutes, the rate of contact angle increase slowed appreciably and often the contact 

angles measured on both faces reached the same value.  For each of the three runs shown, a 
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maximum in the difference in contact angle between positive and negative faces was 

observed for the early deposition times.  Table 4.1 highlights these maxima as a function of 

wafer where the three maxima for the wafers occurred between 5-10 minutes of 8CB 

exposure.   

 

 

Figure 4.5. Surface contact angle measurements for lithium niobate (three different wafers) 
as a function of exposure time, on positive and negative faces, for 8CB films.  An increase in 
contact angle implies wetting of the LN by the 8CB molecules.  Higher CA is indicative of a 
more hydrophobic surface caused by the 8CB adsorption. 

 

 

We attribute the contact angle dependence on deposition time and LN poled face to 

the surface coverage and the orientation of the 8CB molecules on the surface.  The 

occurrence of maxima in the contact angle difference at the early deposition times is 
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evidence of a difference in relative orientation of the 8CB molecules anchored to the LN 

surface.  This effect may only be viable for small molecular domains and low surface 

coverage regimes.  For the positive face, the terminal cyano group of 8CB molecules is most 

closely aligned with the electric field produced by the LN rendering an 8CB layer to air 

interface that is primarily alkyl tails, thus a more hydrophobic interface as measured by 

surface contact angle66.  For the negative face, the alignment of the molecule with the electric 

field does not produce as a well defined a molecular orientation for the surface bound 

molecules and consequently the surface, while covered to some degree with 8CB, does not 

have the same level of molecular alignment as in the case of anchoring to the positive face.  

While the XPS spectra highlighted a possible difference in the amount of 8CB that attached 

to the positive face compared to the negative face, the complementary contact angle 

measurements indicate there is a commensurate effect related to the molecular orientation at 

the surface.  The LN face which 8CB prefers to anchor to translates into a better wetting 

geometry as governed by the alignment of the molecules in the film that is grown on the LN 

surface.  The LN face that has an overall lower contact angle as a function of exposure may 

not allow for the optimal orientation of the liquid crystal which translates into poorer wetting.  

In both cases, the amount of 8CB deposited may be very similar but the structure of the film 

as indicated by the contact angle measurement may be drastically different and driven by the 

poled nature of the LN. 
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Table 4.1: Tabulation of contact angles measured where the difference between contact 
angles for 8CB grown on LN for each poled face was at a maximum for the three different 
wafers used.  Statistical error (standard deviation) calculations are included in the 
measurements listed for 8CB to underscore the effect measured. 

 

Wafer 
0-deposition 

time on 
positive face 

0-deposition 
time on 

negative face 

8CB/LN-
positive face 

8CB/LN-
negative face 

1 0 0 17.7 ± 2.5 13.2 ± 0.9 

2 16.8 ± 1.2 22.5 ± 1.5 26.4 ± 2.4 20.8 ± 0.84 

3 5.1 ± 0.6 5.0 ± 1.8 30.8 ± 2.3 19.5 ± 2.2 

 

 
 

Lastly, figure 4.6 confirms that the effect we observe is specific to 8CB, a molecule 

with a polar terminal group and a hydrophobic tail, and not simply any molecule that exposed 

to LN.  Displayed are contact angle versus exposure time for 8CB (same as the 3rd wafer plot 

in Figure 4.5) and for dodecane (a non-polar molecule) dosed using the setup and techniques 

described earlier.  Only in the case of 8CB did we observe a significant difference in contact 

angle versus exposure time for the two different faces of LN.  Any differences in the contact 

angle for the dodecane films on the two poled faces are within the statistical error of our 

measurements.  Measurement of contact angles for a blank run (no molecules exposed to LN 

surfaces at 110o C for incremental exposure times) produced no difference in contact angle as 

a function of time.  The fact that the absolute contact angle for 8CB grown on LN is 

significantly different than the dodecane is most likely due to the ability of the dodecane to 
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form an even more hydrophobic molecular layer to air interface.  A non-annealed or non-

prepared surface gave a high contact angle which also served to verify the validity of the 

surface preparation steps that were adopted. 

 

 

 

Figure 4.6. Surface contact angle measurements for lithium niobate as a function of exposure 
time, on positive and negative faces, for samples with no furnace anneal, for films of a non-
polar molecule (dodecane), and for 8CB (same as wafer 3 data points from Figure 4.5 but 
with no subtraction of 0 deposition time contact angle). 

 

As mentioned in the experimental section of this chapter the 8CB films on the LN 

surface were also probed using NCAFM under ambient conditions.  Similar to other 

experiments performed on this surface, the measurement was done for a variety of liquid 
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crystal exposure times.  Each time this measurement was performed on the LN surface that 

was exposed to 8CB there was great inconsistency with the outcome of these images on both 

positive and negative surface (see Figures 4.7 and 4.8).  This coupled with the fact that an 

AFM measurement of a liquid crystal, which requires a soft cantilever, on a ferroelectric, 

which requires a very stiff cantilever, is extremely difficult to perform.  As a result, NCAFM 

topographic images are not a useful tool to analyze such a system.  

 

 

 

Figure 4.7. Ambient NCAFM image of 8CB deposited on the positive face of LN during a 20 
minutes exposure.  Image conditions: NSC 14 cantilever with FR~160KHz and Force const. 
~6N/m. 
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Figure 4.8: Ambient NCAFM image of 8CB deposited on the negative face of LN during a 
20 minutes exposure.  Image conditions: NSC 14 cantilever with FR~160KHz and Force 
const. ~6N/m. 

 

 

4.5. Summary 

 

 We have shown the sensitivity of molecular anchoring of a polar molecule to the 

oppositely charged faces of a uniformly poled ferroelectric crystal.  Preparation procedures 

for an atomically flat lithium niobate surface have been delineated and verified with electron 

diffraction and atomic force microscopy.  Exposure of a model liquid crystal, 4-n-octyl-4'-
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cyanobiphenyl (8CB), to this surface demonstrated the sensitivity of molecular anchoring to 

the poled faces of the lithium niobate.  The adsorption dependence of 8CB on the poled faces 

of the ferroelectric was measured using XPS and surface contact angle measurements.  This 

enabled us to verify with molecular sensitivity that the lithium niobate surface preparation 

scheme retains the expected surface crystallinity and polarization.  Applications to 

periodically polarized surfaces for selective molecular patterning using electrostatic 

anchoring methods are possible with greater insight after having established the effects of a 

uniformly poled material on molecular uptake and ordering. 
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Chapter 5 

 

NUCLEATION OF THIOPHENE AND PYRROLE ON 

SILICON (5 5 12) SURFACES  

 

5.1. Introduction 

 

An interest in a fundamental understanding of the theory and practical aspects of 

organic molecules adsorbed on Silicon (Si) surfaces has become quite widespread.  The 

reasons for this surge are the rich potential applications that emerge from such a system.  

