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Abstract

The research presented in this thesis has been focused on the study of

thin Ag films, grown on metal-reconstructed Si(111) and Ge(111) sur-

faces. The films have been grown at room temperature, and the mor-

phologies and electronic structures of the films have been investigated using

scanning tunneling microscopy and spectroscopy (STM/STS), low-energy

electron diffraction (LEED) and angle-resolved photoelectron spectroscopy

(ARPES).

On the Ga-, In-, and Sn/Si(111)-
p

3 × p3 surfaces, the first layer of Ag

forms a special interface which consists of short atomic rows, with slightly

different appearances depending on the base surface. Starting from two

monolayers (MLs), Ag grows as a thin film with bulk-like lattice parameters.

The electronic structures of the films reveal the behavior of the intrinsic

quantum well states (QWSs). STS data show peaks in the filled states which

move towards the Fermi level with increased thicknesses. These peaks have

been compared with ARPES spectra and linked to the QWSs. The evolution

of the QWSs with film thicknesses has been examined within, and extending

upon, the established theoretical framework. The results point towards

metal-reconstructed Si(111) surfaces using group III and IV elements as

strong candidates for uniform film growth, and open up new avenues for

studying electronic coupling effects between film/substrate.

On Sn/Ge(111)-
p

3×p3, the Ag films grow in domains with two different

lattice orientations, rotated 30° from each other. This is due to the inter-

face consisting of two different structures, as revealed by the STM. One of

the interfacial phases is a 3× 3 honeycomb structure, and the other a line

structure of short atomic rows with a three-fold symmetric 2
p

3×p3-R30°

unit cell. Atomic models for the two interface phases have been proposed,

based on two different spin configurations of the Sn/Ge(111)-
p

3×p3 sur-

face. The presence of two interfaces makes this system highly attractive for

the study of interface related phenomena, and the difference in Ag films

on Sn/Ge(111) compared with Sn/Si(111) highlights the importance of

electronic effects for the film growth.
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Chapter 1
Introduction
From our everyday experiences, we are used to the world functioning in

a certain way. This macroscopic world is described quite well by classi-

cal physics such as Newtonian mechanics, thermodynamics and Maxwell’s

equations. As we leave the macroscopic world behind, and enter into the

domain of nanosize objects, new physical features arise what often con-

tradict our intuitive understanding of reality. This nano-world is described

through quantum mechanics, and one of the features of this world is energy

quantization. Energy quantization occurs when electrons are spatially con-

fined, so that their energy states become discrete rather than continuous.

In nature, this happens in atoms and molecules, where the electrons are

confined by the Coulumb potential of the atomic nuclei. Such energy quan-

tization can also be created artificially, in low-dimensional systems such as

quantum wells, quantum wires and quantum dots. The difference between

these three systems lies in how many dimensions the electrons are confined

in. In a one-dimensional quantum well, the electrons are confined only in

one spatial direction, whereas they are free to move in the other two, form-

ing what is referred to as a two-dimensional system.

One way of forming quantum wells is thin film systems, where the elec-

trons are confined in the direction perpendicular to the surface. Thin film

deposition has a long history, and has become increasingly developed as

many electronic devices are made of thin films1. The interest for under-

standing quantum size effects in thin films thus comes from two directions.

From the industrial viewpoint, it is important to understand what happens

when devices decrease in size, in order to either mitigate or use these new

quantum effects. From a fundamental physics viewpoint, often driven by

human curiosity, the development of thin film deposition techniques makes

it a convenient playground for experimenting with many-body effects. As

electronic devices are heavily based on Si, it is easy to see how the study of

Ag thin films on Si substrates satisfies desires from both the industrial and
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the fundamental physics direction.

The first report of quantum size effects in thin films comes from oscillatory

I/V curves in transport measurements, reported in 1975 by Jaklevic and

Lambe2. In the early 1980’s, a large number of thin films were investigated

using angle-resolved photoelectron spectroscopy (ARPES), a technique that

allows for direct measurement of the occupied electronic states. During

this time, there was a theoretical prediction of quantum size effects that

should be present in the band structure of thin films3. The first photoe-

mission study to report evidence for quantum size effects in thin films was

published in 1986, and came from T.-C. Chiang’s group at the university of

Illinois4.

Since then, a lot of studies on quantum size effects in thin films have been

conducted on a variety of thin film systems5. The quality of films has in-

creased, and experimental techniques have been improved. For the case

of Ag thin films on Si and Ge substrates, a two-step growth method was

developed, as it produced the highest quality films. In this method, Ag is

deposited while the sample is held at low temperatures (LT) around 100

K, and later annealed to room temperature (RT). On Si(111), this method

produced uniform Ag thin films starting from 6 monolayers (MLs), and on

Ge(111) from 4 MLs6,7. A model to explain and predict growth behavior

of thin films called the "electronic growth" theory takes into account how

the quantum size effects in the electronic structure can affect the stability

of thin films8,9.

Examples of the various quantum size effects that have been investigated

include oscillatory behavior of properties such as work function, thermal

stability and adhesion with changing film thicknesses10–12. Many of these

effects can be linked to the quantum well states (QWSs). The QWS is a dis-

crete electronic energy state, where the binding energy depends on the film

thickness. This is described in the phase accumulation model, which will

be explained further in chapter 2.6 of the thesis. QWSs have been the topic

of many studies. They can be used to determine the bulk band structure

of Ag13,14. Measurements of QWSs on different surface reconstructions on

Si(111) show the importance of the interface for the characteristics of the
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QWSs6,15. Examples of such interface-related properties are the increase

in effective mass of the QWS bands with reduced film thicknesses16, and

a peculiar bifurcation in the QWSs dispersions17. The QWSs are also af-

fected by the Si dopant type, which was revealed in a study that showed

how highly doped n-type samples create a form of fine-structure fringes in

the QWSs18. Electronic coupling effects also play a part in the QWSs dis-

persions. Constant energy surfaces from Ag films on Ge(111) show how

hybridization between the QWSs and the bulk Ge valence band changes

the natural parabolic dispersion and creates a hexagonal shape19. Quan-

tum well states in Ag films on semiconductor substrates have thus been an

interesting and important research topic, providing valuable insight into

many-body effects.

This thesis presents studies of Ag thin films on the Ga- In- Sn/Si(111)-p
3×p3 and Sn/Ge(111)-

p
3×p3 surfaces. The Ag films are deposited di-

rectly at RT, which offers a clear experimental advantage over the two-step

LT process. The metal-reconstructed surfaces also allow for layer-by-layer

growth of the Ag films for thicknesses below 6 MLs, which makes it possible

to further study the effects of the interface on the electronic structure. The

electronic structure and morphology of the interface and the Ag thin films

have been studied using scanning tunneling microscopy and spectroscopy,

angle-resolved photoelectron spectroscopy and low-energy electron diffrac-

tion.
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Chapter 2
Physics
This chapter provides an overview of some of the important concepts for

the study of Ag films on metal-reconstructed Si and Ge surfaces. The chap-

ter starts with a description of surface reconstruction and Woods notation,

continues with the Si(111) and Ge(111) surfaces, and ends with thin film

formation and quantum well states.

2.1 Surface Reconstruction
Put simply, a surface reconstruction is when the atoms close to the surface

are shifted to form a different two-dimensional periodicity compared to

the bulk-terminated structure. In order to understand the effects of the

surface, a starting point is to first consider an infinite crystal, where the

atoms are arranged in their regular lattice positions and are all subjected

to the same forces. When the crystal structure is abruptly terminated in

order to create a surface, the atoms at and near the surface will be subject

to different forces than the atoms inside the crystal, due to the missing

atoms on the vacuum side of the surface. This will shift the equilibrium

positions for these atoms. The effect of the surface will typically be larger

for semiconductors than for metals, as semiconductors have directional,

covalent bonds, as opposed to the delocalized electron gas giving rise to

metallic bonding. The re-arrangement of atoms is often understood based

on the thermodynamical concepts of surface free energy (the reversible work

per unit area to create a surface) and surface stress (the reversible work per

unit area to deform a surface)20,21. The atoms can re-arrange in two ways,

relaxation or reconstruction. With relaxation, the whole surface layer(s) is

shifted either vertically or horizontally compared to the bulk atomic layers

but retain the same two-dimensional structure. For surface reconstruction,

the structure changes, so that the surface layer(s) has a different periodicity

than the bulk-terminated surface. Surface reconstructions can cause quite
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Figure 2.1: Illustration of vector relationship between the bulk-terminated and reconstructed

surface lattice vectors inside Woods notation.

drastic changes in the atomic structure, where the reconstruction involves

more than one layer and creates two-dimensional structures which have a

unit cell substantially larger than the bulk-terminated one. One example of

this is the Si(111)-7× 7 surface, which is described below.

