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Abstract

INVESTIGATION OF THE SI(111)-
√
3×
√
3R30°

SURFACE RECONSTRUCTION BY SCANNING

TUNNELLING MICROSCOPY

Daniel Cuthbert
University of Guelph 2019

Advisor:
Professor Xiaorong Qin

A scanning tunnelling microscopy (STM) study of the B induced phase transition be-

tween the (7x7) and
√

3×
√

3R30° reconstructions on a Si(111) surface is presented. STM

images indicate that this phase transition takes upwards of two hours of thermal annealing

at temperatures greater than 1100°C to induce a long range ordered
√

3 surface. During

the annealing procedure, many different atomic arrangements are observed to coexist on the

surface including another dimer, adatom, stacking-fault (DAS) surface reconstruction similar

to the (7x7), known as the (5x5). Large stable clusters of Si atoms were observed to exist

on top of the disordered regions of the surface, which propagate the surface reconstructions

along the step edges. The results obtained assist in our understanding of the formation of the

Si(111)-
√

3 surface, which will aid in our ability to produce a clean, defect free
√

3 surface

for use in industrial applications.
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Chapter 1

Introduction

In recent years, a substantial amount of research has been performed on the formation

and stability of supramolecular networks of molecules deposited onto a number of differ-

ent substrates. By tailoring specific molecules with optimal properties, highly ordered het-

erostructures can be constructed with atomic precision. These highly ordered supramolecular

networks can be adopted for uses in electronics [1] [2] [3], optical devices [4] [5] [6], and even

biological applications [7]. These supramolecular structures formed through self-assembly

processes are governed by a subtle balance between the molecule-molecule and molecule-

substrate interactions. For example, when phenyl-C61-butyric acid methyl ester molecules

are adsorbed onto a Au(111) surface, molecule-substrate interactions lead to site-selective

adsorption of these molecules onto fcc areas. But once these fcc areas are occupied, inter-

molecular interactions take over and the adsorption becomes site-unspecific [8]. This is just

one example where both molecule-molecule and molecule-substrate interactions influence the

supramolecular structure formed.

Self-assembled nanostructures have been formed on a wide range of metallic, and semi-

conducting surfaces, as well as molecular materials. However, for the development and

fabrication of new electronic and optical devices, the use of a semiconducting interface is
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critical. Since the prominent development of the semiconductor industry, silicon has been

the most widely used semiconductor due to its ideal properties. Additionally, its abundance

makes it an economically viable material for industrial use [9]. Specifically, the (100) and

(111) surfaces of Si are of particular interest because they are well-studied surfaces that are

widely used in the industry [10].

Semiconductor surfaces such as the Si(100) and Si(111) contain many unsatisfied bonds

that dangle out of the surface into the vacuum, making the surfaces highly reactive. There-

fore, adsorption of molecules onto the surface can result in chemisorption, where molecules

directly bond to the surface leading to new hybrid orbitals, in turn perturbing the prop-

erties of the molecules [11]. In addition to perturbing the properties of the molecules,

strong molecule-substrate interactions due to the formation of covalent bonds between the

Si surface and the molecules adsorbed can disrupt the growth of supramolecular edifices [2].

This is due to the strong molecule-substrate interactions reducing the surface mobility of

molecules, prohibiting long-range growth of an ordered structure on the surface [4]. To

combat chemisorption reactions and reduce the molecule-substrate interactions, it is ben-

eficial to use a passivated surface. The reduced reactivity of the passivated surface leads

to physisorption of the adsorbed molecules. Here, the electronic and optical properties of

the molecules are barely perturbed, and the interactions involve weak bonding such as van

der Waals interactions and H bonding [11]. Passivation of the Si(111) and Si(100) surfaces

can be achieved by hydrogenation of the surface, where H satisfies the unfilled bonds of the

surface [12], or through incorporation of dopants such as Ag to passivate the surface [2].

Albeit, in these cases the interface never consists purely of silicon atoms.

In recent years, the use of a passivated Si(111) surface phase known as the
√

3x
√

3R30°

reconstruction has been realized as a potential substrate for supramolecular networks [11].

Through thermal treatment of highly doped commercially available Si(111) wafers, the dan-

gling bonds of the Si(111) surface are removed through the incorporation of B in the near
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surface region [13]. By reducing the molecule-substrate interactions with a passivated sur-

face, long range ordered supramolecular networks can be created on the Si(111)-
√

3x
√

3R30°

surface. It has been said that this surface phase could pave the way for a new class of

commensurable, polyfunctional organic networks on silicon surfaces [2].

The passivated Si(111)-
√

3x
√

3R30° surface (referred to as
√

3 reconstruction/phase from

here on) is not just beneficial for the control and synthesis of supramolecular networks, but

for other applications as well. For instance, in predicting the energy barrier between a metal-

semiconductor junction, referred to as the Shottky barrier [14]. The Shottky barrier in an

ideal metal-semiconductor junction can be predicted using the Shottky-Mott rule which is

based on the work function of the metal, and the electron affinity and ionization potential

of the semiconductor. But, there is a considerable discrepancy between the theory and

experiments as this Shottky-Mott model is based on “ideal” physics. This discrepancy is due

partly to the dangling bonds on the surface of the semiconductors, leading to the emergence

of surface states within the semiconductor bandgap region [15], and result in Fermi level

pinning at these levels. As well, chemical bonding between the metal and semiconductor can

induce large strains on the crystal lattices and can affect the band structure and resulting

barrier height [14]. By using a passivated semiconducting surface, metal electrodes can be

laminated onto the dangling bond free surface avoiding chemical disorder and gap states

induced by defects caused by direct chemical bonds. These metal-semiconductor junctions

can then be characterized fully by the Shottky-Mott model where the electron barrier across

the junction becomes strongly dependent on the metal work function [14].

The
√

3 surface has also gained considerable attention due to its delta function-like doping

profile, where the B atoms are constrained to the third atomic layer of the surface [16]. δ-

doped semiconductors can be used to obtain higher packing densities within electronic or

optical devices, as the trend for smaller instruments continues [17]. However, scaling of

these devices are expected to come to a halt in the near future, since electronic devices
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such as transistors have become limited by power consumption and heat generation. An

emerging technology known as spintronics may be the key to extending or even replacing

our existing technology in view of computing speed and switching energy [18]. Since the

demonstration of electrical injection, transport and detection of spin in undoped silicon by

Appelbaum et al. in 2007, silicon has become a worthwhile substrate for use in spintronic

devices [18]. Just last year, it was determined that a stabilized local magnetic moment can

be achieved on the
√

3 surface be removing a silicon adatom on the surface phase creating

a vacancy [19]. By creating this silicon adatom vacancy, the three adjacent dangling bonds

are able to hold a local magnetic moment of 2µb. Although these spins tend to align anti-

parallel, a ferromagnetic alignment can be achieved through hole doping, reinforcing the
√

3

surface phase as a possible candidate for spintronic devices.

In all of the applications discussed above, a highly ordered defect free
√

3 surface is

critical. Surface defects that may arise can modify the local surface potential, in turn hin-

dering self-assembly processes [11], and inducing localized surface states within the bandgap.

Surface defects may also lead to site specific adsorption of molecules, unfavourable for the

formation supramolecular networks. Although there are a number of different studies per-

formed on the
√

3 substrate, the formation process of the surface reconstruction is still not

completely understood. In this thesis, a scanning tunnelling microscopy (STM) study of

the formation of the Si(111)-
√

3x
√

3R30° surface phase is presented. This study is intended

to provide insight into the formation of the
√

3 phase and specific surface defects that may

arise.

In order to understand the results of the experiment to be presented, an appropriate

amount of knowledge about the bulk crystal structure of Si and the Si(111) surface, as well

as the experimental technique used is critical. Therefore, chapter 2 outlines the theoretical

concepts involved in operating a scanning tunnelling microscope, providing a basis for inter-

pretation of the data discussed in later chapters. Chapter 3 provides an understanding of the
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naturally occurring Si(111)-(7x7) surface geometry, which is required for the discussion of

the phase transition between this reconstruction and the Si(111)-
√

3 surface geometry, which

is provided in chapter 4. In chapter 5, an outline of the experimental apparatus and methods

used to obtain the STM images is given, and in chapter 6 the results and interpretation of

the experimental images obtained is presented.
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Chapter 2

Scanning Tunnelling Microscopy

The Scanning tunnelling microscope (STM) was invented in 1981 by G. Binnig and H.

Rohrer [20], and since its invention it has become a fundamental research tool within the

field of surface science. As the name implies, the scanning tunnelling microscope exploits

the quantum mechanical phenomenon of tunnelling electrons and allows conductive surfaces

to be imaged with atomic-scale resolution. Surface topography, tunnelling spectroscopy, and

diffusional and growth dynamics are only a few of the features that can be analyzed using

this technique. In this chapter, the theory and technical implementation of the STM will

be discussed in detail to provide a general knowledge and context for the discussions that

follow in the proceeding chapters.

2.1 Theory

The scanning tunnelling microscope is based on the quantum mechanical phenomenon

of tunnelling, where electrons can tunnel through a large potential barrier. By bringing

an atomically sharp conductive tip to within a few angstroms of a surface, a net current

of electrons can flow across the spatial gap between the tip and the sample by applying

6



Figure 2.1: Principle behind the Scanning Tunnelling Microscope. A conductive tip is
brought within a few angstroms of a conductive sample. By applying a bias voltage between
the sample and tip, electrons can tunnel between the sample and tip creating a current. The
tip is scanned across the surface maintaining a constant current by adjusting the tip-sample
separation. The path of the tip is recorded, resulting in a topographical image of the surface.

a potential difference between the sample and the tip. This spatial gap between the tip

and the sample is the potential barrier that the electrons tunnel through, and the current

obtained from these tunnelling electrons is dependent on the width of this spatial gap. As

the tip is scanned across the surface, a constant current can be maintained by adjusting the

vertical height of the tip resulting in a surface topography image as depicted in figure 2.1.

The lateral control and vertical position of the tip is controlled with sub-angstrom precision

by using piezo ceramics, a material that adjusts its length in response to applied voltages.

This sub-angstrom control of the tip is one of the reasons why such a high-resolution image

of a surface on the atomic level can be obtained.

Using basic quantum mechanics, the tunnelling current between the tip and the sample

can be understood. When a positive voltage V is applied to the sample, the Fermi level of

the sample EFS, is lowered by an energy of e·V with respect to the tips Fermi level EFT .

Electrons are then free to tunnel through the potential barrier from the filled states of the

tip below the Fermi level, to the empty states of the sample that lie above the samples Fermi

level. Figure 2.2 shows a potential energy diagram of this tunnelling process. Conversely, if

a negative voltage is applied to the sample then the Fermi level of the sample will be pushed

7



Figure 2.2: Potential energy diagram showing the tunnelling process from the tip to the
sample. By applying a positive voltage to the sample, the fermi energy of the tip is raised
above the fermi energy of the sample, allowing electrons to tunnel from the filled states of
the tip to the empty states of the sample.
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above the Fermi level of the tip, and electrons will tunnel from the filled sample states to

the empty states of the tip. Therefore, by changing the polarity of the bias voltage applied

to the sample, we can choose to either investigate the filled electronic states or the empty

electronic states of the surface.