Nanostructures leading to the formation of nano/microelectronics, various biosensors, 

organic dielectrics, and molecular devices show the importance of this system, which has not 

been thoroughly exploited to the point of mastery and hence it has been difficult to create a 

viable technology.  Organic molecule deposition has been studied in wet chemical 

environments and ultra high vacuum.140-154  For this study we used UHV STM to observe the 

interaction of thiophene and pyrrole on Si(5 5 12) surfaces at very low coverage.  Low 

coverage was used in order to accurately assess the initial nucleation sites for each molecule 

on the very complicated reconstruction on the Si(5 5 12)-2x1 surface. 
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5.1.1. High Index Silicon Surface 

 

Generally, when discussing experiments concerning Si surfaces the (001) and (111) 

surfaces are ubiquitous.  Following this trend, I will discuss the relationship between the (5 5 

12) surface and the more traditional (001) and (111) surfaces.  Over the past few years the 

surface chemistry and physics of Si surfaces have been vigorously studied especially 

regarding issues that are associated with materials processing in the semiconductor industry.  

Despite the large volume of work done to understand Si surfaces only a few stable surfaces 

are well know to have relevance for application in device development namely, the (111), 

(001), and (113) planes.155-159  There are a number of different reconstructions that are 

observed on the Si(111) surface, with the equilibrium structure for the clean surface being the 

7 x 7 reconstruction containing a dimer-adatom-stacking fault structure.160  On the Si(001) 

surface the atoms combine as dimers to form a 2 x 1 reconstruction.  In the case of Si(113) 

there occur alternating rows of atoms with (001) and (111) orientations, which are stabilized 

by a 3 x 2 reconstruction composed of rebonded and dimer-like step edge atoms.159 

It is well established that the clean, atomically flat Si(001) surface should reconstruct 

at room temperature to a (2 x 1) unit cell after degassing and high temperature flashing.  This 

reconstruction occurs when surface atoms bond creating parallel rows of dimers, halving the 

number of dangling bonds.161  The dimerization creates an inherent anisotropy in the surface 

by weakly deforming the bonds in the atomic layer below.  This has the effect of creating a 

tensile stress parallel to the dimer axis and compressive stress perpendicular to it. In order to 
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relieve this inherent stress the (001) surface will spontaneously form separate domains of (2 

× 1) and (1 × 2) reconstructions.162  Each domain is in fact a terrace separated by a single 

atomic height step which allows the dimer axis to rotate by 90°.163  Other reconstructions are 

known to exist on the (001) surface such as the c(4 x 2) reconstruction that occurs during 

energy minimization and leads to alternate buckling directions along the dimer rows.  

Reconstructions in Si are very complex and there are varying explanations for the existence 

of these surfaces.  At present a general view of how simple chemical and electronic 

considerations can destabilize some structures and stabilize others seems to be sufficient.1, 37 

Although the Si(001) surface is a very accepted and dominant substrate for electronic 

device fabrication, high index surfaces are also being scrutinized as possible substrates for 

specialized applications.164-166  An ideally structured bulk terminated, high index surface 

would consist of a periodic array of low index terraces separated by steps of monatomic 

height.  This kind of surface would provide a natural template for the growth of one-

dimensional structures165 and high quality heteroepitaxial films.164, 166  Thus far the actual 

surface morphologies on high-index surfaces are usually not ideal, because of the influence 

of surface reconstruction, step and kink energies, and step-step interactions.159  In 1995 a new 

high-index Si surface, Si(5 5 12) surface, was explored and characterized by, A. A. Balski et 

al. using STM.  The ideal and bulk-terminated Si(5 5 12) surface is oriented 30.5° away from 

the (001) plane and towards (111) plane, as illustrated in figure 5.1.  It is a very complicated 

surface that is composed of large terraces and faceted step edge features.  The surface forms 
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a (2 x 1) reconstruction with alternating rows and a very large unit cell of 5.35nm x 

0.77nm.159, 160  

 

Figure 5.1: A diagram of the Si crystal lattice with a few lattice lines.  The projection of these 
lines intersect onto the plane of the page or the {110} plane. The length of each line segment 
equals one unit cell of the bulk terminated surface. Here one unit cell of (5 5 12) is equivalent 
to two unit cells of (337) and one unit cell of (225). The bottom table displays the angle 
relative to (001) for each orientation.159 
 
 

The atomic-scale topography of the filled electronic states on the Si(5 5 12) surface is 

dominated by a few types of row structures having specific locations with respect to each 

other.  These row structures can be seen in figure 5.2.  These one-dimensional row structures 
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are categorized as: honeycomb structure (H), dimer row (D), adatom row (A), and a tetramer 

row (T).  These named structures were derived from established structures that occur on 

other Si surfaces like (111) and (113), for instance the primary structure resembles π-bonded 

structures in cleaved Si(111)-2 x 1 and is therefore referred to as a honeycomb chain.  