2.2 Woods notation
Throughout this thesis, Woods notation is used to describe the surface unit

cell. This is a simple and common way to describe surface reconstructions,

and does so by relating the surface lattice vectors to those of the bulk-

terminated surface22. For example, if a surface has a notation of 3 × 4,

it means that one of the surface lattice vectors is 3 times longer than that

of the bulk-terminated surface, and the other is 4 times longer. Sometimes,

an addition of -Rxx° is placed at the end. This means that the reconstructed

surface unit cell is rotated xx degrees with respect to the surface unit cell

of the unreconstructed, bulk-terminated surface. When a reconstruction is

well known within a field, this rotation is sometimes left out, which is the

case for e.g. the metal-reconstructed Si(111)-
p

3 × p3 surfaces, where

the missing -R30° is well known and often left to be inferred by the reader.

Figure 2.1 illustrates the difference between the reconstructed surface unit

cell compared to the bulk-terminated one.

2.3 Si(111) and Ge(111) surfaces
Both Si and Ge are intrinsic semiconductors with a diamond crystal struc-

ture. The bulk terminated (111) surface is shown in Fig. 2.2. This surface,

however, is not possible to obtain experimentally, as it has a very high sur-
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Figure 2.2: Atomic model of the (111) 1× 1 surface of crystals with a diamond structure.

face energy due to the dangling bonds. Cleaving a Si(111) crystal in ultra-

high vacuum (UHV) produces a 2×1 surface, the so-called π-bonded chain

model23. However, the most stable (and perhaps most famous) surface re-

construction of Si(111) is the 7×7 reconstruction, obtained after annealing.

While the Si(111)-7 × 7 surface had been studied using a variety of tech-

niques, including low-energy electron diffraction (LEED) and scanning tun-

neling microscopy (STM), the atomic model was eventually constructed

based on a combination of transmission electron diffraction and theoreti-

cal modeling. The surface is described through the dimer-adatom-stacking

fault (DAS) model, which is shown in Fig. 2.3. In this model, the 7×7 unit

cell consists of 12 adatoms, 6 rest atoms and 18 dimer atoms. The DAS

model illustrates two main processes for energy minimization of semicon-

ductor surfaces: reduction in the number of dangling bonds by adatom and

dimer formation. The 7× 7 surface is formed experimentally by annealing

an oxide free Si(111) sample to temperatures above 800 °C.

Ge(111) also produces a 2 × 1 surface on cleaving, but has a more sta-

ble c(2 × 8) reconstruction which is generated through a combination of

cold/warm sputtering and annealing at 600 °C. This surface is shown in

Fig. 2.4 and consists of alternating 2× 2 and c(2× 4) subunit cells25. The
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Figure 2.3: The DAS model of the Si(111)-7×7 surface as proposed by Takayanagi et. al.24.

Figure 2.4: Atomic model of the Ge(111)-c(2 × 8) surface. The large grey circles are the

adatoms whereas the black circles are rest atoms.
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Figure 2.5: Top view of the T4 adatom model for Si(111) and Ge(111), based on the top

view from Fig. 2.2. Blue circles mark the T4 adsorption sites and the blue dashed lines thep
3×p3 unit cell. The arrows point to the three different adsorption sites mentioned in the

text.

Ge(111)-c(2× 8) surface has similarities to Si(111)-7× 7 as both surfaces

have adatoms at the T4 positions (which lie on top of 2nd layer atoms in

the 1× 1 surface). These are bonded to three 1st layer atoms. In addition,

there are rest atoms, originating from the remaining 1st layer Ge atoms.

Both adatoms and rest atoms have one remaining dangling bond per atom.

2.4 Ga- In- Sn/Si(111)-
p

3×p3 and Sn/Ge(111)-
p

3×p3

surfaces
The Ga, In and Sn/Si(111)-

p
3×p3–R30° surfaces are formed by depositing

1/3 monolayer of the chosen metal on Si(111)-7×7 followed by annealing

(temperature depends on each surface). These surfaces are all described

through the T4 adatom model. In this model, the adatoms attach to the T4

adsorption sites of the bulk-terminated Si(111) surface26. This site lies on

top of a 2nd layer Si atom, and the adatoms bond with three neighboring

Si (see Fig. 2.5). Other common adsorption sites are the T1, which lies di-

rectly above a first layer Si atom, and the H3 position, which lies above a

fourth-layer Si atom.

The main difference between the Ga / In surfaces on one hand, and the

Sn surface on the other lies in the number of dangling bonds. Both Ga

8



Figure 2.6: Filled-state STM images of (a) the Ga/Si(111)-(
p

3 × p3) surface, (b) the

In/Si(111)-(
p

3 × p3) surface and (c) the Sn/Si(111)-(
p

3 × p3) surface. The arrows

point towards the Si substitutional atoms. The STM image in (a) suffer from a double-tip

artifact. The STM settings during the scans were: (a) 21.1× 21.1 nm2, I=0.1 nA, U=-2 V;

(b) 20.1× 20.1 nm2, I=0.1 nA, U=-1.6 V; (c) 20× 20 nm2, I=0.1 nA, U=-0.8 V.

and In terminate all the Si dangling bonds on the surface, whereas the Sn

atom itself has one dangling bond remaining after forming the Sn-Si bonds.

When preparing these surfaces experimentally, one defect type is particu-

larly common, namely substitutional atoms. These are most often Si atoms

(but can sometimes be dopants) that incorporates into the top adatom layer.

This happens for two main reasons, either the metal coverage is too low,

or the annealing temperature is too high. If the number of Si substitu-

tional atoms reach particularly high numbers (around 50%), the surface

is referred to as mosaic. The Si substitutional atoms appear differently in

Ga / In surfaces compared to the Sn surface. For the case of Ga and In,

Si substitutional atoms have a much larger height in the filled states STM

images, due to their dangling bonds. For the Sn case, where the Sn atoms

also have dangling bonds, the Si atoms appear as small depressions partly

due to their smaller size, but also because they donate charge to the sur-

rounding Sn atoms (see Fig. 2.6 (c)). The difference in appearance of the

Si substitutional atoms in the three surfaces can be seen in Fig. 2.6.

Sn also forms a
p

3×p3 surface on Ge(111), described through the same

T4 adatom model as on Si(111). One difference between the Sn/Ge(111)-p
3 × p3 surface and Sn/Si(111)-

p
3 × p3 is that Sn/Ge(111) shows an

electronic structure consistent with a 3×3 periodicity at RT27,28. This struc-

ture was later confirmed with low-temperature STM measurements29. In

9



the LT STM images, the surface appeared different in the empty state com-

pared to the filled state images, with the two being complementary to each

other. Empty state images showed bright Sn atoms oriented in a honey-

comb pattern, with a dark Sn atom in the middle of the hexagons. The

filled state images showed the reverse, a bright Sn atom surrounded by a

hexagon of darken Sn atoms. This provided evidence that the Sn atoms in

the Sn/Ge(111)-
p

3×p3 surface were not identical. Even though thermal

fluctuations might prevent STM from observing this structure at RT30, the

electronic structure still shows a differentiation between the Sn atoms at RT.

The deep explanation for the 3× 3 structure could be related to spin inter-

actions, where the Sn atoms have a short-range anti-ferromagnetic order,

and each 3× 3 unit cell has two spin up and one spin down Sn atom31.

2.5 Ag thin film deposition
Thin film deposition is a huge field, with a large variety of techniques

and many industrial applications. In this thesis, epitaxial Ag thin films on

Si(111) and Ge(111) have been grown in UHV using molecular beam epi-

taxy. This technique utilizes a Knudsen cell, which consists of a container

(or crucible) with the source material (in this case Ag), which is heated by

means of electric current through a metal filament, with close control of

the temperature. Due to the low pressure in UHV, Ag is evaporated from

the crucible and a beam of Ag atoms directed towards the sample. There

are three possible growth modes for the Ag thin films, which is illustrated

in Fig. 2.732.

The ideal case is Frank-van der Merwe (or simply layer-by-layer) growth.

This occurs when there is strong enough interaction between the adsorbate

(in this case Ag) and the surface compared to the inter-adsorbate interac-

tion. In this growth mode, one layer is fully completed before the next

starts to grow, which produces very smooth, uniform films.