To determine the net current measured between the sample and tip, we must discuss

the wavefunctions of the electrons participating in the tunnelling process. The electronic

wavefunctions decay exponential outside of the sample and tip, so within the gap region

these wavefunctions have the form [21]

ψ ∝ e−kx (2.1)

k =

√
2m(φ− E)

~
(2.2)

where φ is the work function of the tip and assumed to be constant, E is the electron energy

and m is the free electron mass. The tunnelling current can then be determined, as it is

proportional to the transmission probability of an electron tunnelling through the barrier.

Thus,

I ∝ e−2kx (2.3)

Here we can see the strong dependence of the tunnelling current on the tip-sample separation,

x, mentioned previously. The exponential dependence of the tunnelling current with the tip-

sample separation means that a change of this width (x) by a few angstroms can change the

tunnelling current by several orders of magnitude. Once a steady current has been obtained

between the tip and sample, lateral motion of the tip controlled by the piezo ceramics is

9



used to scan the tip back and forth on a specific area of the surface. The tip maintains a

constant current during the scan by adjusting the height, resulting in a topographic image

of the surface. The lateral resolution of these STM images is dependent on the radius of the

tip, where a lateral resolution considerably below 100Å requires a tip radius on the order of

100Å [20]. Hence, atomically sharp tips are crucial for obtaining high resolution images. Due

to the strong dependence of the tunnelling current on the tip-sample separation, the ability

to control the tip with sub-angstrom precision, and the high lateral resolution attainable

with a sharp tip, it is possible to obtain a high-resolution topography image of the surface

at hand.

Topographical images obtained using an STM are not necessarily straight forward to

interpret. Using first order perturbation theory, it has been shown that if α and β denote

the electronic states of the tip and sample respectively, and the energy of these states are

Eα and Eβ, then the tunnelling current can be expressed as [21]

I =
2πe

~
×

∑
α,β

[f(Eα)(1− f(Eβ))− f(Eβ)(1− f(Eα))]|Mαβ|2 × ρtip(Eα) (2.4)

where f(E) is the Fermi-Dirac distribution, ρtip(Eα) is the density of states of the tip, and

Mαβ is the tunnelling matrix element between the tip and sample states. It is important to

mention that this equation was derived under the assumption that electrons can only tunnel

between sample and tip states with equal energy (i.e. Eα = Eβ+ e ·V ), ensuring that energy

is conserved. From equation 2.4, we can see that the tunnelling current is produced from

a contribution of all tip and sample electronic states, making the interpretation of an STM

topographic image quite difficult.

If the sample under investigation is of the semiconducting nature rather than a metal,

the tunnelling process becomes slightly different. Since metals have such a high density

of states around the Fermi level, electrons can tunnel between the tip and sample for any

10



Figure 2.3: Potential energy diagram showing the tunnelling process with a semiconducting
sample. A large enough bias voltage must be applied to overcome the band gap region of the
semiconductor. To image the filled states of the sample, the Fermi level of the tip must be
pushed above the bottom of the conduction band. To image the empty states of the sample,
the Fermi level of the tip must be pushed below the top of the valence band.
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finite bias voltage applied. To obtain a tunnelling current with a semiconducting sample, a

large enough voltage must be applied to push the Fermi level of the tip above the bottom

of the conduction band, or below the top of the valence band, due to the band gap of the

semiconducting material. A potential energy diagram showing this process is shown in figure

2.3. If the Fermi level of the tip is pushed above the bottom of the conduction band of the

sample, then electrons will tunnel from the filled tip states to the empty sample states. If

the Fermi level of the tip is pushed below the top of the valence band of the sample, then

electrons will tunnel from the filled sample states to the empty tip states. Therefore, a

positive bias voltage gives an image of the empty surface states, and a negative bias gives

an image of the filled surface states. Depending on the applied bias voltage the STM images

can differ significantly and an example of this will be presented in chapter 2.

2.2 Implementation

While the theory behind STM is well understood, the implementation of such theoretical

ideas can pose many complications [22]. Achieving high resolution images involves the opti-

mization of several technical aspects such as vibration isolation, tip control and shape, and

thermal effects. As the tip approaches the sample to within a few angstroms and is scanned

across the surface using piezo ceramics, minuscule vibrations from acoustical noise and other

nearby sources may interfere with the imaging process. These vibrations can affect the tip

positioning controls and can cause the tip to crash against the sample, so efforts are made to

reduce mechanical vibrations as much as possible. To reduce any vibrations from the floor,

most STM’s are placed on a heavy suspended air table, and are operated within a vacuum

chamber to reduce any acoustical noise. Within the vacuum chamber, the STM tip may

be placed on a soft suspension system to further reduce vibrations. Along with reducing

acoustical noise, operating within a vacuum helps to reduce contamination of the surface,
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such as oxide layers and other small molecules that may adhere to the surface and tip. For

this reason, most STM’s are operated under vacuum, though it is not a necessity.

Conditions of the tip shape is a crucial parameter for achieving high resolution STM

images as previously discussed. To create an atomically sharp tip, metal wires are etched

in solutions such as sodium or potassium hydroxide [23]. In the case of our experiments, a

tungsten wire was etched in a solution of potassium hydroxide. To etch the tip, a platinum

wire is formed into a loop and dipped into the potassium hydroxide solution causing a film

of the solution to be suspended in the loop. A voltage applied to the loop causes a current to

flow between the tungsten wire and loop as the wire is threaded through the solution. The

wire dissolves and breaks off at the spot where the film contacts the wire leaving a sharp tip

at the end. Although an atomically sharp tip is necessary in achieving atomic resolution,

special care must be taken when etching the tip so that the tip does not become too long,

becoming more susceptible vibrations [20].

Over time, the tips may become damaged or “worn down” from repeated field emission

currents or tip-sample contact. Tip-sample contact may be caused by accidentally crashing

the tip or by coming into contact with contaminants on the surface while scanning. Common

deformations of the tip may occur after etching or repeated use, such as blunting, elongation,

and the formation of multi-tips. If the tip is elongated or non-symmetric, it may cause

features to be more pronounced along one direction than the other. When the wire contains

two or more smaller tips, then features may appear twice and form a so called “ghost image”.

These multi-tip features are most prominent at large corrugation sites such as step edges.

Optimum tip conditions may be restored by deliberately crashing the tip into the surface in

an attempt to pick up atoms from the surface and lengthen the tip, or by applying high field

emission currents to re-sharpen or re-shape the tip through thermal excitation. Special care

must be taken as these processes may result in a worse tip than before and requires a large

amount of persistence and luck.
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During imaging, a significant amount of lateral drift of the tip can occur due to thermal

effects and electronic instability. Drifting effects seem to be significantly worse after the

tip has been changed to a new area, and some time should be given for the piezo ceramics

positions to stabilize. These drifting effects can cause an image to be skewed in a certain

direction and a large uncertainty should be given to any lateral measurements performed on

the STM images due to this reason.
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Chapter 3

Si(111) Surface

Silicon has been at the forefront of surface science research for decades due to its countless

applications and importance within the semiconductor industry. Its low manufacturing cost

and specific properties make it the most widely used semiconductor within the industry [9].

In recent years, silicon surfaces have been of great interest for their potential use in molecular

electronic components, which depend on well-ordered films of organic and inorganic molecules

deposited on the surface [24]. Therefore, it is critical to have a solid understanding of the

surface and its properties to understand the interactions between these molecules and the

surface.

The (111) surface of Si has been widely studied and has come to be well understood after

many decades of research. This chapter will provide a general overview of the atomic con-

figuration of the Si(111)-(7x7) reconstruction, along with STM images of the reconstruction

to aid the reader in understanding the results of the experiments to be presented.
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3.1 (7x7) Reconstruction

Since the Si(111)-(7x7) reconstruction was first discovered in 1959 [25], many groups

proposed different atomic models for the surface reconstruction. The models suggested were

determined using low energy electron diffraction (LEED), and reflection high energy electron

diffraction (RHEED), and as more groups began to investigate the surface, more models

emerged combining certain aspects of previous models. With so many different models

disagreeing with one another, the surface reconstruction was becoming less clear rather than

being resolved. It wasn’t until 1985, nearly twenty-five years after its discovery, that the

(7x7) surface reconstruction was determined. Takayanagi et al. [25] determined that the

structure of the (7x7) reconstruction was of the dimer, adatom, stacking-fault (DAS) type

using transmission electron diffraction (TED) techniques. This model has been supported

by countless studies and is the leading model for the Si(111)-(7x7) surface.

Before this surface reconstruction is discussed, the unreconstructed Si(111) surface must

be examined first. The bulk crystal structure of silicon forms a diamond lattice, as shown

in figure 3.1a. The index (111) refers to the normal vector to the surface using the unit

cell as a coordinate frame. By cleaving the surface through the (111) plane, each surface

atom in the uppermost layer (i.e. adatoms) contain one half filled hybrid orbital that dangle

into the vacuum as shown in figure 3.1b [10]. The unreconstructed Si(111) surface forms a

hexagonal surface lattice with a primitive lattice vector of 3.84Å, and is known as the (1x1)

surface. The half-filled dangling bonds on each surface atom raises the free energy of the

surface significantly. This free energy is what drives the surface atoms to reconstruct into

their most stable reconfiguration with the lowest free energy, as thermodynamic systems

have the tendency to find their lowest energy states [26].

After cleavage from the bulk, the Si(111) surface takes on a (2x1) reconstruction described

by a π-bonded chain model [27]. Sufficient heat treatment of the (2x1) surface reconstruction

16



(a)

(b)

Figure 3.1: a) Illustration showing the diamond bulk crystal structure of silicon b) Side view
of the Si(111) unreconstructed surface with a bulk termination. The half filled dangling
bonds of the Si adatoms point into the vacuum.
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causes the atoms to rearrange themselves into the more complicated (7x7) reconstruction.

Once the surface has reconstructed into the (7x7), it will not revert back to the (2x1)

reconstruction [27]. As previously stated, the (7x7) reconstruction can be described using

a dimer, adatom and stacking-fault (DAS) model [25] as shown in figure 3.2. The (7x7)

reconstruction consists of 12 adatoms that sit atop two reconstructed (111) layers, with a

lattice vector of 26.9Å. This lattice vector is 7 times longer than the lattice vector of the

(1x1)(3.84Å×3.84Å) surface, therefore this reconstruction is called the (7x7), i.e. N×M,

where the surface primitive vectors are as=Na, bs=Mb and a and b are the primitive vectors

of the unreconstructed surface (as=bs=7×3.84Å=26.9Å).