Similarly for the secondary structures, they were compared to tetramer structures found on 

Si(113) surfaces and hence are referred to as tetramer and dimer rows.159  There is still some 

debate regarding the exact nomenclature of the specific row structures, for instance the dimer 

and adatom rows are generally categorized as a one row structure referred to as the dimer-

adatom row (D/A).  Also recently observed was a slightly different (H) chain that randomly 

occurs on the Si(5 5 12) surface referred to as (H’) chain or a π chain.167, 168  The 

reconstructed Si(5 5 12) 2 x 1 surface is further defined by the existence of a chain structure 

that divides each (5 5 12) unit into two (337) subunits, one containing a D/A row and the 

other containing a T row, and one (225) subunit, this is shown in figure 5.2 (a) and (b). 
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 (a) 

 

(b) 

 

(c) 

Figure 5.2: STM image (a) of clean, reconstructed Si(5 5 12) surface (I = 0.1nA, V= -1.93V, 
40 x 40 nm image area) showing the three units that comprise the unit cell, D (337), T (337), 
and (225).  Schematic drawing (b) of the top view of the Si(5 5 12)-2 x 1 surface with the 
dashed rectangle outlining the surface unit cell.  It also includes the two (337) and one (225) 
units that are included in it.  Schematic drawing (c) of the cross-section view showing the 
arrangements of each atomic row in Si(5 5 12)- 2 x 1.169  
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 As hinted earlier, this Si(5 5 12)-2 x 1 surface, as a result of its one-dimensional 

symmetrical structures and planar reconstruction, is expected to be an ideal candidate 

template for the growth of one-dimensional nanostructures and high quality heteroepitaxial 

films.170-176  Furthermore, for the purpose of this project, the Si(5 5 12)-2 x 1 is 

fundamentally compelling because of the various possible active sites for molecular 

adsorption.  The unique spatial arrangements of the surface atoms coupled with the 

redistribution of surface electrons provide many possibilities of chemically, spatially, and 

electronically inequivalent reactive sites.  These sites include adatom, dimer, tetramer, and 

honeycomb chains, figure 5.3 shows height profiles for each feature.  Since the surface is 

composed of an assortment of low-index terraces, it is interesting to compare the adsorption 

dynamics on each terrace.  This chapter explores the adsorption sites and geometries of 

thiophene and pyrrole molecules on the Si(5 5 12)-2 x 1 surface. 

Another reason for studying molecular adsorption on silicon is the exploration of 

hybrid or molecular electronics involving molecule based structures grown on a common 

surface platform of silicon.  There is such a large investment in the materials physics and 

chemistry of silicon that it is attractive to still utilize silicon but take advantage of molecule 

specific phenomena. 
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Figure 5.3: Magnified image displaying atomic features on Si(5 5 12)-2x1. The line profile 
showing the height of these features is also highlighted. 
 

5.1.2. Similar Systems 

 

 For many years silicon has been the foundation of the semiconductor industry and the 

subject of thorough multidisciplinary studies.  The chemistry and physics of the silicon have 

been extensively studied as reviewed in references 176-178.  The next logical step after 

gaining a meticulous understanding of the surface properties of the Si surface is to use this 

knowledge and  capitalize on it by, for example, exploring the interaction of organic 

molecules on the Si surface that is rich in active sites for molecular adsorption.  In the pursuit 

of a complete understanding of the adsorption mechanisms, processes, and energetics 

significant surface specific experiments have been performed for organic molecules on Si.  In 

this section I will briefly highlight work that is related and has a similar objective to the 

experiments I performed on Si(5 5 12)-2 x 1 surface. 

 H T H  A H D T H 
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 Thiophene, which is described in the next section, has been studied on low-index Si 

surfaces i.e. (001) and (111).177-181  When this system was first explored using LEED, AES, 

and ultraviolet photoelectron spectroscopy (UPS) it was concluded that thiophene bonds to 

the Si surface via chemisorption mechanisms.178  Specifically, thiophene was di-σ-bonded on 

to a surface dimer with its 2, 3 C atoms, implying a [2 + 2] cycloaddition mechanism.  This 

was recently contradicted by various experimental and theoretical groups which amended the 

above conclusion to state that thiophene was chemisorbed in the form of a 2, 5-

dihydrothiophene like species following a [4 + 2] cycloaddition mechanism.177, 179, 180-181  

They also found that there existed a physisorbed state of thiophene that desorbed above 200 

K.  There is still some uncertainty surrounding the exact mechanism driving the adsorption of 

thiophene on low-index Si and more work is needed.  

 On Si(001) it was found that at room temperature a well-aligned layer of pyrrole was 

formed on the surface and this was presumed to occur via dissociative adsorption.182  This 

dissociative adsorption possibly transpired because of the interaction of the lone pair 

electrons on the N atom of pyrrole with the unoccupied orbital of one of the surface Si-dimer 

atoms.  This result was confirmed later, but it was further discovered that there was di-σ-

bonded adspecies also present which thus preserved the aromaticity of the molecule.183  The 

cycloaddition bonding that was found to be the main mechanism with thiophene was not 

observed as a pathway for bonding of pyrrole to the Si (001) surface.179  Regardless, this 

evidence that pyrrole can covalently bond to the Si (001)-2 x 1 surface was significant 
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enough to demonstrate that it was possible to chemically attach conductive or 

semiconductive pyrrole based polymers to the semiconducting Si surface.184, 185 

 Initial experiments that were performed suggested that pyrrole does not adsorb on the 

Si(111)-7 x7 surface.  Using thermal desorption spectroscopy (TDS) it was found that there 

was no detectable TDS profile for pyrrole or lower mass fragments during room temperature 

exposure.186  This basically implied that pyrrole does not readily adsorb on the Si(111)-7 x 7 

surface.  This was quite unexpected because of the presence of pi conjugation and the 

weakness of the N-H bond in the pyrrole molecule.  Additionally, the Si(111)-7 x 7 surface 

possesses more reactive dangling bonds than the Si(001) surface.179  Some years later Y. Cao 

et al. found that the adsorption was in fact possible on Si(111)-7 x 7 surface.  Using a 

combination of HREELS, TDS, STM, and theoretical calculations they observed that the 

pyrroly radical and H atom, formed by means of the cleavage of the N-H bond in pyrrole, are 

bonded to the adjacent adatom and rest atom respectively.  Also, the faulted center adatom 

sites were the most energetically favorable and this result was confirmed via STM images of 

the surface after room temperature deposition.187 

 Very recently J. R. Hahn et al. used a combined theoretical and experimental 

approach to investigate the adsorption structure of benzene on the Si(5 5 12)-2 x 1 surface.  