On the other end of the spectrum, Volmer-Weber (or island) growth occurs

when the interaction between the adsorbates is stronger than that of the

adsorbate-surface. The result is isolated, multi-layered islands, which pro-

duces very rough films.

10



Figure 2.7: Illustration of the different growth modes in thin films. (a) Layer-by-layer

(Frank-van der Merwe) growth. (b) Joined islands (Stranski-Krastanov) growth. (c) Is-

land (Volmer-Weber) growth.

The third growth mode is Stranski-Krastanov (or joined islands). This growth

first follows the layer-by-layer mode, and then switches to island growth

once the first layer (or layers) is complete. This happens when the adsorbate-

surface interaction strength changes with successive layers.

2.6 Quantum well states
Described with one sentence, quantum well states are electronic energy

states with discrete energy levels in one dimension and parabolic dispersion

in the other two, and are formed by spatial confinement of the electron

wave in one dimension. To elaborate on this a bit more, one can first think

about electrons that are free to move in all three spatial dimensions. In

each direction, the energy versus wave vector equation E(k) looks like:

E =
ħhk2

2m
(2.1)

where ħh is Plank’s constant divided by 2π and m the electron mass. This

provides a parabolic energy dispersion in each dimension. The valence

band electrons of a metal typically functions as free electrons, as the size of

a macroscopic crystal is large enough to avoid quantum effects. If the size of

the crystal in one direction is reduced to a small enough size (no hard limit

exists, but let’s say less than 100 nm), the free electron behavior breaks

down and the wave vector becomes quantized. This quantization splits

the single three-dimensional, parabolic band into several two-dimensional

parabolic sub-bands. These sub-bands are separated by a discrete energy

due to the confinement in the third dimension. In essence, it creates a two-

dimensional system described as a quantum well.

11



Figure 2.8: A structure plot showing the evolution of QWSs binding energy with AG film

thicknesses for Ag films on the Ga/Si(111)-
p

3×p3 surface.

Quantum wells are often used as a theoretical model in order to explain

the quantization concept in introductory quantum mechanics (the familiar

"particle in a box"). Advances in experimental materials science have made

it possible to construct and measure these two-dimensional systems5. One

example of such a system is metal thin films on semiconductor substrates,

such as Ag films on Si(111). The electrons in these type of systems are

restricted in spatial movement in the direction perpendicular to the surface

by the valence band gap on the semiconductor side and the vacuum barrier

on the other. The k⊥ wave vector normal to the surface of QWSs in metal

thin films is dependent on the film thickness, which is described through

the Bohr-Sommerfeld quantization condition33:

2k⊥d +ϕtot = 2πn (2.2)

where d is the film thickness, n the principal quantum number for the QWS

and ϕtot the total phase shift of the electron wave on reflection at the two

boundaries. The phase shift is a sum of two parts, (ϕsub + ϕvac), where

ϕsub is the phase shift upon reflection at the film/substrate interface and

ϕvac the phase shift at the film/vacuum boundary. For Ag thin films, ϕvac

depends on energy through the formula34:

ϕvac = π

√√ 3.4(eV )
(Ev − E)

−π (2.3)

12



Figure 2.9: Schematic illustration of the different pathways of normal vs. umklapp-mediated

quantum well states.

where Ev is the vacuum level. The phase shift at the film/substrate inter-

face, ϕsub, is obviously substrate dependent and most commonly obtained

by experimental fitting of the structure plot15. The structure plot is ob-

tained by solving eq. 2.2 for thickness (d) and utilizing the two-band nearly

free atomic model to obtain k⊥(E):

E(k⊥) = E0 − [ak2
⊥ + U − (4a2bk2

⊥ + U2)1/2] (2.4)

where a = ħh2/2m∗⊥, b = 3π2/a2
0 (a0 is the lattice constant of bulk Ag). E0

is the relative position of the Ag sp band edge compared with the EF and U
half the sp band gap at the L point of the Ag Brillouin zone35. An example

of such a structure plot, from Ag films on the Ga/Si(111)-
p

3×p3 surface

is shown in Fig. 2.8. The substrate phase shift is typically a function of

energy, and can have both positive and negative slopes, depending on the

substrate in question.

There also exists a second type of quantum well state, referred to as "umklapp-

mediated" QWS36. While the normal type of QWS is formed by an electron

wave being reflected back and forth inside the thin film, in a direction per-

pendicular to the surface, this second type is due to Umklapp scattering at

the film-substrate interface. If the electron wave is being retro-reflected,

where its direction is reversed, a closed loop (standing wave condition)

could be achieved by the combination of two retro-reflections (or umk-

lapp reflections) and two specular reflections. The difference between the
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two types of QWSs is illustrated in Fig. 2.9. Due to the umklapp nature of

the second kind of QWS, these states are centered around the Si(111) or

Ge(111) 1×1 M points for Ag films on these substrates.
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Chapter 3
Experimental techniques
This chapter covers a description of the various experimental techniques

used in the studies presented in the thesis. The two main methods used are

scanning tunneling microscopy and photoemission. In addition, low-energy

electron diffraction was also used in all the experiments. The chapter also

includes an overview of synchrotron radiation (which is one type of photon

source for photoemission experiments).

3.1 LEED
Low-energy electron diffraction is a very common and powerful technique

in surface science. Put simply, an electron beam is sent towards a sam-

ple and the diffracted beam is used to study the periodicity of the surface

structure. This is made possible by the wave nature of electrons. Accord-

ing to de Broigle, who received a Nobel prize in 1929 for his discovery, the

wavelength can be described as:

λ=
h
p
=

hp
2mEkin

(3.1)

where h is Planck’s constant, p momentum, m electron mass, Ekin their ki-

netic energy and λ is the wavelength. This means that electrons with ener-

gies around 100 eV have a wavelength which is comparable to the distance

between atoms in a crystal, a necessary condition for diffraction. Another

benefit is the surface sensitivity of the electron beam. This comes from

two sources. Firstly, electrons are scattered about a thousand times more

strongly than X-rays. Secondly, the mean free path of electrons in solids is

dependent on their kinetic energy, and follows a curve shown in Fig. 3.1.

The mean free path minimum of 5 Å is around 80 eV, which coincides very

well with the wavelength needed for diffraction in a crystal. This means

that scattered electrons in the energy range 20-150 eV will only have con-

tribution from a few layers at the top of the crystal, making LEED a very

surface sensitive technique.
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Figure 3.1: The mean free path of electrons in solids as a function of energy37.

Experimentally, a typical LEED configuration has the electrons being cre-

ated by a hot filament and then accelerated towards the sample (see Fig. 3.2).

The electron beam is focused by a lens system based on voltages until it hits

the sample. For a surface with a periodic structure, the backscattered elec-

trons will be elastically scattered and accelerated towards a viewing screen.

The screen is hemispherical in nature, which makes it possible to observe

a direct map of the two-dimensional reciprocal space38. The surface lattice

vectors of reciprocal space are related to their real space counterparts by:

a∗1 = 2π
a2 × n̂
a1 × a2

, a∗2 = 2π
n̂× a1

a1 × a2
(3.2)

where a∗1, a∗2 are reciprocal surface lattice vectors, a1, a2 real space sur-

face lattice vectors and n̂ the surface normal22. This means that structures

with long periodicities in real space will get short periodicities in reciprocal

space and vice versa. In a purely two-dimensional system, the distance be-

tween atomic layers perpendicular to the surface (a3) will be regarded as

infinitely far apart from the topmost layer in real space. When converted to

reciprocal space, the third reciprocal vector (a∗3) thus becomes zero. The 2D

reciprocal space can thus be schematically represented by infinitely dense

rods extending upwards from the surface, with every starting point at the

2D reciprocal lattice points. This is useful as it provides the basis for describ-

ing the scattering condition using Ewald sphere construction (see Fig. 3.2).
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Figure 3.2: a) A schematic representation of a typical LEED setup. b) A schematic represen-

tation of the surface reciprocal space and the Ewald sphere construction.

An Ewald sphere is constructed by making a sphere in the 2D reciprocal

space with radius of |k|, the wave vector of incoming electrons. When con-

structing the Ewald sphere, the incoming wave vector |k| must be drawn

from the center of the circle with the endpoint touching a lattice point in

the surface reciprocal lattice (see Fig. 3.2 (b)). The diffraction condition

from elastic scattering of electrons at the surface is fulfilled for all points

where the infinite rods cross the surface of the sphere. Experimentally,

the LEED viewing screen is related to the Ewald sphere in the sense that in-

creasing the electron beam energy (making the Ewald sphere radius larger)

increases the number of spots on the viewing screen, whereas reducing the

beam energy has the opposite effect.