Takayanagi et al. [25] determined the 12 adatoms in the uppermost layer (yellow atoms

in figure 3.2) of the (7x7) unit cell take on a local (2x2) structure, consistent with STM

images reported by Binnig et al. [29], and contribute one dangling bond each, pointing into

the vacuum. Atoms below the adatom layer in the first reconstructed layer have a local

(1x1) structure shown as green atoms in figure 3.2. These green atoms occupy the β and

γ sites in the right and left halves of the unit cell respectively as shown in the side view

of figure 3.2. The atoms within this layer are known as rest atoms, and contribute 6 more

dangling bonds per unit cell. Since these atoms occupy different atomic sites (β on right

half, γ on left half) in different halves of the unit cell, the two halves of the (7x7) unit cell

are distinct. If we look deeper into the bulk of the Si, atoms in the first unreconstructed

layer, which is the fourth surface layer, occupy sites labelled A seen in figure 3.2. Atoms

in the second unreconstructed layer, or fifth layer from the surface, which is not shown in

figure 3.2, occupy γ sites, similar to the green rest atoms on the left half of the unit cell in

figure 3.2. This means the stacking sequence [side view of figure 3.2] of atoms in the right

half of the unit cell from the bulk out, is γAαβ→adatoms, which is known as the normal

stacking sequence. Where atoms in the left half stack with the sequence γAα/γ→adatoms,

with a stacking fault located at the slash, which is between the second and third surface

18



Figure 3.2: Atomic model of the Si(111)-(7x7) reconstruction showing the top and side view.
12 adatoms sit on top of two reconstructed (111) layers. Each unit cell contains 19 dangling
bonds; 12 from the adatoms, 6 from the rest atoms, and 1 from the cornerholes. The atoms
in the right half of the cell stack with the sequence γAαβ→adatoms, where the atoms in the
left half stack with the sequence γAα/γ→adatoms, with a stacking fault at the /. This half
of the unit cell is known as the faulted half. [28]
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layers. Therefore, the left half of the (7x7) unit cell is known as the faulted half, and the

right half is the unfaulted half of the unit cell.

In the second reconstructed layer (the third layer from vacuum), 15 atoms are arranged in

a (1x1) pattern occupying the α sites in each triangular subcell, represented as white atoms

in figure 3.2. These 15 atoms are surrounded by 9 pairs of Si atoms that are bonded to one

another, forming dimers. These dimers are located along the edges of each triangular subcell

and are denoted by black lines in figure 3.2. At the corners of the triangular subcells are 3

vacancies. The vacancies within this reconstructed layer are known as the cornerholes of the

(7x7) unit cell, and each provide a dangling bond. In total, the (7x7) reconstruction model

contains 19 dangling bonds per unit cell; 12 from the adatoms, 6 from the rest atoms in the

stacking fault layer, and 1 from the corner vacancies. This is the lowest number of dangling

bonds of any proposed model. This means that this model has the lowest surface energy

possible, and explains why the Si(111) surface takes on this complicated reconstruction after

thermal treatment [25].

3.2 STM Imaging of Si(111)-(7x7) surface

As discussed in Chapter 2, STM images are a result of both topographical and electronic

effects. The tunnelling current in an STM image of the (7x7) reconstruction originates

from the dangling bonds which protrude into the vacuum as discussed in the last section

[30]. Figure 3.3 shows two STM images showing the empty and filled electronic states of

an atomically flat Si(111)-(7x7) surface taken at a sample bias of Vs=+2.5V and -2.5V

respectively. Depending on the sample bias and which electronic states you are imaging, the

STM images can differ significantly, as you can see in figure 3.3.

When imaging the empty-states of the surface, the dangling bonds of the adatoms are

directly probed and appear as 12 distinct protrusions of similar intensity(figure 3.3a), creating
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a flower like pattern [31]. The filled state STM image (figure 3.3b) at this particular bias

voltage looks considerably different, where the faulted and unfaulted halves of the unit cell

can now be distinguished. The white and black triangles in figure 3.3 outline the faulted

and unfaulted halves of the (7x7) unit cell respectively. The faulted halves appear brighter

in the filled state image due to the stacking fault that exists between the second and third

layer of atoms, as discussed above. This results in the faulted half of the unit cell being

more reactive than the unfaulted half and will appear brighter in the filled state images [30].

The distinct protrusions of the adatoms in the empty state image has been replaced with

a smeared current within each subcell of the (7x7) unit cell in the filled state image. This

is due to the emergence of the rest atom states at this particular bias voltage [30]. Since

the STM image has contributions from all electronic states within an energy window of e·V

below the Fermi level, at -2.5V the tip is probing both the adatom and rest atom states at

the same time. From the previous section we saw that these rest atoms are located between

the adatoms in the surface layer below, which leads to a smearing of the current around the

adatoms within the halves of the unit cell. By lowering the bias voltage, the energy window

narrows and the current arises from states closer to the Fermi level. The rest atom dangling

bond states were found to lie about 0.7eV below the Fermi level [30], so when the bias is

greater than this (i.e. Vs ≥ -0.69eV) only the adatom states (which lie much closer to the

Fermi level) will be probed and the image will be similar to the empty-state image.

Surface defects are common when imaging using STM such as Si adatom vacancies and

surface contaminants. A Si adatom vacancy appears as a dark hole in both filled and empty

state images and show no influence on the adjacent atoms [30]. Surface contaminants can

have a significant effect on the electronic structure of the surface and can appear as bright

protrusions or dark depressions in the STM images, and can differ in appearance between

filled and empty state images. Common contaminants such as CO [31] and H [32] are

especially hard to pump out of the vacuum due to their small size, and these residual gasses
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(a)

(b)

Figure 3.3: A ∼100x100Å2 STM image showing the a) empty states b) filled states of the
(7x7) reconstruction obtained with a sample bias of Vs=+2.5V and Vs=-2.5V respectively.
The white and black triangles outline the faulted and unfaulted halves of the unit cell
respectively. Darker adatoms seen in a) are most likely due to the adsorption of residual
gasses in the chamber, such as CO and H.
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can adsorb to the surface. Both CO and H adsorbed onto a clean (7x7) surface will appear

as both dark and bright features in the STM images. Figure 3.3a shows several adatoms that

appear darker than others, and are presumably sites where CO or H hydrogen has adsorbed

to the surface.

With the relatively high energy and number of dangling bonds on the clean Si(111)-

(7x7) surface, the surface is fairly reactive and the adsorption of contaminants can become

very high. Due to this reactivity, a clean surface will typically only last for one day under

vacuum conditions with a base pressure lower than 10−10 Torr. In the next chapter, the
√

3

reconstruction will be discussed as a means of reducing this surface reactivity.
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Chapter 4

Si(111)-
√
3x
√
3R30° Surface

Due to the reactivity of the reconstructed Si(111)-(7x7) surface discussed in the previous

chapter, interactions between organic molecules and the substrate can overcome intermolec-

ular forces having a large influence on the construction of supramolecular networks [11].

Strong interactions between organic molecules and the substrate can also have a large in-

fluence on the structure of thin films deposited onto the surface [12]. In order to avoid

strong covalent interactions between molecules and substrate, passivated surfaces with re-

duced reactivity are necessary. For the Si(111) surface, saturation of the dangling bonds

can be achieved through the incorporation of dopants, such as boron in the near-surface

region. The B atoms in the near-surface region induce a
√

3x
√

3R30° surface reconstruction,

changing the electronic properties of the surface [33]. Passivation of the surface also ensures

that the clean surface will maintain its quality much longer under vacuum and ambient

conditions due to the reduced surface reactivity. In the sections below, the procedure for

inducing such a surface reconstruction will be outlined and the atomic configuration of the
√

3 surface reconstruction will be discussed.
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4.1 Surface Preparation

As discussed above, the
√

3 reconstruction is induced on the Si(111) surface through the

incorporation of B atoms in the near-surface region. The incorporation of B to the near

surface region can be achieved through deposition of B onto a clean Si(111) surface, followed

by thermal annealing [34] [33]. It can also be achieved through thermal annealing of a B

doped Si(111) sample [13] [35]. For the experiments that follow, the latter method was

followed to induce a
√

3 reconstruction. It is important to note that these Si(111) samples

must be heavily doped with B, with resistivities lower than 0.05 Ω·cm to be able to produce

a
√

3 reconstruction.

As the sample is annealed, the B in the bulk of the Si will diffuse and segregate to the

surface. Since the evaporation rate of Si is considerably larger than that of B, the B will

accumulate in a layer several hundred angstroms thick around the surface [13]. The B atoms

near the surface induce a strain on the surface atoms, resulting in a re-ordering of atoms

into the
√

3 reconstruction to reduce the strain effects and lower the surface energy [33].

Thermal annealing time and temperature of the Si wafers varies within the literature but on

average it is reported to take several hours of annealing at temperatures above ∼1000°C to

obtain an appreciable concentration of B near the surface. At these elevated temperatures,

the B atoms have enough energy to diffuse from the bulk towards the surface.

The
√

3 reconstruction has also been reported to exist for Al, Ga, and In deposited onto

the Si(111) surface for coverages of 1
3
-monolayer [36]. This may come as no surprise as all

of these simple metals are group-III elements along with B. Although deposition of Al, Ga,

and In, onto a Si(111) surface results in the same
√

3 reconstruction, these atoms do not

occupy the same atomic sites as B within the reconstruction, which will be discussed in the

next section.

25



Figure 4.1: Side view of three different atomic arrangements that result in a
√

3 reconstruc-
tion on the Si(111) surface. The B-T4 model contains a B atom in the T4 position with a
Si atom directly below it in the S5 position. The B-S5 model contains a Si atom in the T4
position with a B atom directly below in the S5 position. The Si-S5 model consists of only
Si atoms in both the T4 and S5 position.

4.2 The
√
3 Reconstruction

With an appreciable concentration of B in the near surface region, a
√

3 reconstruction

of the surface atoms will be induced as discussed above. The specific atomic site that the

B atoms occupy can have a significant effect on the electronic properties of the surface [33].

The
√

3 reconstruction can be achieved with three different atomic arrangements of Si and

B atoms in the top three surface layers as shown in figure 4.1. The first atomic arrangement

depicted is the “B-T4”, where a B atom occupies the threefold-coordinated (T4) site in the

top surface layer, and a Si atom occupies the fivefold-coordinated (S5) site directly below the

T4 site in the third surface layer. The next arrangement is the “B-S5”, where the B atom

occupies the S5 site, and the Si atom occupies the T4 site. The last atomic arrangement

does not include any B atoms, and consists of Si atoms in both the T4 and S5 sites depicted

as “Si-S5” in figure 4.1. All of these different atomic arrangements have been observed to

result in a
√

3 reconstruction on the Si(111) surface.
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As discussed briefly above, the
√

3 reconstruction can also be achieved through the incor-

poration of other group-III elements such as Al, Ga, and In. When these group-III elements

were deposited onto the Si(111) surface, it was reported that the deposited atoms (Al, Ga,

and In) resided in the T4 site with a Si atom directly below occupying the S5 site [36].