This was the first attempt to study the adsorption of organic molecules on high-index Si 

surfaces and this was done using variable temperature STM and DFT calculations.169  From 

their calculations they predicted several possible sites and geometries for benzene to bind to 

the Si(5 5 12)-2 x 1 surface.  They dosed benzene molecules onto the Si(5 5 12)-2 x 1 surface 
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at 80 K sample temperature and a very low coverage (< 0.01 ML) was used to observe the 

nucleation sites.  From STM images they were able to detect six different configurations 

according to their appearance in the topography images.  From DFT calculations they 

concluded that the adsorption energy for molecules adsorbed on the adatom sites, which 

seemed to be the most favorable, was in the range of 1.03 – 1.20 eV.  The other favorable site 

was the honeycomb chain structures which had a much lower adsorption energy of about 

0.22 eV.142, 169 

Aromatic molecules are one of the main categories of organic molecules and are 

characterized by five-membered conjugated ring of unsaturated bonds and lone pairs.  The 

study of surface reactions of aromatic molecules on semiconductor surfaces is important for 

the modification and organic functionalization of semiconductor surfaces like silicon.  

Surface reactions of simple organic molecules such as thiophene, pyrrole, furan, and pyridine 

are fundamental to the understanding of the interaction for aromatic molecules to 

semiconductor surfaces.  Thiophene and pyrrole are simple aromatic molecules that contain 

different heteroatoms, S and N-H respectively.  The motivation of this study is to understand 

the interaction of thiophene and pyrrole on Si(5 5 12)-2 x 1 surfaces by observing the 

difference in nucleation sites and geometry when adsorbed.  The following two sections are 

devoted to briefly describing the basic properties of thiophene and pyrrole along with the 

differences in structure and composition. 
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5.1.3. Aromatic Molecules 

 

Aromatic molecules such as thiophene and pyrrole are cyclic planar molecules in which each 

atom of the molecular ring has one p orbital available for forming a set of molecular orbitals. 

For instance a cyclic planar molecule with a closed loop of (4n + 2) π-electrons in a fully 

conjugated ring is considered aromatic.  Basically aromatic molecules must be: cyclic; have 

one available p-orbital on each atom of the ring; planar or nearly planar; containing (4n + 2) 

π-electrons in the cyclic arrangement of p-orbitals.188  These molecules can arrange together 

to form organic wires and other organic nanostructures. 

 

5.1.4. Thiophene  

 

 Thiophene, which is also known as thiofuran and has the chemical formula of C4H4S, 

is a structurally cyclic aromatic compound containing four carbon atoms and one sulfur atom 

in the ring.  Thiophene is analogous to furan, pyrrole, and pyridine where the sulfur atom is 

replaced by O, NH, and N respectively, and has a melting point of 235 K.  Thiophene is the 

simplest aromatic molecule containing sulfur atom and it shares some similar chemical 

properties with benzene.  The lone electron pairs on the sulfur in the delocalized π-electron 

system do not exhibit properties similar to that of thioethers but exhibits aromaticity.  The 

sulfur atom is un-reactive but the adjacent carbons are prone to interaction by electrophiles.  

The structure and composition of the thiophene molecule is represented in a simple 
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diagrammatic form in figure 5.4.  Thiophene and its derivatives can be found in petroleum 

and coal as well as naturally in the pigments of plants.  Accordingly its derivatives are used 

in the manufacture of dyes, aroma compounds, and pharmaceuticals. 

 Thiophene has attracted some technological interest because it is the building block 

for the better known conductive polythiophene.  Additionally different functional groups can 

be attached to thiophene as a result of the variable valence nature of the sulfur atom in this 

molecule.  Thiophene has been studied on low-index silicon surfaces with a variety of 

surface analysis techniques such as XPS, synchrotron radiation induced photoelectron 

spectroscopy (SRPES), electron diffraction, high-resolution electron energy loss 

spectroscopy (HREELS), and DFT modeling.189190-193 

 

 

 

 

Figure 5.4: Molecular structure of the thiophene molecule highlighting the lone pairs on the 
sulfur atom. 

S 
H H 

H H 
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5.1.5. Pyrrole 

 

 Pyrrole is included in the five-membered heterocyclic organic molecule family, with 

the other members being thiophene and furan.  Pyrrole has a nitrogen (N) atom occupying its 

1-position in the five-membered ring, whereas thiophene has a sulfur (S) atom and furan 

contains an oxygen (O) atom at this position.  Its chemical structure is that of a five-

membered ring represented in figure 5.5 and possesses the chemical formula C4H4NH and 

has a melting point of 250 K.  The pyrrole ring system occurs naturally in some colored 

products in plants and animals, such as chlorophyll and hemoglobin.  Pyrrole and its 

derivatives are generally used as an intermediate in synthesis of pharmaceuticals, medicines, 

agrochemicals, dyes, photographic chemicals, perfumes and other organic compounds. 

Additionally, they are used as catalysts for polymerization process, metallurgical processes, 

corrosion inhibitors, preservatives, and as solvents for resins and terpenes.  
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Figure 5.5: Molecular structure of the pyrrole molecule highlighting the lone pair on the 
nitrogen atom which is bonded to two carbon atoms and a single hydrogen atom.  
 
 
 
 Pyrrole was employed as a precursor for the synthesis of conducting polymers with 

valuable technological properties.  The adsorption of pyrrole on semiconductor surfaces like 

silicon is of vast significance for electronic applications, because its polymerized form is a 

good conductor.194  Also being the building block for polypyrrole which has been 

demonstrated to produce diode-like properties when covalently linked to form a junction with 

silicon.195, 196  Qiao et al. found that pyrrole makes a relatively strong bond with silicon 

atoms when pyrrole molecules are exposed to the (001) surface forming a robust 

monolayer.197  Pyrrole had been investigated on low-index silicon with a variety of surface 

sensitive techniques and theoretical methods such as HREELS, XPS, thermal desorption 

spectroscopy (TDS), STM, and first principles or DFT modeling.187, 195, 197 
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5.2. Experimental 

 

 All experiments done for this specific project were performed in the UHV Omicron 

multiprobe machine described earlier.  The silicon samples that were used in this project are 

n-type Si(5 5 12) with a resistance of 10 Ω.cm and thickness of 0.5 mm.  The samples were 

cut by scoring using a diamond scribe and cleaving to a size of about 1.6 mm in width, 9 mm 

in length.  The sample was then mounted into a direct current sample holder capable of 

heating the sample by passing current through the Si sample.  The resistance of the Si sample 

in the direct current sample holder ranged from about 5 Ω to 8 Ω in air.  The sample 

assembly was then loaded into the UHV chamber via the fast entry load lock which is 

connected to the preparation chamber of the multiprobe Omicron machine.  The sample 

assembly was then positioned on the three stage horizontal manipulator of the analysis 

chamber and the initial heating began by slowly increasing the current through the sample 

and monitoring the pressure in the chamber.  The analysis chamber had a base pressure of 

approximately 1.8 x 10-10 Torr.  The temperature of the sample was monitored by the use of 

an optical pyrometer, described earlier in this dissertation, with an emissivity factor of 0.65.   