LEED can be used to obtain both qualitative and quantitative information

about the surface. The simplest application is to study periodicities of the

surface. While the theory involves scattering from the top layer only, in re-

ality electrons will be scattered from a few layers and the diffraction pattern

arises from a combination of multiple layers. This is useful as it provides a

reference, where the bulk reciprocal surface unit cell of a crystal (typically

referred to as 1 × 1) can be compared with that of the reconstructed sur-

face. A very common LEED pattern for metal reconstructions on Si(111) isp
3×p3-R30°, where the reciprocal surface lattice vectors have a length of

1/
p

3 compared to Si(111) 1×1 and are rotated 30 degrees. The intensity

and sharpness of the LEED spots can be used to determine the overall sur-
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face quality, and intensity variations with respect to electron beam energy

can be used to analyze certain surface defects, for example the amount of

substitutional atoms39. LEED is thus an invaluable tool for quick evalua-

tions of the surface. Additionally, LEED I/V measurements can be used to

determine the surface structure. This works by recording intensity varia-

tions of LEED spots as a function of incoming electron energy and compar-

ing the resulting spectra to theoretically calculated spectra for an assumed

structure. The calculations continues until a best fit is found40.

3.2 STM and STS
The scanning tunneling microscope was the first of the scanning probe mi-

croscopies invented. It was developed by Binnig and Rohrer in 198141, for

which they were awarded the Nobel prize in Physics 1986. The impact of

the STM on surface physics research can not be understated, as it has al-

lowed for investigation of surface geometric structures on the atomic scale.

A scanning tunneling microscope is a microscope with resolution that can

reach the Ångström level, with the drawback that it only functions on con-

ducting (or semi-conducting) samples. The basic principle of the STM is

as simple as it is ingenious. A sharp tip is held slightly above and moved

across the surface, with a small bias (voltage) applied between the tip and

the sample. Due to the bias and the small distance, electrons can move be-

tween the tip and the sample through quantum mechanical tunneling. As

the tunneling current depends exponentially on the distance between tip

and sample, the microscope can generate an image of the surface. Fig. 3.3

is a schematic representation of the basic STM setup.

Experimentally, the STM tip is moved by piezoelectric drivers controlled

via a feedback loop through a computer. It can be run in two modes, either

constant height or constant current mode. In constant height mode, the tip

is held at a fixed height and scans the x- and y- directions of the surface.

The changes in tunneling current are measured and directly give the image.

There is a big drawback to this mode, in that the STM tip may crash into

parts of the surface if the height differences are too big. For this reason, the

constant current mode is more commonly used. In constant current mode,

the tip is held at a height where the tunneling current is always constant. As
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Figure 3.3: a) Schematic illustration of an STM setup. b) An energy-level diagram for a

tip-sample separation of distance d with a bias votlage of U. The filled states are marked

with grey.

the tip scans the surface, piezoelectric tubes constantly move the tip back

and forth using a feedback loop in order to maintain the tunneling current.

The height differences are then measured, which provides the image. This

mode reduces the risk of the tip crashing into the sample.

A more detailed description of the physics behind the STM starts with a very

simple picture. The STM current is based on quantum mechanical tunnel-

ing, which is the result of the electron wavefunction decaying exponentially

through a barrier. This means that in the simplest of pictures, the tunneling

current, I, is proportional to the tip-sample distance through:

I∝ e−2d
p

2mϕ/ħh (3.3)

where d is the tip-sample distance, ħh Planck’s constant divided by 2π, m

the electron mass and ϕ the average work function of the tip and sample.

This equation demonstrates how sensitive the STM tunneling current is for

changes in the tip-sample distance. For a more in-depth understanding, the

Tersoff-Hamann model is often used42,43. It is based on the transfer Hamil-

tonian introduced by Bardeen44, which states that the tunneling current

between two electrodes separated by an insulator is given by:

I =
4πe
ħh

∫ ∞
−∞
[ f (Ev − eV + ε)− f (Ev + ε)]ρs(Ev − eV + ε)ρt(Ev + ε)M

2 dε

(3.4)
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Figure 3.4: Scanning tunneling spectroscopy from different thicknesses of Ag films on the

Ga/Si(111)-
p

3×p3 surface. The spectra have been differentiated and normalized ( dI
dV /

I
V )

to show the density of states close to the Fermi level. The curves are displaced along the vertical

axis for visibility. The quantum well states are numbered from n=1 and the Shockley surface

state marked with SS.

where ρs,t is the density of states (DOS) at the sample and tip respectively,

e is the electron charge and f (E) the Fermi-Dirac distribution function. The

tunneling matrix element, M, is the result of the surface integral:

M =
ħh

2m

∫
sur f ace

�
ϕ∗s
δϕt

δz
−ϕs

δϕ∗t
δz

�
dS (3.5)

where ϕs,t is the wave function of the sample and the tip respectively. In

the Tersoff-Hamann model, the tip is assumed to be an s-wave, which has

constant local density of states (LDOS) near the Fermi level, and the STM

is assumed to operate at low voltage. This simplifies the tunneling current

so that:

I∝ Vρs(Ev − eV ) (3.6)

This means that the tunneling current in the STM is determined by the sam-

ple LDOS at the Fermi level.

As the tunneling current depends on the LDOS, the STM can also be used

for spectroscopy measurements. This technique is called scanning tunnel-
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ing spectroscopy (STS) and works by placing the tip at a specific location

on the sample and then obtaining an I/V curve by sweeping the voltage

and recording the current. During spectroscopy measurements, the feed-

back loop is switched off so that the height is kept constant. There are two

main modes of operation, high voltage or barrier state spectroscopy and

low voltage or surface state spectroscopy45.

For surface state spectroscopy, the bias is kept lower than the tip and sam-

ple work functions. In this mode, the current will typically rise continu-

ously with increasing voltage, but will increase more at places where the

LDOS is the highest. Direct viewing of the I/V spectrum can thus provide

qualitative information about the surface states, as the voltage where steep

rises in the conductance are observed often coincide with binding ener-

gies of the surface states. Under the approximations leading to Eq. 3.6,

differentiation of the tunneling current, dI/dV, is directly proportional to

the LDOS. Normalizing the differential curve with respect to I/V further

enhances the peaks which correspond to changes in conductance, as well

as removes artifacts like the singularity spike around zero bias. The nor-

malization method was first proposed by Feenstra et. al.46. An example of

such a ([dI/dV]/[I/V]) STS spectra is shown in Fig. 3.4. Differentiated and

normalized STS curves from metals and semiconductors are very different

close to the Fermi level. For metals, the I/V curve is a continuous function,

which means that ([dI/dV]/[I/V]) will have a value of one for zero bias.

For semiconductors on the other hand, the presence of the band gap, in

which the current is zero, makes normalization more difficult and tricky.

Even though ([dI/dV]/[I/V]) curves are proportional to the LDOS, they

can not be used for direct quantitative comparisons. The peak positions

reflect binding energies of surface states, but the intensities do not always

match those given by ARPES measurements. Comparison between STS data

and ARPES spectra is thus not straightforward. A further complication is

that while an ARPES spectrum directly gives the binding energy versus the

electron in-plane wave vector, k‖, an STS curve is the sum of many different

k‖ values. The tunneling probability is always the greatest close to the Γ

point, and decays with increasing values of k‖. How large window of k‖
values that contribute to the tunneling current depends on the curvature
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of the STM tip. Integrating the ARPES spectra for a number of k‖ values is

thus a useful tool for comparison between STS and ARPES, as it allows for

matching of the STS peaks to the valence band structure.

3.3 Synchrotron radiation
A synchrotron light source produces photons by accelerating electrons around

a closed loop. The basic physics behind synchrotron radiation has been

known for a long time, and yet the discovery that a synchrotron could be

used as a photon source was almost like an accident. Synchrotron radiation

is based on the simple fact that when charged particles change trajectory,

they emit electromagnetic radiation. This was a known problem when de-

veloping the Rutherford-Bohr atomic model in the early 20th century. De-

spite this knowledge, the first synchrotrons were not built to emit light,

but for particle collisions. In 1947, two physicists (Langmuir and Pollock)

noticed some strange sparking and, instead of checking it out themselves,

sent a technician with a mirror behind a concrete wall47. The technician

noticed an arc of light, and the physicists later figured out what caused

it. Since then, synchrotrons built specifically to produce light have become

ever more common around the world.