This is depicted as “B-T4” in figure 4.1, where the Al, Ga, or In would substitute for the

B atoms in the T4 site. It was originally hypothesized that the B atom occupies the T4

site as well after sufficient heat treatment, similar to the other group-III elements [33]. But

by using first-principles total-energy calculations, it was determined that the most stable

configuration for B is not the B-T4, but rather the B-S5 arrangement [33] [34]. The B-S5

was found to be favoured over the B-T4 by 0.31eV/(1x1 cell) and is the most stable site

for B. It is important to point out that the
√

3 reconstruction can also be achieved purely

with Si atoms as seen in the Si-S5, and this Si-S5 reconstruction can coexist with the B-S5

reconstruction, which will be shown in Chapter 6. Although the Si-S5
√

3 reconstruction is

possible, a large strain is associated with this configuration making it unstable with respect

to the (7x7) [33], but can become stabilized when a sufficient amount of B-S5
√

3 is achieved,

resulting in these two atomic arrangements coexisting in the
√

3 domains.

Qualitatively, the stability of the B-S5 configuration over the B-T4 can be understood

using an argument of covalent bond lengths [34]. The covalent radius of B is smaller than

that of Si, making the Si-B bond length 12% shorter than the Si-Si bond length. To reduce

the bond-angle stress in the adatom unit cell, the Si atoms in the second layer relax inwards

decreasing their separation relative to the bulk. In the B-T4 configuration, this relaxation

induces an unfavourable compression of the bonds to the Si atom in the S5 position, where

in the B-S5 configuration this compression of bonds towards the B atom in the S5 position

is favourable due to the shorter bond lengths [34]. In contrast, other group-III elements

that form a
√

3 reconstruction have larger covalent radii than Si, therefore the bond lengths

between these atoms (i.e. Al-Si, or Ga-Si) and Si is larger than the Si-Si bond length.
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Figure 4.2: Illustration showing the
√

3 reconstruction with B occupying the S5 site below
the Si adatoms [11]. A charge transfer occurs from the Si adatom to the B below for the
formation of four covalent bonds. The

√
3 unit cell is rotated by 30° with respect to the

underlying (1x1) unit cell in the 2nd layer.

Consequently, these atoms prefer the T4 site over the S5 site.

When the B is situated in the B-S5 configuration, a charge transfer occurs from the Si

adatom in the T4 site to the trivalent B atom directly below. This charge transfer satisfies the

bond-charge requirements for B to participate in the formation of four covalent bonds with

adjacent Si atoms [33]. This charge transfer leaves the dangling bond state of the Si adatom

empty, passivating the surface. When the B occupies the T4 position, no charge transfer

takes place between the Si and B as only three covalent bonds are formed, making these two

configurations electronically distinct [33]. A 3-D model of the final
√

3 reconstruction can

be seen in figure 4.2, where the T4 sites in the uppermost layer are occupied by Si adatoms,

and B atoms occupy the S5 position in the third surface layer. Here we can clearly see that

the
√

3 unit cell is rotated by 30° with respect to the underlying (1x1) unit cell outlined in

the second surface layer.
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Chapter 5

Experimental Apparatus and

Techniques

5.1 Sample Preparation

The experiments presented in the next chapter were performed in a homemade ultra-high

vacuum (UHV) system which is capable of reaching pressures below 10−10 Torr. The UHV

system contains two separate chambers as shown in figure 5.1. The chamber on the right

of figure 5.1 contains equipment for molecular film growth on clean substrates and was not

used in the following experiments. The chamber on the left houses the flash-heating stage

along with the scanning tunnelling microscope. Figure 5.2 shows inside of the STM chamber

where the flash-heating stage and STM stage are located. These two chambers are separated

by a large flange, and each chamber is equipped with its own sample manipulator to transfer

the sample within the vacuum.

The flash-heating stage consists of a sample holder made from two tantalum clips mounted

on molybdenum bars. The two clips and bars are attached to copper wires which are fed out

of the vacuum chamber through a vacuum feed-through. A current is then passed through
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the copper leads, resistively heating the sample to the desired temperature. The sample

temperature is monitored using a thermocouple mounted onto the sample manipulator. It

is important to point out that the shape of the heating clips can have a considerable effect

on the preparation of a clean surface. If the heating of the sample is non-uniform, certain

areas of the surface may remain unclean and contaminated, which could in turn damage the

tip upon imaging. Non-uniform heating may also create a non-uniform concentration of B

atoms near the surface, causing one area of the sample to appear very different than the

next. Cracking or fracturing of the sample may also arise if the contact pressure applied

from the clips is non-uniform. By observing the colour of the sample during the cleaning and

annealing processes, we can determine if the sample is being uniformly heated or damaged.

Significant effort is made while making the tantalum heating clips to ensure the pressure

applied to the samples is sufficient so they are heated uniformly and are undamaged. As

well, care must be taken as to preserve the heating clips when transferring the sample to and

from the heating stage, as the clip’s geometry can change after multiple sample transfers.

5.2 Scanning Tunnelling Microscope

The scanning tunnelling microscope used in the experiments to be presented is also a

homemade system that consists of a tungsten tip inserted into a scanner. The scanner is

mounted onto an inchworm that uses piezo ceramics to walk back and forth along a shaft,

used for the coarse control of the STM tip upon approach and retraction. External electronics

are used to regulate the voltage applied to the inchworm which controls the tip movement.

These electronic signals, along with the tunnelling current from the tip is passed to and

from the STM through vacuum feed-throughs. The tunnelling current passes through a pre-

amplifier which amplifies and converts the tunnelling current, usually on the order of a few

hundred pico-amperes, to a voltage signal of a few tens of millivolts. The voltage signal is
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Figure 5.1: Picture of homemade ultra-high vacuum system consisting of two separate cham-
bers. The chamber on the left holds the flash-heating and STM stages, and the chamber on
the right is used for molecular film growth. The chambers are separated by a flange that can
be opened to transport samples from the STM chamber to the film growth chamber. The
UHV system is placed on a heavy-air table for vibration suppression.
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Figure 5.2: Picture showing the inside of the STM chamber where the flash-heating and
STM stages are located. The sample manipulator is used to transfer the samples between
the stages.
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then fed into the external electronics, where a feedback system ensures a constant tunnelling

current by adjusting the tip-sample separation. Using a computer software program which

controls the tip and image acquisition, the image and scanning parameters can be specified.

After sufficient cleaning of the sample at the flash-heating stage, the sample is transferred

to the STM sample holder. The STM stage is mounted on a floating platform for further

vibration suppression as seen in figure 5.2. The inchworm is used to walk the tip towards

the surface while a high bias voltage (∼400V) is applied between the tip and the sample.

This allows a field emission current, which is quantum mechanical tunnelling in the presence

of a strong electric field, to be produced when the tip is within tunnelling distance. Once a

tunnelling current is observed at this high bias voltage, the tip is walked towards the sample

at a slower rate until an appreciable current can be obtained with a bias voltage of ∼ 200V.

The voltage is then set to the desired imaging bias and the tip sample separation is reduced

by manually controlling the voltage in the piezo tube to which the tip is mounted. Once the

tip-sample separation is small enough that a tunnelling current is produced, the feedback

system takes effect and maintains the current at a set value. Although the feedback system

will maintain the current while imaging, special care must be taken to ensure the tip does not

crash into the surface, as thermal drift due to the piezo ceramics can drive the tip towards

or away from the surface.

Obtaining a good quality high resolution STM image depends on the optimization of

several parameters such as bias voltage, current set-point, proportional feedback gain, and

scanning parameters. As discussed in Chapter 2, the bias voltage applied between the tip and

sample determines the electronic states that are energetically accessible for the tunnelling

electrons. By changing the bias voltage, the overall appearance of the electronic structure of

the surface can be affected. The tunnelling current set-point is another important parameter

as this generally determines the tip-sample separation. The tip-sample separation should be

kept small enough to ensure that the tunnelling signal is higher than the noise level of the
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system giving sufficient sensitivity to resolve topographic details, but large enough so that

the tip does not crash into the surface.

As the tip is scanned across the surface, the tunnelling current is maintained using a

proportional feedback system which varies the height of the tip from the surface. The pro-

portional gain of the feedback system can be adjusted, although sensitivity to this parameter

is quite small due to the feedback time scale being smaller than the image sampling time

scale. An STM image is formed from a two-dimensional raster scan of points taken one line

at a time, where the length and number of points in each line can be adjusted. By modifying

the length and number of points in each line, the scan speed and resolution can be controlled.

The scan speed should be slow enough to ensure the feedback system has enough time to

compensate for any sudden height changes in the surface, but fast enough so that image

acquisition can be done in a reasonable amount of time.

The condition of the tip is also an important parameter in obtaining high resolution STM

images as mentioned in chapter 2. Care should be taken to ensure that the surface is clean

and the tip is an optimal shape before imaging, but the quality of the tip may deteriorate

after imaging the surface. The tip can be altered back to atomic resolution capability by

gently crashing the tip into the surface which may result in knocking off any contaminants

that may be attached to the tip, or by changing the architecture of the tip. Another method

for adjusting the tip morphology is by slightly pulling the tip away from surface and applying

a high bias voltage between the tip and sample. The induced field emission current and can

create a more stable tip, as well as help to remove any contaminants.

The tip geometry can have a large effect on the three-dimensional length measurements

of an STM image. For example, if the tip is blunt, then surface corrugations will not be as

accurate as measurements made with a sharp tip which can penetrate deeper into the surface

valleys between corrugations. Although, vertical measurements of atomic steps will remain

accurate no matter the tip geometry as the interaction between the tip and the surface will
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be the same on each atomic terrace, so the change in tip height will reflect the step height

no matter the tip shape. Due to thermal drifting of the tip, lateral measurements of the

surface will have a higher degree of uncertainty associated with them compared to vertical

measurements because of the high sensitivity of the tunnelling current to tip-sample separa-

tion. Three dimensional measurements can be calibrated by using known lattice dimensions

of the Si(111).
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Chapter 6

Results and Discussion

6.1 Sample Preparation

6.1.1 Sample Cleaning

All experiments and sample preparations were carried out under ultra-high vacuum

(UHV) conditions with a base pressure of 5 × 10−11 Torr. The silicon samples were cut

from boron doped commercially supplied silicon wafers with a resistivity of 0.02-0.05 Ω·cm

and a miscut angle of 0.1°± 0.1° in the <1̄1̄2> direction. The samples were cut into rect-

angular pieces 12.5mm long and 3mm wide. The silicon samples were ultrasonically cleaned

in acetone for 15 minutes, then rinsed with deionized water, followed by a second ultrasonic

cleaning in methanol for 15 minutes to remove organic contaminants on the surface before

being transferred to the vacuum chamber.

Once inside the vacuum chamber, the samples along with the vacuum chamber were

outgassed at 100°C for more than 24 hours. The samples are then thermally cleaned through

resistive heating to remove any native oxide layers that may reside on the surface. At the

heating stage, a dc current of about 11.00A is passed through the sample for roughly 1 minute

raising the sample temperature above 1100°C. This process was repeated several times to
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ensure the native oxide is removed, producing a clean Si(111) surface.