The temperature of the sample was brought to about 873 K and degassed at 873 K 

overnight / for 12 hours.  The sample was annealed close to 873 K for 12 hours to ensure that 

the native oxide on the Si surface was completely removed or degassed.  After the degassing 

period expired the sample was subjected to a series of high temperature flashes at various 

temperatures to drive the surface reconstruction which is discussed later.  Initially the sample 
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was brought to a temperature of about 1173 K and held at that temperature for three minutes, 

and then it was cooled to room temperature and left for about five minutes.  The second 

round of sample flashing was done at 1273 K and maintained at this temperature for two 

minutes and cooled to room temperature again.  This procedure was repeated at 1373 K for 

one minute.  The last sample flash occurred at about 1473 K for thirty seconds then the 

sample was quickly cooled to 1173 K, at this point the sample was cooled to room 

temperature at a rate of approximately 2 K/second to promote surface reconstruction.  After 

this initial sample preparation of the Si (5 5 12) surface the sample was left to cool for a 

couple hours before confirming the surface cleanliness and reconstruction of the surface 

using STM.  At the end of one set of experiments the sample remained in UHV and was 

simply flashed at 1473 K for 30 seconds and cooled to 1173 K and then very slowly reduced 

to room-temperature to regenerate the surface cleanliness and structure.  During all degassing 

and flashing cycles the pressure was carefully monitored and special precaution was taken to 

ensure that the value did not exceed a pressure of more than 2 x 10-10 Torr. 

Each chemical, thiophene (99% purity) and pyrrole (98% purity), in liquid form was 

placed into a glass vial.  Less than 1 ml of liquid was used in the glass vial each time.  The 

glass vial with liquid chemical was part of an assembly of parts used for freeze-pump-thaw 

(FTP) apparatus used to purify the molecule sources used.  Exposure of the molecules to the 

Si(5 5 12) surface in vacuum or dosing was achieved by chamber backfilling. The vapor 

pressure above the liquid was used as the source of gas that was controllably leaked into the 

chamber.  The vapor pressure of thiophene is 10.6 kPa and 0.9 kPa for pyrrole at room 
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temperature which would explain why it was possible to dose from the gas above the purified 

liquid.  This FTP apparatus is represented in the form of a simplified diagram in figure 5.6.  

This diagram shows a mechanical pump connected by stainless steel tubing with a Swagelok 

valve to a four-way cross that contained the tubing, the glass vial, a precision leak valve and 

a blank.  The precision leak valve was connected or bolted to the UHV chamber and was 

capable of leaking in or dosing very small volumes of gas into the UHV chamber.  Each of 

the liquid chemicals experienced several freeze-pump-thaw cycles, approximately ten, in 

order to purify the chemical before being dosed into vacuum.  The freezing of the glass vial 

was done by immersing the vial containing the chemical into an insulated container 

containing liquid nitrogen.  As the name suggests the next step involved pumping the volume 

above the frozen chemical which was done by opening the Swagelok valve while the 

mechanical pump was running.  After several seconds to minutes the Swagelok valve was 

closed and the liquid was thawed.  This process was repeated for a desired number of FTP 

cycles.  

After a set of experiments were completed for a particular molecule the glass vial was 

removed and subjected to two ultrasonic baths of acetone and methanol respectively for 

about twenty (20) minutes each bath.  The glass vial was then baked over night at a 

temperature in the vicinity of 400 K.  This process was done before loading a new volume of 

liquid organic molecule into the glass vial to be attached to the freeze-pump-thaw apparatus. 
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Figure 5.6: Simplified diagram of apparatus used to perform freeze-pump-thaw purification 
cycles on the organic chemical being dosed. 
 
 
 
 

When the Si(5 5 12) substrate was sufficiently cooled it was then moved to the 

microscope and then the STM measurement was performed on the clean surface.  In the STM 

a tungsten tip was used and installed on the scanner facing upward to the sample surface 

which was oriented to face downward directly above the tungsten tip.  The sample assembly 

was held stationary in the microscope and the STM tip was approached onto the sample 

surface.  The positioning of the tip was monitored by a CCD camera mounted in a line-of-

sight port directed to the microscope and more specifically the sample in the microscope.  
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The approach mechanism in the Omicron STM was controlled by a motor which governed 

the coarse and fine movements in the Z-direction or normal to the sample surface.  A sample 

bias of -2.0 V was used for the approach and the tunneling current was in the range of 0.1 nA 

to 0.2 nA. 

After the cleanliness and flatness of the sample surface were confirmed by STM 

imaging, the STM tip was retracted in preparation for dosing purified organic molecules onto 

the Si(5 5 12) surface.  The precision leak valve was attached to another line-of-sight port 

directed to the sample surface in the microscope.  The dosing of organic molecules was done 

by carefully opening the precision leak valve and monitoring the pressure in the chamber 

simultaneously.  The organic molecules were dosed at a pressure of close to 5 x 10-10 Torr 

with dosing times of fifteen (15) seconds to 300 seconds in very rare cases.  Assuming a 

unity sticking coefficient, the definition of one monolayer (Langmuir) is 1 x 10-6 Torr-sec.37  

This simply means that at a pressure of 1 x 10-6 Torr it takes exactly one second for a 

monolayer (ML) of molecules to accumulate on a surface of a sample.  Using that definition 

we regularly dosed less than 0.01 ML of organic molecules onto the Si(5 5 12)-2 x 1 surface.   