Modern day synchrotron facilities are massive enterprises and features the

best in ultra-high vacuum technology. The electrons are usually generated

using a hot cathode thermionic emission, after which they are accelerated

with electric fields and entered into the storage ring. Inside the storage

ring, the electrons travel at relativistic (near-light) speeds and light is gen-

erated whenever they change direction. This is typically done by one of

three ways; with a bending magnet, with a wiggler or an undulator. All

three are based on magnets, but they function slightly different.

A bending magnet will simply shift the trajectory of the electron beam, and

a synchrotron typically features straight lines connected with bending mag-

nets to lead the electrons around a polygonal loop. A wiggler consists of an

array of magnets with different but sequential orientation. This will cause

a lateral periodic deflection of the electron beam path, or in other words,

causing the electrons to “wiggle”. As a wiggler essentially consists of a large

number of bending magnets, the photon flux is increased. Typically, wig-
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Figure 3.5: A schematic illustration of a typical synchrotron ring setup.

glers also provide photons of higher energy. Both bending magnets and

wigglers give light with a wide wavelength distribution. The third type is

the undulator, which is quite similar to a wiggler but features many more

bending sections. An undulator uses constructive interference of the light

to further enhance the intensity, but the wavelengths will be restricted to

those that are in resonance. The wavelengths can be changed by varying

the magnetic fields in the undulator48,49.

Due to the relativistic speeds of the electrons, the photons are emitted only

in a narrow cone in the direction of their trajectory48. The angular width

of the emitted photons is described by:

Θ =
1
η

(3.7)

where η = Ee/mc2 is the Lorentz factor, Ee the electron energy and m the

electron rest mass. The polarization of the photons depends on the bend-

ing direction and will therefore be linearly polarized when looking in the

plane of the synchrotron. The narrow cone of emittance is important as it

directly affects the brilliance, which is a measure of quality for light sources.

Brilliance (also named brightness) is defined as the number of photons per

second within a bandwidth of 0.1% of the central energy, divided by the

angular divergence of the beam and the cross-sectional area50. This gives
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Figure 3.6: The historical evolution of brightness from different X-ray source.51

a formula for brilliance:

bril l iance =
photons

second ·mrad2 ·mm2 · 0.1%BW
. (3.8)

The brilliance generated by sources has increased over time with techno-

logical development, which is illustrated in Fig. 3.6. As an example, the

new Swedish facility MAX IV has a brilliance in the order of 1021.

3.4 PES
The electronic structure of solids is very important as many of the physi-

cal properties are derived from it. The electronic structure is split by the

Fermi level into the occupied and the unoccupied states. For the case of the

occupied states, they are further split into valence states and core-levels.

The valence states have a low binding energy and are involved in chemical

bonding of the atoms, whereas the core-levels have higher binding energies

and are mainly localized around their respective atoms. When atoms bind

together to form a solid, the electronic valence states come together to form
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Figure 3.7: a) An energy level diagram for photoelectrons emitted from the sample to the

analyzer. b) Schematic illustration of the experimental setup for PES.

a valence band. For metals, where the nearly free electron model applies,

the electrons in this band are delocalized and shared between all atoms in

the crystal. The valence band dispersion is described as the electron en-

ergy as a function of the wave number (E(k)). When the crystal symmetry

is broken at the surface, new states arise. These are referred to as surface

states, and have a number of properties which will be described in the UPS

part of this chapter.

One very widely used way to study the occupied electronic structure is to

use photoelectron spectroscopy (PES). PES utilizes the photoelectric effect,

in which an incoming photon provides enough energy to excite the elec-

trons in the solid enough so that they leave the sample. It was for the

explanation of the photoelectric effect that Einstein was awarded his Nobel

prize in 192152. The kinetic energy of the electron emitted in the photo-

electric process (see Fig. 3.7), Ek, can be described by the simple relation:

Ek = hν− Eb −ϕs (3.9)

where hν is the photon energy, ϕs the sample work function and Eb the

binding energy relative to the Fermi level. From this relationship it is possi-

ble to calculate the lowest photon energy needed to excite an electron from

the valence band. The kinetic energy of the electrons are measured with an

electron analyzer, which shares grounding with the sample in order to align

the Fermi level of the sample and analyzer. On its way to the analyzer, the
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electrons are affected by the difference in work function between the sam-

ple and analyzer, so that the actual measurement becomes not the kinetic

energy of the electron in vacuum, but rather that in the analyzer (E∗k). The

binding energy of electrons can thus be rewritten into:

Eb = hν− E∗k −ϕa (3.10)

where ϕa is the work function of the analyzer. In order to get an accurate

mapping of the electronic structure of a surface, the photon energy should

be kept constant during a measurement.

The most common type of electron analyzer is the hemispherical deflection

analyzer (HDA). A schematic illustration of an HDA is shown in Fig. 3.8.

The incoming electrons are focused at the entrance slit of the analyzer

through an electrostatic lens system, after which they travel in a circular

arc towards the detector. The movement of the electrons inside the ana-

lyzer is made possible by two concentric hemispherical electrodes, held at

specific voltages defined by the requested electron kinetic energy window

(the ‘pass energy’). This energy range defines which electrons will simulta-

neously travel through the analyzer and eventually hit the detector. A re-

tardation stage in the lens system allows for sweeps through a large range

of kinetic energies during measurements, as a too large pass energy neg-

atively affects the energy resolution of the analyzer through the following

relationship:

∆E =
Epassw

2R
(3.11)

where Epass is the pass energy, w the entrance slit width and R the average

radius of the two hemispherical electrodes. The advantage of hemispherical

analyzers is that electrons are linearly dispersed according to their kinetic

energies. These energies are measured by multi-channel detectors, with

modern ones allowing for not only simultaneous measurement of a large

range of kinetic energies, but also emission angles (in the direction perpen-

dicular to the energy dispersion)38,49.

PES can be made surface sensitive in the same way as LEED. By careful

selection of photon energy, the kinetic energy of the outgoing electrons

can be selected as lying in the lowest point of the mean free path curve
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Figure 3.8: Shematic illustration of a hemispherical electron analyzer.

(Fig. 3.1), thus only probing depths of a few Å. Just like the electronic

structure could be split into two main categories, so can PES. X-ray pho-

toelectron spectroscopy (XPS) utilizes photons in the X-ray range to study

core-levels, whereas ultraviolet photoelectron spectroscopy (UPS) is used

to study the valence band.

3.4.1 Core-level spectroscopy
The core-levels of the electronic structure are probed using photons of X-

ray energies. This technique was invented by Kai M. Siegbahn, for which

he received a Nobel prize in 198153. He used the acronym ESCA (short

for Electron Spectroscopy for Chemical Analysis), but the technique is now

commonly referred to as X-ray photoelectron spectroscopy. The core-level

energies of each element are unique and thus serve as a sort of “fingerprint”

for determining the chemical elements and their concentration in a mate-

rial. More than that, it can also be used to detect chemical bonds. When

atoms bond with each other, the core-levels will be shifted ever so slightly,

due to the charge transfer that takes place in the bonding. This core-level

shift can be detected in XPS, and the technique is thus a powerful tool for

analysing materials. It can be especially useful when studying surface, as

the surface itself will generate a core-level shift compared to the bulk ma-

terial. Depositing material on the surface will also change the chemical
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environment, which will be reflected in the core-levels54–56.

For theoretical analysis of core-level shifts, the simplest approach is to cal-

culate charge transfer by using the atoms’ electronegativity values. It is also

possible to use density functional theory (DFT) calculations to determine

the core-level shifts. For semiconductors the situations are more complex,

as the covalent bonds lead to the screening of the remaining core holes

of the surface atoms to be non-uniform in many cases, and thus strongly

influence the shifts. In this case, ab-initio many-body theory may be em-

ployed to calculate the shifts. For metal surfaces, it is possible to assume

that the final state is fully screened by the valence electrons, which leads

to the Z + 1 approximation where the effect of the core hole is essentially

assumed to increase the effective charge of the nucleus57. The core-level

shifts themselves are then calculated by so-called Born-Haber cycles using

known thermodynamical quantities.

Experimentally, quantitative handling of the core-level data has some diffi-

culties. First, the background is removed, most commonly by using an inte-

grative Shirley type of fitting function58. A number of fitting components is

then used on the remaining curve. These components are Voigt functions,

which is a convolution of a Gaussian and a Lorentzian function. The two

functions are not arbitrary and instead represent different aspects of the ex-

perimental setup. The width Gaussian function is related to phonon broad-

ening and the resolution limit of the detector54,56, whereas the Lorentzian

is related to the life-time broadening of the core-level hole that remains

after electron excitation. The parameters of these functions (such as the

full-width half maximum) have to be selected in such a way as to minimize

the resulting error function with the real data. Other parameters that are

used are the energy and relative peak intensity of the spin-orbit split (for

the core-levels with L ≥ 1), as well as the total number of components.