After the initial cleaning process, the samples are imaged using the STM to determine

if the sample is indeed clean and if a well-ordered Si(111)-(7x7) surface is obtained. The

samples are transferred back to the heating stage to be further cleaned if necessary. If the

sample is contaminant free, then the annealing process is begun to passivate the surface.

6.1.2 Sample passivation

To initiate the segregation of boron from the bulk of the silicon to the near surface

region, in turn passivating the surface, the samples are annealed at the flashing conditions

by applying around 11.00A through the sample, raising the temperature above 1100°C. The

sample is initially held at a temperature of 550°C for a few minutes by applying 1.00A

through the sample. This allows for the heating stage and sample to warm up as the heating

stage components are quite large compared to the samples. The current is then increased

to around 11.00A raising the sample temperature above 1100°C for 1-2 minutes. After 1-2

minutes at this temperature the current is slowly reduced back down to 1.00A for a few

minutes before the current is increased again. The current is increased at a rate of roughly

0.5A/second to ensure uniform heating and to reduce any thermal stress that may cause the

sample to crack or become damaged. This process is repeated for up to 2 hours of annealing

at temperatures greater than 1100°C. These annealing conditions lead to the accumulation

of B in the near surface region, inducing a phase transformation from the (7x7) phase to the
√

3 x
√

3R30° phase, passivating the surface.

6.2 DAS Structures and Multi-Atom Defects

In preparation for STM imaging, the silicon samples were cleaned using the methods

described above. Before the samples are annealed to begin the passivation process, each
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Figure 6.1: A 20 nm2 STM image taken at a sample bias of Vs=+2.5V showing the empty
states of the Si(111)-(7x7) phase. The dark features are most likely CO or H molecules
adsorbed to the surface after cleaning.

sample was imaged to ensure a clean Si(111)-(7x7) surface was obtained. A typical STM

image of the surface obtained after the initial cleaning process is shown in figure 6.1. Several

adatoms of the (7x7) reconstruction appear significantly darker than others. This is most

likely caused by the adsorption of CO or H from the residual gas within the vacuum chamber,

as small molecules such as these are especially difficult to pump out of the vacuum chamber,

as discussed in section 3.2.

Once a clean Si(111)-(7x7) surface is obtained, the sample is transferred back to the

cleaning stage to be further annealed. The annealing conditions described in 6.1.2 are used

to initiate the segregation of B to the surface. The sample was imaged at different annealing

times to investigate the transition between the (7x7) and
√

3 phases. A typical STM image

obtained after the sample has been annealed for approximately 40-80 minutes is shown in

figure 6.2. The image was obtained with the sample held at a bias voltage of +1.5V with

respect to the tip (empty state image). The image displays a step edge on the surface at an

intermediate phase between the (7x7) and
√

3 reconstructions. The upper edge of the atomic

step appears significantly different than the upper and lower flat terraces. Similar features

were observed on different silicon samples at annealing times between 40-80 minutes.
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Figure 6.2: A 40x26nm2 STM image obtained with a sample bias of Vs = +1.5V after ∼80
minutes of annealing. Many different atomic structures are seen coexisting, including two
DAS structures along the step edge, and multi-atom defects within the terraces.
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(a) (b)

Figure 6.3: a)A 57 x 43Å2 STM image obtained with a sample bias of Vs = +1.5V that
shows the multi-atom reconstructions. b) A sketch showing the adatom positions of each
reconstruction [35].

On the flat terraces, the atoms tend to be disordered with two different multi-atom

defects coexisting with small domains of the
√

3 reconstruction. These multi-atom defects

along with the
√

3 reconstructions are displayed in detail in figure 6.3a. A sketch of the

adatom arrangements of these reconstructions on the underlying Si(111)-(1x1) bulk is shown

in figure 6.3b [35]. The two multi-atom defects seen throughout the annealing process are

the c(4x2) and (2x2) reconstructions, and are always located along the boundaries of the
√

3

domains. Within the
√

3 domains it is observed that some Si adatoms appear much brighter

than the others. The darker adatoms were determined to be Si adatoms that contain a B in

the S5 site directly below, where the brighter adatoms were determined to have a Si atom

in the S5 site below the Si adatom [35]. The reasoning behind the differences in brightness

is due to the charge transfer that occurs from the Si adatoms to the B atoms beneath, and

will be further discussed in the “Electronic structure” section of this chapter.

The multi-atom defects observed on the terraces were first reported by Zotov et al. [35]

while investigating the
√

3 surface through the annealing of B doped Si(111) samples. As

shown in figure 6.3, the c(4x2) reconstruction appears as a square lattice structure forming
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(a) (b)

Figure 6.4: Enlarged image of the step edge shown in figure 6.2. The bottom half of the step
edge contains a (7x7) domain one unit cell thick. The upper half of the step edge contains a
(5x5) domain one unit cell thick. The (7x7) and (5x5) unit cells are outlined in red and black
respectively. b) Sketch of the atomic arrangements of the (5x5) and (7x7) to compare [37].
They share the same DAS reconstruction, but differ in size.

arrays composed of only 2-3 unit cells. The (2x2) reconstruction appears as a hexagonal

lattice structure, but are only ever seen as single unit cells appearing as a diamond shown

in figure 6.3a. It is important to note that the c(4x2) and (2x2) defects are always observed

to be made up of bright adatoms, where a Si adatom resides on top of another Si atom as

discussed above. The darker adatoms only appear within the
√

3 reconstruction as seen in

figure 6.3a, where a B atom has situated itself below a Si adatom. Therefore, the c(4x2) and

(2x2) defects only being comprised of bright adatoms implies that these defects arise when

the surface is B deficient. In fact, Zotov et al. [35] reported that these multi-atom defects

are not observed on the surface at B coverages greater than 0.2ML. The c(4x2) and (2x2)

multi-atom defects were observed to exist on the surface for up to 2 hours of annealing, or

until a sufficient amount of B has segregated to the surface.
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From figure 6.2, it is clear that the step edge is much different than the disordered terraces.

Figure 6.4 shows an enhanced image of the step edge seen in figure 6.2. Along the bottom

half of the step edge, a small (7x7) array one unit cell wide exists which is outlined in red.

The upper half of the step edge contains another atomic reconstruction very similar to the

(7x7) unit cell, known as the (5x5) reconstruction outlined in black in figure 6.4a. A sketch

of the atomic arrangements for both the (7x7) and (5x5) unit cells is shown in figure 6.4b.

From figure 6.4 a and b, we can see that the adatoms in the (5x5) unit cell are arranged

similarly to the (7x7), but instead of 12 adatoms per unit cell there are only 6 adatoms.

Surrounding the 6 adatoms are 4 cornerholes identical to the 4 cornerholes surrounding the

12 adatoms of the (7x7) unit cell. When imaged with a negative sample bias with respect to

the tip (filled states), one half of the (5x5) unit cell appears brighter than the other which

is shown in figure 6.5a. This means a stacking fault likely exists between the second and

third surface layers, analogous to the (7x7) stacking fault discussed in section 3.1. Figure

6.5b shows an empty state image of the (5x5) unit cell for comparison, where the faulted and

unfaulted halves outlined in red and black respectively are indistinguishable, which is also

observed for the (7x7) unit cell. The (5x5) unit cell has a known distance of 19.2Å between

cornerholes [37], making the surface area of the (5x5) unit cell roughly 50% smaller than the

(7x7)(26.9Å between cornerholes). The adatom arrangement, stacking fault, and dimensions

of the smaller unit cell confirm that it is also of the dimer-adatom-stacking fault type. The

majority of steps investigated after 40 minutes of annealing contained these DAS structures

roughly 1-3 unit cells wide, with some steps only consisting of (5x5) or (7x7), and others like

the one shown in figure 6.4 where the two DAS structures coexist.

The Si(111)-(5x5) reconstruction has previously been reported to exist on Si(111) while

investigating the transition from the Si(111)-(2x1) phase to the (7x7) phase [38], where the

(5x5) was determined to be an intermediate phase between the (2x1) and (7x7) reconstruc-

tions [39]. Becker et al. [37] also reported seeing this reconstruction on a Si(111) surface

42



(a) (b)

Figure 6.5: STM images showing the a) Filled states of the (5x5) reconstruction obtained
with a sample bias of Vs=-1.5V. One half of the (5x5) unit cell appears brighter than
the other, similar to the filled state images of the (7x7) reconstruction. The difference in
brightness between the two halves of the (5x5) unit cell implies a stacking fault exists in the
lower surface layers of the brighter half, similar to the (7x7) b) Empty states of the (5x5)
reconstruction obtained with a sample bias of Vs=+1.5V. The two halves of the (5x5) unit
cell appear the same in the empty state images, where the faulted and unfaulted halves are
outlined in red and black respectively.

after the sample was exposed to an optical pulse from a Nd:YaIG laser. All these groups

report that the (5x5) phase has a similar atomic arrangement to the (7x7) phase but contains

6 adatoms instead of 12. Angle-resolved ultraviolet photoemission spectroscopy (ARUPS)

data showed that the electronic structure of the (5x5) reconstruction is almost identical to

the (7x7) [38], giving further evidence that this is indeed a dimer-adatom-stacking fault

(DAS) type reconstruction. Through a semi-empirical tight-binding model calculation, it

was found that the (7x7) and (5x5) DAS structures are very similar in energy. The (7x7)

resulted in a decrease in energy of -0.403 eV relative to the unrelaxed (1x1) surface, where

the (5x5) resulted in a decrease of -0.395 eV [38]. Surface energies were also calculated for

the adatom free analogs of the DAS models. It was determined that the energies for the

(7x7) and (5x5) were 1.427 and 1.428 eV
(1x1)cell

respectively [38].
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6.2.1 Boundary Between DAS Structures and the
√

3 Phase

After observing a (7x7) domain coexisting along the step edge with the
√

3 reconstruction,

the in-plane boundary between these two domains was further investigated. The in-plane

boundary of the remaining (7x7) can be seen in figure 6.4, as well as in figure 6.6 where two

STM images of a small (7x7) domain on a step edge is displayed. Figure 6.6a and b show the

filled and empty electronic states of the surface respectively, while figure 6.6d shows a sketch

of the adatom arrangement at the boundary between the (7x7) and
√

3 reconstructions.

In the filled state image (figure 6.6a), the two sub units of the (7x7) unit cell can be

distinguished, where the faulted and unfaulted halves of the unit cell are outlined with white

and black triangles respectively. As discussed above as well as in chapter 3, the faulted half

of the DAS unit cells are more reactive than the unfaulted half, and will appear brighter

in the filled state images [30]. Between the (7x7) and
√

3 domains, we observe a row of

Si adatoms that are aligned with the adatoms of the faulted halves of the (7x7) unit cells.