Upon the completion of each dose cycle the microscope resumed tunneling and STM 

images were taken of the surface after dosing molecules.  This was repeated for desired 

levels of molecular dosing on the Si(5 5 12)-2 x 1 surface.  All images that were retrieved 

from the microscope were minimally processed using WSxM image processing software.122 
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5.2.1. Experimental Explanation  

 

The direct current sample holder of the Omicron multi-probe machine was capable of 

accepting a sample of dimensions 3 mm (W) x 11 mm (L) or smaller.  The main reason why 

the sample was cleaved to a specific width was because the standard size of 3 mm width 

normally used did not permit acquiring a temperature close to 1473 K without overloading 

the heating power supply.  The difficulty arose because with a width of 3 mm the resistance 

of the sample was too low and hence could not sustain high temperatures at a suitable current 

value, specifically less than five (5) Amps.  Increasing the current was done very slowly and 

gradually to guarantee that ambient and unwanted species on both the sample and the sample 

was completely driven off or outgassed.  During this process there was significant and 

sudden increases in the pressure which was why the increase in temperature was done slowly 

and the pressure monitored closely. 

After the degassing process the sample was flashed or annealed at high temperature 

for a short period of time.  This was done to remove the native oxide and then drive the 

reconstruction of the surface atoms in the Si (5 5 12) substrate.  When the 2-D unit mesh on 

the surface has dimensions that differ from the projected bulk unit cell there is sometimes a 

rearrangement of atoms, which can be subtle or drastic.  This atomic rearrangement of atoms 

is referred to as a reconstruction.1, 37  The temperatures and procedure were chosen so 

deliberately because of established protocols for the surface preparation of Si.  The 

reconstruction on the Si (5 5 12)-2 x 1 surface also reduces the surface free energy and 
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produces a large unit cell described earlier.  There are many different ways to successfully 

prepare a Si surface but some common themes exist such as the final flash the temperature 

should be decreased quickly to 1173 K then slowly to room temperature.  In Si 1173 K is a 

transitional temperature and slowing down the reduction of the temperature at this point 

further promotes the surface reconstruction.  These reconstructions that occur are very 

complicated and as an extension quite involved and difficult to understand. 

Freeze-pump-thaw cycles have widely been used to purify and degas a liquid.37  The 

glass vial was only slightly filled because filling more may promote the cracking of the glass 

vial during freezing and thawing and also only a small volume of liquid is necessary for 

dosing a small volume of molecules.  The liquid was initially frozen by immersion of the vial 

in liquid nitrogen the line to the mechanical pump was then opened to pump away the gas in 

the line and the gas above the volume of the liquid.  After closing the line the liquid was 

thawed, this thawing was sometimes assisted by the use of a heating gun in the case of 

liquids with higher melting points.  During this thawing process there was a very obvious 

bubbling of gas originating from the liquid.  This bubbling was due to ambient species that 

were dissolved in the liquid before it was installed to be used in this experiment.  These 

freeze-pump-thaw cycles continued until there were no bubbles visibly emanating from the 

liquid volume.  Generally, it is good practice to continue these freeze-pump-thaw cycles a 

couple times after the bubbling ceases.  After 10 cycles most liquids should be purified to a 

more than satisfactory state using this method. 
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The Si(5 5 12)-2 x 1 sample was cooled for a few hours after annealing before it was 

used.  This was done to make certain that there would be no thermal drift of the piezo in the 

STM during scanning as a result of thermal expansion/contraction at different temperature of 

the sample/sample stage.  The Si(5 5 12)-2 x 1 sample was imaged bare after surface 

preparation to verify the success of the preparation and also to obtain a base or reference scan 

of the surface before any organic molecules were deposited on it.  Before dosing of 

molecules the STM tip was retracted but not stepped back because the gap voltage while in 

tunneling may disrupt the adsorption of molecules to the surface.  Also the STM tip was not 

stepped back so that when the microscope was reengaged in tunneling, a close to original, if 

not exact area, would be probed immediately after dosing.  This is generally good practice in 

order to keep consistent the surface area in question before and after dosing.  The 

disadvantage to this practice was that there was a bit of a shadow effect from the tip during 

dosing of molecules, which lead to little or no molecules being observed in the area 

immediately behind the tip.  The molecules were not dosed with a directed or collimated 

source of molecules which is more commonly used in evaporation cells such as the one used 

in chapter 3.  The dosing assembly was located on a line-of-sight port directed to the 

microscope.  When the molecules were dispersed in the chamber through this port the mutual 

attraction between the surface and the molecules drove the adsorption.  The backfilling of the 

chamber also allowed us to monitor the pressure and maintain it at 5 x 10-10 Torr during 

dosing because the molecules interacted with the ion gauge responsible for producing a 

pressure reading in the chamber.  This is what allowed us to fairly accurately calculate the 
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amount of molecules on the surface using the definition of monolayer given earlier.  The 

images were minimally processed using WSxM software in an effort to not change the 

information attained from the original unprocessed data but at the same time make the 

images also easier to interpret.  Also of note was the fact that the dosing was done at room 

temperature, 300 K, and the imaging before and after dosing was also performed at room 

temperature. 

 

5.3. Results and Discussion 

 

5.3.1. Thipohene Adsorption on Si (5 5 12)-2x1 

  

 The clean reconstructed Si(5 5 12) surface is shown in figure 5.2 with the named 

atomic rows and the large unit cell outlined.  Initially thiophene was dosed in the microscope 

chamber at 5 x 10-10 Torr for 30 seconds.  The result of the dose is shown in figure 5.7 that 

illustrates the binding sites of this molecule on the Si(5 5 12) surface.  At first glance it is not 

immediately obvious where the thiophene molecules are located and also the difference 

between the thiophene molecule and the adatoms inherent on the Si(5 5 12)-2 x 1 surface.  

Upon closer inspection one can observe that the adatoms are a bit circular and symmetric and 

the thiophene molecule seems to be asymmetric and also located at positions where there are 

no adatoms.  This is further supported by the line profiles that show the height of these 

features relative to each other.  From the line profiles the height of the adatoms and the other 
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features that comprise the various rows range about 0.3 Å - 0.6 Å, while the height of the 

thiophene molecule is in the range of 0.9 Å to 1.3 Å. 

 

Figure 5.7: Filled state STM image of Si (5 5 12)-2 x 1 with thiophene molecules that were 
dosed at 5 x 10-10 Torr for 30 seconds. The graphs on the right are the line profiles showing 
the heights of the highlighted features. (I = 0.1 nA, V = -2 V) 
 

 Figure 5.7 clearly demonstrates the existence of thiophene molecules on the 

reconstructed Si(5 5 12) surface.  There seemed to be too many molecules present to 

completely ascertain the initial nucleation sites.  As a result, the experiment was redone with 

a lower dosing time of 15 seconds at the same dosing pressure.  After this 15 second dose 

there was very little evidence of any molecules present on the Si(5 5 12)-2 x 1 surface even 

when surveying a significant area.  A second dose was performed at the same pressure for 30 
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seconds and the results of that are displayed in figure 5.8.  From this figure it was easier to 

pick out the nucleation site(s) and also begin further analysis of the STM images taken.   