An important step in the qualitative analysis is finding correct constraints

for the various components used, as with enough components you are sure

to fit any curve. This is done based on prior knowledge on the system,

as well as experience about which parameters are constant throughout the

experiment. Apart from core-level shifts, the intensity of various core-level

components gives important information, e.g. about the concentration of
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the atomic species. Additionally, the intensity decreases exponentially de-

pending on how far beneath the surface they come from. This makes it

possible to estimate the thickness of thin films from the relative decay of

the different core-level components.

Two physical effects that are important for metal-on-semiconductor systems

are electronic screening and band bending. For metallic systems, screening

of the core hole causes small energy losses of the ejected electrons to occur

due to excitations of electrons near the Fermi level. This creates an asym-

metric line shape, also referred to Doniach-Šunjić56,59. The other effect is

band bending, which occurs at semiconductor surfaces. This will shift the

binding energy of core-levels in the surface region relative to those of the

bulk. For undoped or lightly doped samples, where the depletion region is

large and band bending has a smaller slope, the band bending effect on the

core-levels is reduced.

3.4.2 UPS and ARPES
The electronic structure of the valence band is typically investigated using

ultra-violet photoelectron spectroscopy. This energy range (15-50 ev) is

chosen as it provides electrons with just enough energy for the technique

to be surface sensitive (see Fig. 3.1). When measuring not only the energy

of emitted electrons, but also their angle relative to the surface normal, the

technique becomes angle-resolved photoelectron spectroscopy. ARPES is

thus a very powerful technique, as it allows for the direct mapping of the

band structure. This has been further improved as the detectors of modern

hemispherical analyzers are capable of measuring both energy and angle

simultaneously. A full 2D map of energy vs. k-space can be generated either

by rotation or tilt of the sample. Figure 3.9 shows a sketch of the geometry

of an ARPES setup. In order to better understand the ARPES technique, a

more in-depth theoretical analysis of the excitation event is in order.

Moving beyond the simple one-step process of photoemission described

in the PES chapter, Berglund and Spicer split the process up into three

parts60,61:

I Optical excitation of the electron from an initial to a final state within

the material.
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Figure 3.9: Illustration of the ARPES geometry, showing the incoming photons, the outgoing

electrons and the wave vector components.

II Transport of the electron inside the material to the surface.

III Escape of the surface into the vacuum.

The first step in this process is an optical transition and can be described

quantum mechanically by Fermi’s golden rule, using the sudden approx-

imation which involves assuming no interaction between the system and

the generated photoelectron. The probability of optical excitation of the

electron from an initial (i) to a final (f) state can thus be expressed by:

Wf i =
2πe
ħhme
| 〈Φ| f A · p |Φi〉 |2δ(E f −ħhω− Ei) (3.12)

where A is the vector potential of the incoming electromagnetic wave, p

the momentum operator, 〈Φ f | the final state and |Φi〉 the initial state. The

delta function limits transitions to only those where the energy is conserved.

Since the photon momentum is much smaller than that of an electron, the

electron wave vector (k) can be assumed to be conserved during the exci-

tation step (that is k f = ki). However, the final step of the photoemission

process will not fully conserve the wave vector. After the photoemission

process is complete and the electron has escaped into vacuum, the elec-

tron’s kinetic energy follows that of free electrons:

Ek =
ħh2k2

2m
(3.13)
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where m is the mass and ħh Plack’s constant divided by 2π. The wave vector

can be split into a sum of all three spatial directions (k = kx + ky + kz), or

for simplicity into k = k‖ + k⊥ where the components are referenced with

respect to the surface. During the final step of the photoemission process,

only k‖ is conserved, whereas k⊥ is not. The reason why k⊥ is not conserved

is due to a deceleration originating from a change of the inner potential near

the surface. The component parallel to the surface will be conserved inside

a reciprocal lattice vector:

k f ,‖ = ki,‖ +Gs (3.14)

where Gs is the surface reciprocal lattice vector. Furthermore, the absolute

value of the wave vector, |k‖| after the photoemission process is complete

is given by:

|k‖|= 1
ħh sinθe ∗p2mEk (3.15)

where θe is the emission angle of the electrons. This provides a direct link

between the electron momentum and the emission angle, which can be

used to directly measure the dispersion relation E(k‖) of electrons in the

material. It is also worth mentioning that surface states do not have a k⊥
dependence, as they belong to the two-dimensional surface. Thus, it is pos-

sible to use ARPES to determine the entire surface electronic band structure.

Even though ARPES is a surface sensitive technique, there is still a mix of

electrons from both surface states and bulk states in the measured spec-

trum. For this reason, it is important to be able to identify the surface

states and tell them apart from the bulk states. Surface states arise because

of, and exist on, the surface. When the valence band electrons follow the

nearly-free electron model, the surface states are delocalized Bloch states in

the direction parallel to the surface, with energies that lie in the gap region

of the bulk bands. Their wave function decays exponentially in the direc-

tion perpendicular to the surface. Some surface states have an energy that

lie inside the bulk band region and may thus extend further into the bulk.

Those states are referred to as surface resonances. With this information

in mind, the following four criteria can be used in order to identify surface

states in an ARPES measurement62:

I They exist in the bandgap of the projected bulk bands.
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Figure 3.10: Valence band structure measurements (ARPES data) of Ag films on the

Ga/Si(111)–
p

3×p3 surface in the Γ − M direction of the SBZ with film thickness of (a)

3 ML, (b) 6 ML, (c) 9 ML and (d) 12 ML. Brighter parts of the image correspond to higher

intensity of photoelectrons for that value of E(k). The spectra show parabolic quantum well

states (numbered starting from n=1) and the Shockley surface state is (marked with SS).

The dotted lines in (a) and (b) show the edges of the bulk Si valence bands whereas the filled

parabolic lines in (b) are fitted to the n=2 quantum well state, one to the region above the

Si valence band and the other below. Photon energy was 40 eV for all measurements.

II The binding energy is independent of the photon energy used in the

measurement. Peaks originating from the bulk bands may shift their

binding energy when the photon energy is changed, since the excita-

tion will occur at a different k⊥ value.

III Their periodicity follows the surface Brillouin zone.

IV They are sensitive to surface adsorptions (in other words, if you change

the surface, the surface states normally changes as well, whereas the

bulk states stays the same).

While these criteria are good guidelines, a few issues are worth mentioning.

For criteria one, the dispersions of the bulk bands have to be known. For

criterions three and four, scattering conditions at the surface may change

the appearance of the bulk bands. Nevertheless, these four rules are a useful

tool in order to analyze the valence band electronic structure of surfaces.

An example of a valence band structure measurement is shown in Fig. 3.10.
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Chapter 4
Introduction to papers
Paper I

In this paper, Ag thin films on the Ga/Si(111)-
p

3×p3 surface have been

studied with synchrotron radiation based angle-resolved photoelectron spec-

troscopy and low-energy electron diffraction. The films were created by

deposition at room temperature and have thicknesses in the range of 3-12

monolayers. LEED shows that the films grow with a lattice constant match-

ing that of bulk Ag already from a 3 ML thickness. However, some
p

3×p3

spots still remain in the 3 ML LEED image, which indicates that the film

may have some empty patches where the Ga/Si(111)-
p

3 ×p3 surface is

still visible. Core-level spectra show a change in the Ga 3d core level after

Ag deposition. On the bare Ga/Si(111)-
p

3×p3 surface, the core-level is

fitted using two components, one consistent with the T4 adatom model, and

the other most likely arising from with surface disordered structures. After

Ag deposition, the Ga 3d core-level changes shape and is fitted using four

components, two remaining from the Ga/Si(111)-
p

3 × p3 surface, and

two new asymmetric (metallic) components. The addition of two compo-

nents indicates that the Ag atoms may break either one or two of the Ga-Si

bonds. Valence band spectra show quantum well states for all grown film

thicknesses. The phase accumulation model has been successfully used to

analyze the QWSs binding energies with respect to film thicknesses. The

total phase shift of the two boundaries has been obtained by fitting to the

structure plot, and was found to have a negative slope with increased bind-

ing energies. The effective mass of the QWSs increases with binding en-

ergies and decreases with film thicknesses. These behaviors fit well with

the theoretical predictions. The ARPES data also show a second type of

QWS, which is the result of umklapp scattering. These QWSs are centered

around the M point of the Si(111) 1× 1 surface Brillouin zone, and have

a smaller binding energy interval compared to the normal type QWS. The

binding energy interval for the umklapp QWSs is between 1/3-1/2 of that
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of the normal type QWSs from the same film thickness. These results show

that the Ga/Si(111)-
p

3×p3 surface is a good candidate for growing high-

quality ultra-thin Ag films.