Figure 6.6c shows a magnification of the outlined area in figure 6.6b where you can clearly

see the aligning of these adatoms. The adatoms labelled 1, 2 and 3 in the faulted half

of the (7x7) unit cell are aligned with the adatoms labeled 4, 5 and 6 of the disordered
√

3 reconstruction. In the region near the (7x7) domain boundary, the atoms tend to be

disordered and the
√

3 reconstruction does not exist directly up to this boundary, as seen

from the STM images as well as the atomic arrangement sketch shown in figure 6.6d.

When investigating the B induced reconstruction, Wong et al. [26] proposed a commen-

surate packing model for the (7x7) and
√

3 domain boundaries, where a Si atom of the
√

3

phase would fill a cornerhole of the (7x7). This interface repeat distance was determined

to be 21 atomic spacings with only every third corner hole of the (7x7) being filled. But

what they observed was similar to what is seen in figure 6.6, where none of the cornerholes

of the (7x7) region are filled and an extra row of adatoms is aligned with the unit cell of the
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(a)

(b)

(c) (d)

Figure 6.6: a) STM image obtained with a sample bias of Vs=-1.5V showing the filled
states of the substrate near a step edge. The white and black triangles outline the faulted
and unfaulted halves respectively. The dashed white line shows where the underlying row
of dimers is situated along the boundary. b) STM image obtained with a sample bias of
Vs=+1.5V showing the empty states. c) Inset of b). The White dashed lines outline a
faulted half of the unit cell. The adatoms labelled 1, 2 and 3 are aligned with the adatoms
labelled 4, 5, and 6. d) Shows atomic arrangement of the in-plane boundary, where the grey
and black adatoms of the (7x7) represent the faulted and unfaulted halves of the unit cell
respectively, and the red adatoms represent the atoms of the disordered

√
3 reconstruction.
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(7x7) domain. The extra row of adatoms that align at the edge of the faulted halves (those

labelled 4, 5 and 6 in figure 6.6c) are due to the formation of dimers within the third surface

layer of the (7x7) unit cell [26]. These dimers are located between the adatoms labelled 1-3,

and 4-6, and are also denoted by black lines between the grey adatoms and red adatoms

in figure 6.6d. These dimers can also be seen in the sketches of the (5x5) and (7x7) unit

cells in figure 6.4b, located along the lines connecting the cornerholes and are denoted by

small black lines. The formation of these dimers in the third surface layer is said to lower

the surface energy through the inclusion of Frenkel point defects (which also occurs between

faulted and unfaulted half of 7x7 unit cell), but gives rise to a highly defective
√

3 region

that exists in small domains around the in-plane boundary [26].

The boundary between the (5x5) and the
√

3 phases is almost identical to the boundary

of the (7x7) and
√

3 discussed above, and can be seen in figures 6.4 and 6.5. Here we can see

that the boundary of the (5x5) is terminated with the flat side of the faulted half, analogous

to the (7x7). As well, two adatoms in the disordered
√

3 domain are aligned with the adatoms

of the faulted half of the (5x5) unit cell. These aligned atoms are again indicative of the

formation of dimers in the third surface layer of atoms, which again leads to a somewhat

disordered region around the (5x5) and
√

3 phase boundary. It is important to point out,

that the results we have observed are slightly different than the results put forth by Wong

et al.. They report that (7x7) domains are terminated with the unfaulted halves of the

unit cell, where our results show that both the (7x7) and (5x5) boundaries are terminated

with the faulted halves as seen in the sketch of figure 6.6d. Unfortunately, we are unable to

determine the cause of these differences observed.
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6.3 Silicon Magic Clusters

While imaging the surface after the initial cleaning process, several features located on

the flat terraces of the clean Si(111)-(7x7) surface were observed. These features consisted

of disordered line defects or areas located between multiple (7x7) domains. Figure 6.7 shows

an STM image obtained with a sample bias of +1.5V with respect to the tip showing an

example of these disordered areas found on the terrace. From figure 6.7, we can see that

the disordered areas are surrounded by 4 (7x7) domains labeled A, B, C and D. Across the

disordered areas, the cornerholes of the labeled (7x7) domains appear faulted with respect

to one another, illustrated by a red line in figure 6.7. These disordered lines and areas, along

with a fault between the bordering (7x7) domains were seen at different areas of the samples

and on multiple samples after the initial cleaning process.

Within the disordered areas, the common c(4x2) and (2x2) multi-atom defects are seen,

but the majority of atoms are arranged in the
√

3 reconstruction. Very bright features

that appear round in shape at this particular bias voltage are also seen to exist within

the disordered areas. Figure 6.8 shows a more detailed STM image of a disordered area

taken with a sample bias of +1.5V. Here, it is observed that a large amount of the
√

3

reconstruction has been stabilized between two (7x7) domains labeled A and B. Three bright

protrusions that appear round in shape are located within the disordered area labeled by

red circles. These bright features are similar in shape and size to those observed in figure

6.7 and are never found on or within the (7x7) domains. Their relative brightness compared

to the surrounding adatoms insinuates that these bright features are raised above the other

adatoms and tend to sit on top of the disordered areas, rather than within the same plane.

The silicon samples were further annealed and imaged at intermediate annealing times

(40-100 minutes) as discussed previously. It was observed that the round bright protrusions

seen after the initial sample cleaning continued to exist on the disordered areas of the terraces.
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Figure 6.7: A 600Å x 300Å STM image obtained with a sample bias of Vs=+1.5V. The red
lines help show the fault between the different (7x7) domains that are labeled A,B.C and D,
which surround multiple disordered areas and lines.

Figure 6.8: A 400Å x 200Å STM image obtained with a sample bias of Vs=+1.5V. The
two faulted (7x7) domains A and B are shown. Between the two domains is a disordered
area that is mainly

√
3x
√

3R30°. Three bright features are seen within the disordered areas
outlined in red.
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These round bright protrusions observed were measured to have an average radius of 12.4

± 0.7 Å . Figure 6.9a shows a typical STM image obtained after ∼100 minutes of annealing

taken with a sample bias of +1.5V. Along the step edge a small (5x5) domain is seen which

is typical for this annealing time as discussed in the previous section. Once again, the

flat terraces still appear more or less disordered, where a large amount of the
√

3 phase

has formed, but still contain several areas of the multi-atom defects (c(4x2) and (2x2)).

Approximately 16 bright protrusions that again appear round in shape at this particular

bias voltage are seen on the disordered areas that surround the stabilized
√

3 domains. The

bright features are never located directly on the
√

3 or the (5x5) domains, but only on the

more disordered atoms that surround these domains.

The same area was imaged again with a sample bias of -1.5V with respect to the tip to

investigate the filled states of the substrate at this annealing time. We then zoomed in on the

4 bright features outlined in 6.9a to investigate how these features changed with tunnelling

voltage. Figure 6.9b and c show the 4 features imaged with a sample bias of +1.5V and -1.5V

respectively. Here we can see that the features labeled 1, 2, 3, and 4 appear much brighter

and larger when imaged with a negative sample bias (filled state image-figure 6.9c), then

when imaged with a positive sample bias (empty states-figure6.9b). These differences in size

and brightness with sample bias voltage were consistent on different areas of the sample and

at different annealing times.

When imaged with a positive sample bias (empty states), several of the round bright

protrusions seen on the disordered areas seemed to be comprised of 3 lobes or sub-units.

The 3 lobes of the feature labeled 1 in figure 6.9b can just be made out, whereas the others

tend to be uniformly bright and round. Differences in the appearance of these protrusions

were seen when imaging at different times with different tip conditions. In figure 6.10, three

STM images taken at the same bias voltage are used to compare the appearance of these

bright protrusions with differing tip conditions. These protrusions are assumed to be the
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Figure 6.9: a) STM image obtained with a sample bias of Vs=+1.5V showing the empty
states of the substrate after ∼100 min of annealing. b) Black inset seen in a) showing four Si
magic clusters on the disordered areas of the terrace. c) STM image of the same 4 Si magic
clusters taken with a sample bias of Vs=-1.5V.
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same due to their similarities in size and positioning on the disordered areas. In figure 6.10a,

we can see that the bright feature is reasonably round with a uniform brightness, similar

to the other images seen so far. The image in figure 6.10b was obtained after the STM tip

had been changed, and the bright protrusion here can be easily distinguished into 3 separate

lobes or subunits oriented in a triangular fashion, similar to feature 1 in figure 6.9b. Figure

6.10c was obtained on a different day where the tip conditions were significantly different.

Here the bright protrusion appears much more ring shaped rather than triangular. As well,

the bright feature in the bottom left corner of figure 6.10c seems to contain ∼6 sub-units or

lobes, with three of them being predominantly brighter than the others.

Similar features have been observed on the surface of Si(111) by Ong et al. [40] while

investigating the phase transition from the disordered (1x1) phase to the (7x7) phase upon

sample heating and cooling. Round bright protrusions were seen to exist on the disordered

(1x1) areas, all similar in size to one another. The average size of these features was measured

to be 13.5 ± 0.5Å [40], which agrees within error with the size of the features measured in

our STM images. They also reported that the features appeared to be much brighter and

larger in the filled state images than in the empty state images, similar to the results seen

in figure 6.9a and b. It was determined that these bright features are stable clusters of Si

atoms that facilitate the surface ordering of (7x7) domains, and are referred to as “Si magic

clusters” [40]. When the Si(111) surface is heated past 900°C, the (7x7) reconstruction

disorders back into the unreconstructed (1x1) phase. Upon cooling, the sample then reverts

back to the (7x7) phase below the transition temperature. Since the atomic density of the

high temperature unreconstructed (1x1) phase is 6% higher than the (7x7) phase [41], excess

Si atoms left from the formation of (7x7) domains are “pushed” up onto the disordered (1x1)

areas, where they agglomerate together to form these magic clusters [40].

Si magic clusters have been reported to exist on the Si(111) surface by other groups

[42] [43] [35]. Ho et al. [42] reported seeing Si magic clusters on the Si(111) surface after
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(a) (b) (c)

Figure 6.10: STM images obtained with a sample bias of Vs=+1.5V showing the bright
protrusions seen on the disordered areas. Each protrusion is very similar in size and only
seen on the disordered atoms. Image b) was obtained with a different STM tip than the one
used in image a). Image c) was taken on another day where the tip conditions may have
changed.

the deposition of Si atoms. Using an STM, they directly observed the attachment and

detachment of the Si magic clusters onto the step edges, propagating the (7x7) domains [42].

This attachment of Si adatoms at the step edge was also observed by Ong et al. [40], and

is the reasoning for why they are known as “magic clusters”, along with the fact that they

are the only stable clusters on the surface above 200°C [42]. Both groups report that the

clusters appear to be comprised of 3 separate sub-units arranged in an isosceles triangle [40].

Although Ho et al. [42] observed the clusters to have 3 sub-units, they also reported that

the appearance of the clusters in the empty state images depend on the tip characteristics.

They found that with one tip, the clusters appeared as 3 separate sub-units, but with a

different tip they appeared as 6 protrusions arranged in a ring. These results are identical

to what we have seen in our empty state images shown in figure 6.10. Differences in the

cluster appearance was attributed to thermal vibration of the atoms within the clusters.