 

 

 

 

Figure 5.8: Filled state STM images of thiophene on the Si (5 5 12)-2 x 1 surface.  Thiophene 
was dosed at 5 x 10-10 Torr for 30 seconds. Top circle shows a molecule on a tetramer site 
and the bottom circle shows a molecule on the dimer site. (I = 0.1 nA, V = -1.9 V) 
 

The second important criteria was to evaluate where on the Si(5 5 12)-2 x 1 surface 

was the thiophene molecule adsorbed.  As alluded to many times in this chapter there are 

many possible active sites for molecules to be adsorbed.  Close examination of the surface 

for various amounts of molecules dosed was needed; these images are not displayed in this 

dissertation.  Complementary to this effort was a statistical analysis of the incidence of 

molecules being imaged on particular sites.  This statistical data was attained by examining 

all images of thiophene deposited onto the reconstructed Si(5 5 12) surface which amounted 

to a total of ~350 adsorption sites for all images examined.  This statistical analysis was also 
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done for different dosing times on different days but unfortunately all of these images could 

not be included in this dissertation.  Also of note was that these experiments were done 

multiple times with fresh thiophene sources and different Si(5 5 12) samples that had the 

same parameters as all samples used during this work. 
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Figure 5.9: Chart showing relative population of thiophene molecules adsorbed on particular 
sites.  
 
  
 The chart in figure 5.9 shows the percentage population of the thiophene molecules 

with the particular adsorption sites.  From this chart it is obvious that there is a strong 

preference for the adsorption of thiophene molecules on the tetramer (T) row structures.  This 

was not the only site for adsoption of thiophene molecules.  The second preferred site of the 
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thiophene molecule was on the dimer (D) row of the Si(5 5 12)-2 x 1 surface.  As mentioned 

earlier the dimer row is sometimes referred to as the dimer-adatom row (D/A), but in this 

case I intentionally separated these two sites because the molecule was never adsorbed or 

observed in the D/A row on an adatom site.  Some instances of adsorption on the honeycomb 

chain were also noticed but as the chart indicates this was not a common occurrence. 

 There are many possibilities for the adsorption geometry of the thiophene molecule 

on the Si(5 5 12)-2 x 1 surface.  In the case of benzene adsorbed on Si(5 5 12)-2 x 1 the 

adsorption geometry was referred to as a “tilted butterfly” configuration.  This configuration 

consists of di-σ bonds between carbon atoms and Si adatoms and two C--C double bonds in 

the benzene molecule.169  This is not the exact adsorption site scenario with thiophene on 

Si(5 5 12)-2 x 1, since thiophene apparently does not adsorb on adatoms on the surface.  

Thiophene does possess similar properties to benzene which may suggest that the bonding 

mechanisms are also similar between thiophene and benzene on Si (5 5 12).  Secondly, from 

the STM images and the correlation between benzene properties with thiophene it is quite 

likely that the aromaticity of the thiophene remains intact.  The lack of evidence of secondary 

structures forming on the Si (5 5 12)-2 x 1 surface due to the dissociation of thiophene also 

suggests the maintenance of aromaticity.  This is important because it may provide 

information on a strategy to obtain a homogeneous aromatic functionalization of a high-index 

Si surface.  Additionally thiophene adsorption has been observed on low-index Si surfaces, 

specifically in the case of Si (001).  On the Si (001) surface the mechanism behind the 

adsorption is cycloaddition, which occurs as a result of the sulfur migration to adjacent 
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dimers.198  In the case of benzene and thiophene on Si (111) the aromaticity is broken up and 

the molecule dissociates then adsorbs onto the surface, but this is not a likely possibility for 

Si (5 5 12) since the adsorption sites are different to that of Si (111).198-201 

 These theories on the possible geometries and orientations of the thiophene on the 

high index Si surface cannot be confirmed with just STM analysis.  To get a better handle on 

the adsorption energies and geometries that are occurring it is necessary to have theoretical 

analysis performed on the thiophene and Si (5 5 12)-2 x 1 system.  As in the case with 

benzene they were able to make complete conclusion about the geometry by comparing the 

experimental STM data with DFT calculation.  Hence, to have a more complete study of the 

system first principles calculations and simulations are essential. 

 

5.3.2. Pyrrole Adsorption on Si (5 5 12)-2 x 1  

  

 Similar to thiophene, the experiments involving pyrrole started out by imaging clean, 

reconstructed Si (5 5 12)-2 x 1 in an effort to get a reference surface and also verify the 

cleanliness and legitimacy of the surface.  The pyrrole molecule was then dosed at the same 

pressure used with thiophene for 30 seconds.  As a result of large coverage this dosing was 

repeated on another day for a shorter period of time, 15 seconds, in order to observe clearly 

the initial nucleation site(s).  The results of both of these cases are displayed in figure 5.10 

which also highlights the pyrrole molecules adsorbed on the Si (5 5 12)-2 x 1 surface. 
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(a)              (b) 

 

 

Figure 5.10: STM images of pyrrole adsorbed on reconstructed Si (5 5 12). STM image (a) 
taken after 30 seconds dose with dark circles highlighting the pyrrole molecules on the 
honeycomb chain adsorption site.  STM image (b) taken after 15 seconds dose with the dark 
circles highlighting pyrrole molecules on the honeycomb chain adsorption site. (I = 0.1 nA, 
V = -1.9 V)  
 

 The STM images in figure 5.10 show the initial nucleation sites of the pyrrole 

molecules on Si (5 5 12)-2 x 1.  These experiments were performed multiple times with 

various levels of dosing at each instance to monitor the response of the molecules with 

respect to coverage.  With this large volume of data with ranging conditions, statistical 

analysis of this data was used in order to have a better understanding of the adsorption 

preferences of the pyrrole molecules on the Si (5 5 12)-2 x 1 surface.  I have done similar 

statistical analysis with the pyrrole molecules adsorbed on the clean, reconstructed Si (5 5 

12) surface in a similar manner to the analysis done with thiophene. 