Paper II

In this paper, Ag thin films on the Ga/Si(111)-
p

3×p3 surface have been

studied using STM/STS, LEED and ARPES. The Ag films were formed by

RT deposition. LEED image from a 2 ML Ag film on Ga/Si(111)-
p

3×p3

shows four sets of spots; i.e. Si(111)-1× 1, Ag(111)-1× 1,
p

3×p3 and

a set of spots close to the electron gun belonging to a lattice constant of

1.2 nm and oriented in the same direction as Si/Ag 1× 1. STM images of

the surface after deposition of 0.4 ML of Ag show the morphology of the

interface structure. The first two layers of Ag grow as 2D islands, where

the second layer starts to grow before the first fully covers the surface. The

first layer of Ag grows in atomic rows with three-fold symmetry, oriented in

the direction of Si(111) 1× 1. The rows are separated by a distance equal

to the one between Ga atoms along the diagonal of the
p

3×p3 unit cell.

The heights of the first and second layers of Ag show clear indication of

electronic effects, i.e. the heights are typically higher in filled states images

compared to empty states. While the height of the first layer indicates that

it is incorporated into the
p

3 × p3 surface, averaging the 2 ML heights

with STM biases of ± 2 V shows that the second layer has a height of 2.3

Å above the first layer islands, which is very close to the distance between

layers of bulk Ag(111). On top of the 2 ML film, a hexagonal pattern can

be observed. This pattern has a periodicity close to 1.2 nm, which fits well

with the LEED spots close to the electron gun. This structure is attributed to

a Moiré pattern obtained by overlapping a
p

3×p3 lattice with one layer of

Ag(111)-1× 1. Starting from 2 ML, silver grows into a thin film, following

a layer-by-layer growth mode. STS shows peaks in the filled states, which

move towards the Fermi level with increased film thicknesses. They thus

share behavior with QWSs. For the 2 and 3 ML films, two of these peaks

are present, whereas the 4 ML film has three. It is interesting to establish

a link between the STS data and the ARPES spectra by comparison of the

two. This comparison allows for these peaks to be attributed to coupling

states, where the QWSs intersect the region of the bulk Si valence band.
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ARPES spectra from what was estimated as a majority 2 ML Ag film show

two QWSs, where the n=2 QWS shows a splitting close to the projected

bulk Si valence band zone. With the data from the third paper, these re-

sults have been reinterpreted as arising from a multi-layer film with mainly

3 ML thickness, and the splitting arising from a second layer QWS.

Paper III

In this paper, Ag thin films, formed by RT deposition on the In/Si(111)-p
3 × p3 surface, have been studied using STM/STS, LEED and ARPES.

As In and Ga belong to the same group in the periodic table, and as both

form a
p

3×p3 surface on Si(111)-7×7, they are expected to give similar

results after Ag deposition. STM images confirm that Ag film on In/Si(111)-p
3×p3 grows as layer-by-layer starting from 2 ML. On top of the 2 ML film,

short atomic rows are visible, oriented in the direction of Si(111) 1×1. The

structure appears similar to the second layer of Ag on Ga/Si(111)-
p

3×p3,

which reflects the first interface layer. The rows are separated by a distance

of approximately 11.5 Å. LEED images from a 2 ML film shows spots close

to the specular reflection belonging to a lattice constant of 11,5 Å. This

provides a clear link between the row structure and the LEED spots. In

addition, LEED images from a 2 ML film shows the Si(111)-1×1, Ag(111)-

1 × 1 and
p

3 ×p3 spots. The
p

3 ×p3 spots are attributed to the small

amount of empty patches where the film does not fully cover the surface,

which were observed in the STM images. Comparison with LEED images

from a 1 ML Ag coverage shows that the Ag(111)-1× 1 spots appear first

for the 2 ML film, whereas all the other spots are present already from 1

ML. STM images from 3 and 4 ML Ag film also show the same row struc-

ture, although the height of the features attenuates with thicknesses. The

combined results from LEED and STM allow for designation of the row

structure as originating from the interface layer, which is present as a form

of height corrugation on the thicker films. ARPES spectra from 2 and 3

ML Ag films on the In/Si(111)-
p

3×p3 surface show evidence of QWSs.

The data shows mixed coverages for both surfaces, although the relative

intensities of the QWSs change with thicknesses. STM images confirm a

mixed coverage, even though at least 75% of the films belong to the major-

ity thickness. The intensity variations allow for identification of the QWS
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bands as belonging to the n = 1 of the 2 ML film and n = 1, n = 2 of

the 3 ML film. In addition, the spectra show that the bulk-like Ag sp band

appears first for the 3 ML film. The 3 ML spectra also show an umklapp-

mediated QWS, centered around the M point of the Si(111) 1×1 SBZ. The

QWSs dispersions have been plotted in the M − Γ − K direction, and the

results were used to recalculate thickness determination in paper 2. STS

from a 2 ML Ag film shows three peaks between 0 and -2 V. By comparison

of the STS data and the ARPES spectra, the first of these is attributed to

the Ag(111) Shockley surface state, and the other two as originating from

the n= 1 QWS. The binding energies of the two peaks (-1.26 eV and -0.66

eV) match well the binding energy positions, where the QWS intersect with

the projected bulk Si valence band (-1.26 eV) and the top part of the QWS,

after it has bent upwards to follow the bulk Si valence band (-0.66 eV).

This paper thus presents a thorough investigation of the intrinsic QWSs in

Ag films on In/Si(111)-
p

3×p3, and provides a solid ground for thickness

determinations based on the QWSs’ dispersions.

Paper IV

In this manuscript, Ag thin films on the Sn/Si(111)-
p

3×p3 surface have

been studied using STM/STS, LEED and ARPES. The films were formed by

RT deposition. While Sn forms a
p

3 ×p3 surface on Si(111), described

through the same T4 atomic model as the Ga- and In/Si(111)-
p

3 × p3

surfaces, the difference between the Sn and the Ga/In surfaces lies in the

dangling bonds. While both Ga and In terminates all the Si dangling bonds

on the surface, the Sn atoms themselves have one dangling bond remaining,

which is shown to affect the Ag film growth. STM shows that Ag grows as

layer-by-layer on top of Sn/Si(111)-
p

3×p3 already from 1 ML. This pro-

vides a clear benefit when studying interface-related effects. STM images

after deposition of 0.5 ML of Ag show that the first layer of Ag forms a quasi-

ordered structure consisting of short atomic rows, oriented in the direction

of the underlying Si substrate (the Si(111) 1 × 1 directions). Comparing

the filled and empty state STM images from the first layer of Ag reveals that

bright rows in the filled state complement with dark parts in the empty state

and vice versa. This indicates that the filled and empty-state STM images

show different bonds, where the filled state is attributed to Ag-Sn bonds
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and the empty state to Ag-Si bonds. The rows are separated by a distance

equal to 11.5 Å, which match the lattice constant for a set of LEED spots

close to the specular reflection. This value is interesting, as it matches 3×
the Si(111) 1×1 surface unit cell vectors, and 4× the Ag(111) 1×1 vectors.

It thus seems as if the interface structure aids the lattice matching of the Ag

film with the underlying Si substrate. Based on the STM images on the first

Ag layer, an atomic model is proposed for the interface. In this model, in-

coming Ag breaks one of the Sn-Si bonds, moving the Sn atom to a bridge

position. The unbonded Si atom would thus have an available dangling

bond, which can attract a cluster of 3 Ag atoms. This cluster can trigger

the breaking of a nearby Sn-Si bond, thus creating a short line of Si dan-

gling bonds. Starting from 2 ML, Ag grows as a thin film, with layer heights

corresponding to the distance between layers in a Ag(111) crystal. The in-

terface structure is still visible on top of the 2 and 3 ML films, although

the heights of the features attenuate with film thicknesses. A close-up STM

image on top of a 4 ML film shows atoms arranged in a hexagonal pat-

tern with a periodicity of 3 Å. This is close to the distance between atoms

in the Ag(111) 1 × 1 surface, and indicates only a small strain (a 4% dif-

ference in lattice constant). The valence band structure was investigated

with ARPES and STS. The ARPES spectra show that QWSs appear first for

a 2 ML film. This is consistent with expectations, as the interface struc-

ture is very different from a Ag(111) crystal. A 2 ML film can thus be seen

as equivalent to one layer of bulk-like film. STS spectra from films of 1-5

ML thicknesses show peaks in the filled states of the electronic structure.