From the dynamic behaviour of the clusters at the step edge, it was estimated that the Si

magic clusters contained between 9 and 15 Si atoms [42]. It was then determined that the

Si magic clusters contain 12 Si atoms, comprised of 3 tightly bound tetra-clusters giving rise
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to the triangular appearance in the empty state images [40]. The appearance of the 3 sub

units being similar in size to a Si adatom on the surface confirms that these tetra-clusters

are very tightly bound.

It is clear from the agreement in lateral size measurements of the bright features, as well

as the change in appearance with bias voltage and tip conditions, that the bright features

seen on the Si(111) surface after the cleaning and annealing process are indeed Si magic

clusters. These magic clusters are known to facilitate the surface ordering between the

unreconstructed (1x1) and (7x7) phases through attachment and detachment along the step

edges. It is predicted that these magic clusters may also help facilitate the transition between

the (7x7) and
√

3 phase in a similar manner, which will be discussed in the next section.

6.4 Dynamics of Phase Transition

It was observed that after the initial cleaning process of the Si samples, many areas

located on the flat terraces of the clean Si(111)-(7x7) surface appear disordered. These

disordered areas are located between multiple (7x7) domains that are faulted with respect to

one another as seen in figures 6.7 and 6.8. Stable Si magic clusters are observed to reside on

top of these disordered areas which are due to the propagation of the (7x7) domains across

the surface [40]. As discussed in the previous section, when the sample is cooled below

900°C after being cleaned at the flashing conditions, the (7x7) unit cells begin to form and

propagate across the surface. Due to differences in the atomic density of the disordered (1x1)

and (7x7) phases, excess Si adatoms are pushed up onto the disordered (1x1) areas, where

they then form stable magic clusters as more and more (7x7) unit cells are formed. (7x7)

domains that are produced on different areas of the sample then propagate across the surface

until the entire surface is reconstructed. A disordered area may arise between two or more

(7x7) domains if a full (7x7) unit cell cannot be formed [43]. This results in a fault between
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multiple (7x7) domains, where Si magic clusters reside on the disordered areas between these

domains, which is what is seen in our STM images obtained.

It was determined that the cooling conditions of the sample can have a considerable effect

on the (7x7) surface obtained [40]. If the sample was cooled relatively quickly or quenched,

the formation of triangular (7x7) domains will occur, as well as an increased number of magic

clusters and disordered areas, which contain metastable DAS structures such as the (5x5) and

(9x9), and non-DAS structures like the (2x2) defect discussed earlier [40]. The cooling rate

of our samples was not measured, but it is estimated to be roughly 50°C/sec. This elevated

cooling rate may explain why a large number of disordered areas appear on the terraces after

our initial cleaning process. Although, it has also been shown that the progression of the

(7x7) domains on a clean surface is a fairly rapid process [26]. Wong et al. [26] observed a

similar surface on a B doped Si(111) sample after an initial annealing time similar to our

cleaning procedure time, where the terraces were dominated by small domains of (2x2), (5x5)

and
√

3 phases, with a (7x7) reconstruction along the upper step edges. They inferred that

the B atoms that segregated to the surface during the initial annealing process slowed down

the surface adatom diffusion, in turn inhibiting the (7x7) reconstruction process [26]. After

our initial cleaning process, it is possible that enough B had segregated to the surface in that

time to inhibit the long range ordering of the surface. This is backed by the fact that we

constantly see stabilized
√

3 reconstructions located within the disordered areas as shown in

figures 6.7 and 6.8. Unfortunately, the exact reason for why these disordered areas (c(4x2),

(2x2) and
√

3 phases) occur after our initial cleaning process cannot be confirmed, but it is

most likely due to the increased amount of B in the near surface region which reduces the

surface diffusion of atoms.

As the samples are further annealed at the flashing conditions, more B is segregated to

the near surface region inducing a phase transition from the (7x7) to the
√

3 reconstruc-

tion. By imaging the surface at different annealing times, investigation of the intermediate
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phase between this transition is possible. Figure 6.11 shows three STM images obtained

with a sample bias voltage of +1.5V with respect to the tip, showing the empty states of

the substrate after ∼80 minutes, ∼100 minutes, and ∼120 minutes of annealing. Each im-

age displays a step edge to investigate the differences between the terrace and step edge

reconstructions with annealing time.

Figure 6.11a shows a typical STM image of the surface after ∼ 80 minutes of annealing.

At this annealing time, the surface looks very similar to figure 6.2 where the flat terraces are

very disordered, and the step edge contains small domains of the (7x7) DAS structure. On

the terraces, small domains of the
√

3 reconstruction, as well as many multi-atom defects

such as the c(4x2) and (2x2) reconstructions were seen again. Si magic clusters are also

seen on the disordered terraces and appear to be sitting on top of the disordered adatoms.

As discussed previously, the only (7x7) domains remaining on the surface after the initial

cleaning process was located along the step edge. These (7x7) domains, along with another

DAS reconstruction known as the (5x5), only consisted of 1-2 unit cells along the steps which

is seen in figure 6.11a. After ∼100 minutes of annealing (figure 6.11b), the flat terraces still

remain more or less disordered, although, larger domains of the
√

3 reconstruction are seen

with fewer multi-atom defects. Along the step edges, the DAS domains ((7x7) and (5x5))

have become much smaller, and do not exist along the entire step edge like the step shown

in figure 6.11a. Si magic clusters are still seen on the disorder areas of the terrace. Figure

6.11c shows the surface after ∼120 minutes of annealing. At this annealing time, the step

edge does not contain any (7x7) or (5x5) unit cells, and has reconstructed to the
√

3 phase

almost entirely. The flat terraces are also almost completely of the
√

3 reconstruction with

only a small number of multi-atom defects. Si magic clusters are still seen residing on the

surface, but it seems the amount of these clusters has decreased.

Two plots showing the width of the (5x5) and (7x7) domains along the step, and the Si

magic cluster density versus annealing times is given in figure 6.12. The plot in figure 6.12a
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(a)

(b)

(c)

Figure 6.11: STM images obtained with a sample bias of Vs=+1.5V a) After ∼80 minutes
of annealing b) After ∼ 100 minutes of annealing c) After ∼ 120 minutes of annealing
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shows how the DAS domains along the upper step edges become narrower with annealing

time, until the step edge has fully converted to the
√

3 reconstruction after ∼120 minutes

of annealing (figure 6.11c). Figure 6.12b shows that the density of Si magic clusters on the

surface decreases with annealing time as well.

It should be pointed out that in all of the images obtained, Si magic clusters are never

seen located on top of the (7x7), (5x5) or
√

3 domains. These are similar to results obtained

be Jiang et al. [43] and Ong et al. [40]. Both groups have suggested that the clusters have a

lower mobility on the disordered areas, in turn diffusing much easier along the (7x7) domains.

This means that as the sample is cooled, the Si magic clusters that may have been residing

on top of the DAS or
√

3 domains have enough time and energy to diffuse towards and

be incorporated into the step edges. Whereas the lower mobility of these clusters on the

disordered areas may trap these Si clusters, prohibiting them from attaching to the step

edges. From the plot shown in figure 6.12b, it is observed the density of Si magic clusters

on the surface decreases with annealing time. As the annealing time is increased, the magic

clusters are given enough energy and time to diffuse across the surface (from (7x7) domains

or disordered areas) towards a step edge, where then can then be incorporated into the step

edges and propagate the surface reconstruction [40].

Although the Si magic clusters were first seen after the initial cleaning process, a large

amount of these clusters continued to exist on the surface for a significant amount of time.

An argument of atomic densities between the unreconstructed (1x1) phase and the (7x7)

phase was given to explain why Si magic clusters may exist on the disordered areas of the

surface after the initial cleaning procedure. Here, a similar argument may be made for the

appearance of these clusters during the transition from the (7x7) to the
√

3 phase. It was

determined that if a
√

3 surface was formed from just silicon atoms (i.e. “Si-S5”), it would

take 16.6% excess Si atoms, compared to when B is incorporated [26]. Therefore, as more

B is segregated to the surface and more of the
√

3 reconstruction is formed, the excess Si

57



0

5

10

15

20

25

30

35

30 40 50 60 70 80 90 100 110 120 130

W
id

th
 o

f D
AS

 o
n 

St
ep

 E
dg

e 
[Å

]

Annealing Time [minutes]

Width of DAS Domains ((5x5) and (7x7)) Along Step Edge vs Annealing 
Time 

(a)

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

30 40 50 60 70 80 90 100 110 120 130

M
ag

ic
 C

lu
st

er
 d

en
sit

y 
(c

lu
st

er
s/

nm
^2

)

Annealing time (minutes)

Si Magic Cluster Density vs Annealing time

(b)

Figure 6.12: a) Shows the remaining DAS structure unit cells along the step edges decreasing
with time. b) Shows the Si magic cluster density decreasing with annealing time. Each plot
shows the results from two samples; A and B.
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atoms may again be pushed onto the disordered regions and agglomerate together into the

magic clusters, explaining why these clusters still exist on the surface after almost all of the

(7x7) reconstruction is gone.

Similar results were seen when investigating the
√

3 phase transition, and it was de-

termined that the density of magic clusters can be reduced by slowly cooling the sample

after annealing [35]. The slow cooling process is presumed to give the clusters enough time

to diffuse to the step edges, rather than being “frozen” onto the disordered terraces. Al-

though, after the sample has been annealed for a significant amount of time, the clusters

will eventually reach a step edge and attach no matter the cooling conditions.

When the Si magic clusters have enough time to diffuse to a step edge during the initial

stages of annealing, they will dissociate into 12 Si atoms and will reconstruct into (7x7) unit

cells. Possible evidence of Si adatoms attaching to the step edge forming a (7x7) unit cell

is seen in figure 6.11a, where several Si adatoms can be seen along the step edge aligning

with the Si adatoms of the (7x7) unit cells on the step. This image is similar to STM images

obtained by Ho et al. [42], confirming that the Si magic clusters on the surface dissociate and

attach to the step edges propagating the (7x7) domains. As the samples are further annealed,

more B is accumulated in the near surface region inducing more of the
√

3 reconstruction on

the surface. As more B is accumulated, we observe that the (7x7) domains along the steps

change to the (5x5) reconstruction and eventually the only DAS structure seen on the steps

are (5x5) unit cells. From these results, we can imply that the accumulation of B at the

surface induces a phase transition from the (7x7) to the (5x5) phase along the steps, and as

Si atoms attach to the steps, they will prefer to form into (5x5) unit cells rather than (7x7)

when enough B is accumulated at the surface.