12nm8.0nm
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Figure 5.11: Chart showing relative population of pyrrole molecules adsorbed on particular 
sites.  
 
 
 The chart in figure 5.11 shows the relative population in percent of pyrrole molecules 

adsorbed on particular active sites of the clean reconstructed surface.  This chart was 

generated after analysis of images of pyrrole adsorption on Si(5 5 12)-2 x 1 which amounted 

to a total of ~375 adsorption sites.  This chart implies that there is a strong preference of the 

pyrrole molecules adsorbing on the honeycomb chain.  This is in apparent contrast to the case 

of thiophene molecules that seemed to prefer to adsorb on the tetramer row as a binding site.  

Also the chart shows a lower preference for the dimer and tetramer rows, about 11.7 % and 

19 % respectively.  This secondary attraction is fairly closely contested which again varies 

from that of thiophene where the dimer population was 34.3 % compared to the honeycomb 

chain population of 5.7 %.  This implies that the pyrrole molecule has similar probability of 
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adsorbing on the dimer and tetramer sites were very similar, but the preference for the 

honeycomb chain was far greater.  This point is visually demonstrated on figure 5.12 which 

shows STM images that highlights the existence of pyrrole molecules on all three sites.  Also 

of note is the existence of pairs of pyrrole molecules that only occur on the honeycomb 

chains of the reconstructed Si (5 5 12).  This suggests some intermolecular attraction of 

pyrrole molecules that adsorb on the high-index Si surface.  This pair molecule adsorption is 

also shown in figure 5.12. 

 

(a)                   (b) 

 

Figure 5.12: (a) STM image of pyrrole on Si (5 5 12)-2 x 1 with dark circles showing 
adsorption on the honeycomb chain and the dimer row. STM image (b) with dark circle 
showing pyrrole adsorbed on a tetramer row. (I = 0.1 nA, V = -1.87 V) 
 
 
 Adsorption geometry, just as in the case with thiophene above, is essential to having a 

more complete understanding of the pyrrole on Si (5 5 12)-2 x1 surface.  Pyrrole has been 

6.0nm 6.0nm
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investigated on Si (001)-2 x 1 surfaces and found the dissociation of the N-H bond in pyrrole 

with the retention of the aromaticity of the molecule.  The structure that was most 

energetically favorable was an upright geometry between two Si atoms in the dimer row.202-

204  Similar molecules like pyridine, which contains a N atom instead of the N-H in pyrrole, 

exhibit dative bonding of the N atom to the Si atoms on the surface.  Additionally 

cycloaddition can occur forming a N-Si bond and a C-Si bond.  Similar situations of N-H 

dissociation were observed when pyrrole was adsorbed on Si (111)-7 x 7 surfaces. 

To reiterate, additional analysis of the pyrrole and Si (5 5 12)-2 x 1 system that does 

not involve STM topography is necessary.  As in the case of benzene on Si (5 5 12)-2 x 1 

DFT calculation will clarify the dominant adsorption geometries of pyrrole and also the 

related favorable adsorption energies. 

 

5.3.3. Comparison of Results 

 

From the results collected for thiophene and pyrrole on Si(5 5 12)-2 x 1 surfaces a 

compare and contrast approach is necessary.  The most obvious contrasting result that is 

immediately evident for the results is that the thiophene molecules prefer to adsorb on 

tetramer row sites while the pyrrole molecules prefer to adsorb on the honeycomb chain site.  

In both cases there appears to be no evidence of dissociative adsorption because of the 

absence of secondary structures associated with this type of adsorption.197  Also common in 

both cases is the aversion for adsorption on adatom sites on the Si(5 5 12)-2 x 1 surface 
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which could be as a result of the stronger interaction of lone pair electron on the molecules 

with other row structures.  The results also imply that the planar aromatic molecules lay flat 

on the adsorption sites which suggest the influence of the ring during adsorption in addition 

to the heteroatoms.  The heteroatoms in the respective molecules seem to dictate the specific 

nucleation site as well as the adsorption geometry and the bonding seems to be covalent and 

not a weaker bond because of the lack of mobility of the molecules at room temperature, 

similar to other Si surfaces.  The possible orientations of these geometries for pyrrole and 

thiophene are highlighted in figure 5.13 and figure 5.14 below, the images show the 

geometries for molecules that lay flat on the surface features of the reconstructed Si(5 5 12).  

Lastly, the pyrrole molecule showed in significant instances the ability to form paired 

structures that were not observed in the case of the thiophene molecules.  This can be 

attributed to the creation of π-bonds in the molecular ring that overlap with its neighbor 

forming pairs and in other cases chains of molecules.188, 205  This sort of pairing is probably 

not evident in the case of thiophene adsorption because of the energy associated with 

adsorption on Si(5 5 12)-2 x 1 surfaces.  Further analysis can solidify these assumptions and 

elucidate other issues that have not been completely resolved to date. 

 

 

 



 

 117 

 

Figure 5.13: Magnified area of clean Si(5 5 12)-2x1 showing possible adsorption sites and 
geometries for the thiophene molecule.  
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Figure 5.14: Magnified area of clean Si(5 5 12)-2x1 showing possible adsorption sites and 
geometries for the pyrrole molecule. Also included is the geometry of the molecule pair 
formed in some instances. 
 
 

5.4. Summary and Future Outlook 

  

 From the above analysis and experiments it can be concluded that thiophene has a 

preference to adsorb to the tetramer row with a lesser attraction to the dimer row, some 

instances of honeycomb chain adsorption and a complete aversion to adsorption on the 

adatom sites.  The exact adsorption geometry needs DFT analysis to clarify the possibilities 

and the corresponding adsorption energies.  In the case of pyrrole adsorbed on Si (5 5 12)-2 x 

1 surfaces the molecule prefers to adsorb on the honeycomb chain with some incidence of 
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molecular pairing of the pyrrole along the chain. With lesser incidence of adsorption on 

dimer and tetramer rows and no incidence of adsorption on the adatom row sites.  

 DFT calculations and analysis is needed to gain a better understanding of the 

adsorption geometries and adsorption energies for both molecules on the high-index Si 

surface. 
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