As discussed previously, the (7x7) and (5x5) reconstructions were determined to be very

close in energy. Surface energy calculations showed that when under a compressive strain of

∼0.1%, the (7x7) and (5x5) phases are equal in energy, and that a compressive strain will lead
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to a transition from (7x7) to (5x5) [38]. As more B is segregated to the surface forming more

of the
√

3 reconstruction, an induced strain may cause the small (7x7) domains to convert

to (5x5), additionally, making it energetically favourable for the new atoms attaching to the

steps to form into (5x5) instead of (7x7). This would explain why the majority of DAS

unit cells seen along the steps after a longer annealing time are of the (5x5) nature, as this

reconstruction may act as an intermediate phase between the (7x7) and
√

3 phases along

the steps. Further annealing allows more B to segregate to the surface, making it more

energetically favourable for the atoms to reconstruct into the
√

3 phase rather than (5x5) as

they attach to the steps.

Although it is clear that the step edges are the last area of the surface to reconstruct into

the
√

3 phase, it is unclear the reasoning behind these results. While investigating the
√

3

surface, Wong et al. [26] also observed that the upper step edge contained regions of (7x7),

while the rest of the terrace formed a disordered
√

3 reconstruction. They believed that this

was due to the fact that the (7x7) nucleates from these step edges as discussed previously,

which is controlled by the attachment of Si atoms from magic clusters residing on the surface.

By thinking about the diffusion of both the magic clusters on the surface, and the B within

the bulk of the Si, it can be assumed that the diffusion of the magic clusters on the surface

occurs much faster than the diffusion of B from the bulk to the surface. Qualitatively this

makes sense, as it will be much easier for an atom to diffuse 2-dimensionally across the

surface, rather than 3-dimensionally from the bulk of a solid to the surface. Therefore, as

the B diffuses from the bulk of the Si to the surface, the magic clusters can diffuse to the

step edges much faster, propagating the (7x7) or (5x5) domains before the
√

3 phase can be

induced along the step edge. But as more B is accumulated in the near surface region, it is

possible for a B atom to diffuse into an S5 position forming a
√

3 domain near the step edge

before the magic clusters have enough time to diffuse and attach into a (7x7) or (5x5) unit

cell. Eventually the
√

3 domains will propagate to the step edge, and any new atoms that
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attach will situate themselves into the
√

3 reconstruction.

From the results presented, it is observed that the
√

3 reconstruction seems to form on

the flat terraces and propagate towards the step edges. At the steps, Si magic clusters

which arise from differences in the atomic densities between different surface reconstructions

dissociate and the constituent Si atoms attach themselves to the steps and form into (7x7)

unit cells. As more B is accumulated in the near surface region, the atoms on the upper

step edges transition from the (7x7) to (5x5) phase, and as more Si atoms attach to the edge

they will prefer to orient themselves into (5x5) unit cells rather than (7x7). Once enough

B has been accumulated near the surface, the Si magic clusters do not have enough time

to attach and propagate the DAS domains before a B atom can diffuse into the S5 position

and cause a phase change to the
√

3 reconstruction. Once these B atoms can induce a
√

3

reconstruction near the step, the attaching Si atoms continue to form
√

3 unit cells rather

than DAS unit cells until all of the clusters have attached to a step. The Si magic clusters

observed help to control the mass transport on the surface during the phase transition, and

can exist on the surface for a significant amount of time until they can diffuse to a step edge.

After a sufficient amount of annealing time (t >120min), the surface is fully reconstructed in

the
√

3 phase, where the electronic properties differ greatly from the original (7x7) surface,

which is discussed in the following section.

6.5 Electronic Structure of
√
3 x
√
3R30°

The atomic reconfiguration of the atoms into the
√

3 phase through the incorporation

of B in the near surface region significantly changes the electronic structure of the surface,

which in turn differs greatly from the bulk electronic properties [44]. Due to the attention

that this
√

3 surface has been gaining in recent years, the electronic structure of the
√

3

surface has been investigated here. Figure 6.13 shows STM images of the surface after a well
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ordered
√

3 surface has been obtained, where figure 6.13a shows the empty electronic states

and figure 6.13b shows the filled electronic states with the sample held at a bias voltage of

+1.5V and -1.5V respectively.

In figure 6.13, three interesting features are observed on the
√

3 surface which are shown

by the white, black and red arrows. The white arrows show Si adatoms that appear very

bright in both the empty and filled states images, where the black arrows show Si adatoms

that appear much darker. It is observed that these bright adatoms appear much larger in

the filled state image than in the empty state image, where the darker atoms labeled by a

black arrow seem consistently dark in each image. The red arrows show a Si adatom that

appears very dark in the empty state image (like a vacancy), but when imaging the filled

states appears bright, although less bright than the Si adatoms labeled by the white arrow.

As discussed previously, there are two types of atomic arrangements that make up the
√

3 surface; atoms arranged in the B-S5 configuration, and atoms arranged in the Si-S5

arrangement. The atoms in the Si-S5 arrangement appear brighter than the atoms in the B-

S5 arrangement within the
√

3 domains. Bright Si adatoms in the Si-S5 arrangement contain

another Si atom directly below them and appear bright in both the STM images, where Si

adatoms in the B-S5 arrangement that contain a B atom below the Si adatom appear dark

in both images [45]. When the B atom situates itself in the S5 position below a Si adatom, a

charge transfer occurs from the Si atom to the B atom. This charge transfer to the trivalent

B atom leaves the Si adatom dangling bond state empty [33]. This charge transfer is what

chemically passivates the surface, and explains why the adatoms without a B beneath them

appear brighter in the empty state images.

When the boundary conditions of the surface are included into the potential energy term

of the Hamiltonian, new electronic states arise. By mapping an electronic wave function of

the bulk onto the decaying wave function in the vacuum, new localized states appear at the

surface whose energy lies within the band gap of the bulk, and these new states are known as
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(a)

(b)

Figure 6.13: A 300 x 200 Å2 STM image obtained with a sample bias of; a) Vs=+1.5V
showing the empty electronic states b) Vs=-1.5V showing the filled electronic states of the√

3 surface. The white arrows show a Si adatom with a Si atom beneath, and the black
arrows show Si adatoms with a B beneath them. The red arrows show a possible subsurface
B defect site.
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“surface states” [10]. These surface states may “mix” with bulk states, resulting in a large

amplitude on the surface. These states are known as surface resonance states and are not

“true” surface states, which decay rapidly into the bulk [10].

Scanning tunnelling spectroscopy (STS) experiments were performed on the
√

3 surface

where the normalized differential conductivity ( dI
dV

/ I
V

) is plotted against the sample bias,

which reflects the local electronic density of states [11]. They found that no surface-state

band exists within the bulk band gap of Si, but an unoccupied band of surface states was

found to exist 0.4eV above the bottom of the conduction band. They stated that this band

of surface-states was pushed out of the band gap region due to the electron capture of the

B atom [11].

Bedrossian et al. [34] also performed STS experiments, but specifically above the bright

and dark adatoms on the
√

3 surface separately. Above the bright adatoms (Si above Si),

they found the existence of two peaks 0.5eV on either side of the Fermi level. The appearance

of these peaks explains why these adatoms appear bright in both images no matter what

the polarity of the sample bias is. The intensity of the peak obtained at a negative sample

bias (filled states) was observed to be higher than the peak at a positive sample bias (empty

states) [34], which agrees with our results that these atoms appear brightest in the filled

state images.

The sites denoted by the red arrows in figure 6.13, which appear dark and bright in

the empty and filled state images respectively, is consistent with other observations of a

subsurface B defect [45]. Spadafora et al. [45] reported seeing very similar STM images

and performed DFT calculations to obtain theoretical STM images of B dopants placed in

different subsurface layers. They found that depending on which layer the B atom is in, the

contrast of these sites between the empty and filled states drastically changes, and that any

B atom placed in the fourth subsurface layer or deeper had a very weak or negligible effect on

the contrast [45]. Our results obtained closely resemble the theoretical STM images where
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a B atom is positioned in the third subsurface layer, resulting in a dark, vacancy like site

in the empty state image, and a brighter spot in the filled state image, but still less bright

then the sites with a Si adatom above Si atom.

Another defect reported by Spadafora et al. [45] was a Si adatom vacancy. This defect

appears as a large bright star like shape in the empty state images, and smaller bright

triangle in the filled state images [45]. These vacancy defects were determined to be rather

rare, explaining why none of these specific defects were observed.

65



Chapter 7

Conclusion

7.1 Summary

In this thesis, the results of scanning tunnelling microscopy experiments were presented

displaying the details of the structure and formation of the boron induced
√

3×
√

3R30°

reconstruction on a heavily doped Si(111) surface. A detailed understanding of the structure

and formation of the
√

3 reconstruction is important in creating a well ordered, defect free

surface which can be used as a substrate for a multitude of applications such as electrical an

optical devices.

The STM images obtained at different annealing times were used to investigate the

surface phase transition between the (7x7) and
√

3 phases of a Si(111) sample. It was

observed that several different atomic structures of the adatoms on the surface coexist with

one another throughout the annealing procedure. These structures included multi-atom

defects known as the c(4x2), and (2x2), two different DAS structures, the original (7x7), and

a smaller structure known as the (5x5), and the
√

3 reconstruction. The
√

3 reconstruction

was observed to be formed from both B-S5 and Si-S5 arrangements, where the dark and

bright adatoms of the
√

3 reconstruction corresponded to Si adatoms positioned above a B
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or Si atom in the S5 position respectively. During the formation process, we observed the

formation of Si magic clusters that resided on the disordered areas of the substrate. These

Si magic clusters existed on the surface for up to ∼ 120 minutes of annealing time, until

diffusion to a step edge resulted in these magic clusters dissociating and attaching to the

steps. The final
√

3 structure formed consisted of few defects, the most common defect being

bright adatoms due to the Si-S5 arrangement, as well as defects due to subsurface B atoms

not in S5 position, modifying the electronic structure of the local Si adatom.

In summary, we have successfully shown that a
√

3 reconstruction on a heavily doped

Si(111) sample can achieved through sufficient thermal annealing of the Si samples. We

observed that the last area of the surface to reconstruct are the step edges, due to the

diffusion and attachment of Si magic clusters at the steps, which mediate the mass transport

of this phase transition. These results provide information on the formation process of

the Si(111)-
√

3 surface, giving a basis for creating such a surface for the use in industrial

applications.

7.2 Future Work

A detailed understanding of the formation of this specific surface reconstruction was the

first step in the production of supramolecular networks and thin films on this surface. Further

work will involve experimental studies investigating the formation of such thin films upon

this substrate. Specifically, thin films created from polyaromatic hydrocarbons (PAHs) such

as coronene, for use in electronic and optical devices. Investigation of the formation process

and molecular structure of these thin coronene films on the
√

3 reconstruction will be investi-

gated using scanning tunnelling microscopy, as well as other experimental techniques such as

atomic force microscopy (AFM), and near edge x-ray adsorption fine structure spectroscopy

(NEXAFS). These techniques may offer further information about the structure of these
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films, such as the orientation of the aromatic molecules within the films. Experimental work

may also be performed to investigate the effects of growth parameters such as flux, substrate

temperature, and film thickness on the film growth. By performing these experiments, we

can obtain information on the formation and optimization of such films, in turn increasing

performance of devices utilizing these films.
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