These peaks move towards the Fermi level with increased thicknesses, and

thus share behavior with QWSs. In line with previous studies (paper 2 and

3), comparison of the STS data and the ARPES spectra allows for the STS

peaks to be attributed to coupling states between the QWSs and the bulk

Si valence band. The study shows that the Sn/Si(111)-
p

3 × p3 surface

is a very good candidate for the growth of Ag thin films, as it allows for

layer-by-layer control starting from 1 ML, and the ARPES data confirm that

the films are of uniform, high quality even for such low coverages as 2 ML.

Paper V

This manuscript presents an STM and LEED study of Ag films on the Sn/Ge(111)-

37



p
3×p3 surface, where the Ag films were formed by deposition at RT. LEED

images from a 2 ML film show, apart from the Ge(111) 1× 1 spots, a few

spots belonging to a 2
p

3 × 2
p

3-R30° pattern, and two sets of Ag(111)

1 × 1 spots. One of the set of Ag(111) 1 × 1 spots is oriented in the di-

rection expected for an epitaxial Ag film (that is, in the same direction as

Ge(111) 1 × 1), and the other set rotated 30°. This indicates that the Ag

film grows in domains of two separate lattice orientations. STM images of

0.5 ML of Ag on Sn/Ge(111)-
p

3×p3 show that the first layer of Ag forms

a special interface, which grows as 1 ML islands, and consists of two dif-

ferent structures. The two structures form domains of roughly equal sizes.

One of the interface phases consists of short atomic rows (referred to as the

line structure). These lines are separated by a
p

3 distance, and oriented

in the directions of the Sn-
p

3 × p3 surface. This is in contrast with the

case for Ag on Sn/Si(111)-
p

3 ×p3 (paper 4), where the rows were ori-

ented in the same direction as the underlying Si substrate. The other phase

is a honeycomb structure, where the most prevalent (and most ordered)

honeycombs fit a 3×3 periodicity. The two phases are thus oriented in dif-

ferent directions, rotated 30° with respect to each other. This can explain

the origin of the two different domains of Ag film observed in LEED. The

heights of the two phases are 2 Å when measured with a -2 V bias, although

the honeycomb phase has a lower height in the empty state images. As the

Sn/Ge(111)-
p

3 × p3 surface appears unbroken near the borders of the

two interface phases, the first Ag layer is assumed to be floating on top of

the surface, while leaving the underlying structure mostly intact. One or

both of the interfaces do seem to shift the positions of the Sn atoms slightly

however, leading to the formation of domain walls. While the line structure

has a separation between the lines equal to
p

3, they mostly have lengths

of 2
p

3, which could explain the presence of 2
p

3× 2
p

3-R30° LEED spots.

Atomic models for the two phases are proposed. The models are based on

two different spin configurations of the Sn/Ge(111)-
p

3×p3 surface. In

both models, clusters of 3 Ag atoms bond on top of the Sn atoms, whereas

clusters of 2 Ag atoms bond in-between spin-identical Sn atoms. The atomic

model for the honeycomb phase is based on a 3 × 3 structure, where the

Sn atoms have different spins. In this model a spin down Sn atom is sur-

rounded by a hexagon of spin up Sn atoms, which means that there are

one spin down Sn and two spin up Sn in a 3×3 unit cell. The line phase is
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based on an antiferromagnetic collinear spin configuration, which creates

a 2
p

3 × p3 unit cell with three-fold rotational symmetry. Placing clus-

ters of Ag atoms as described above thus creates interfacial phases with

equal atomic density, 15 Ag atoms for a 3×3 unit cell or 20 Ag atoms for a

2
p

3× 2
p

3 cell. This fits well with the interfacial atomic density inferred

from experiment. STM images after deposition of 1.67 ML of Ag show that

Ag grows as a islands on top of both interface phases. On some places,

small amounts of 3 ML Ag can be seen. The 2 ML islands have boundaries

with each other, without growing into a uniform film. The observed film

boundaries, combined with the results from LEED, lead to the conclusion

that the Ag film on Sn/Ge(111)-
p

3×p3 consists of domains with two dif-

ferent lattice orientations. As such, only local layer-by-layer growth can

be expected. Ag films on the Sn/Ge(111)-
p

3 × p3 surface thus provide

a novel system, as there exist two different interface phases, where both

allow for the subsequent growth of Ag film.
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Chapter 5
Conclusions and outlook
The work presented in this thesis shows the strength of metal-induced sur-

face reconstructions to facilitate Ag thin film growth on Si(111) and Ge(111).

Furthermore, the valence band structures of the Ag films were investigated

with both STS and ARPES, and revealed the behavior of the intrinsic quan-

tum well states.

The first study used the Ga/Si(111)-
p

3×p3 surface, as it had previously

been shown to provide layer-by-layer growth in RT conditions for thick-

nesses above 2 ML. This allowed for an ARPES study of the valence band

structure for the very thin films, connecting and extending the behavior of

QWSs of these thicknesses to the broader theoretical framework that al-

ready existed. In the second study, combining STM with photoemission

allowed for a further understanding of the growth method, morphology,

and electronic structure of Ag films on this surface.

A natural continuation of this research was to explore another group III el-

ement, which also produces a
p

3×p3 surface on Si(111), namely indium.

It was shown that the In/Si(111)-
p

3 × p3 surface was equally good, if

not better at, producing uniform Ag films, still with RT conditions. This al-

lowed for a study of the intrinsic QWSs, and it was found that QWSs in Ag

films on the Ga- and In-reconstructed Si(111)-
p

3×p3 surfaces have near

identical dispersions. The two interfaces thus function very similar with

regards to properties such as the phase shift upon reflection of the electron

wave. Additionally, the observation of the umklapp-QWSs at 3 ML mani-

fests the important role of the coupling effects between the Ag film and the

substrate, which affects the whole electronic structure.

As both Ga and In saturate all the Si dangling bonds and leave a passivated

surface, extending the study to Sn/Si(111)-
p

3 × p3 was done in order

to see how the remaining dangling bonds of Sn would affect the Ag film

40



growth. The Sn/Si(111)-
p

3 × p3 proved even more well-suited for Ag

film growth at RT, as it enabled layer-by-layer control even from the first

interface layer. Using this property, it was confirmed that QWS first appears

for 2 ML of Ag, and is absent in the interface layer. A model for the interface

formation was also developed. To conclude this part, these results indicate

that metal-reconstructed Si(111) surfaces using group III and IV elements

allow for growth of uniform Ag thin films, even for very low thicknesses.

This is attributed to their ability to saturate the Si dangling bonds which

otherwise strongly react with the incoming Ag.

Another conclusion in above studies is the link between STS and ARPES

spectra. Through comparison between STS and ARPES spectra from Ag

films on all three surfaces, it was concluded that the STS spectra show

peaks at positions matching the binding energy where the QWSs intersect

with the bulk Si valence band region, as well as a peak at the QWSs local

binding energy maximum near the Γ point. These peaks in the STS spectra

are thus having a contribution from coupling states.

Extending the study to Ag films on Sn/Ge(111)-
p

3×p3 highlighted how

electronic effects can greatly affect the film growth. While very structurally

similar to the Sn/Si(111)-
p

3×p3 surface, Sn/Ge(111)-
p

3×p3 has a 3×3

electronic structure as its ground state. The resulting Ag films grew with

two different lattice orientations, co-existing simultaneously on the same

substrate. This was caused by the two different interface phases present on

the Sn/Ge(111)-
p

3×p3 surface.

The results from the studies presented in this thesis open up several avenues

of continuation for the current research. The ability to produce uniform

thin films from thicknesses as low as 2 ML allows for a more in-depth study

of electronic coupling and interface related effects in the electronic struc-

ture of the films. Studies of LT growth of Ag films on the Sn/Ge(111)- and

Sn/Si(111)-
p

3×p3 surfaces could further help answer questions not only

about electronic effects in the film growth, but also about the highly de-

bated metal-reconstructed surfaces themselves. Another question is what

role dangling bonds play in the interface formation, film growth and QWS

properties. Highly mosaic Ga- or In/Si(111)-
p

3×p3 surfaces, where the

41



amount of Si substitutional atoms is well controlled, would be useful for

this purpose. Thorough studies on the electronic structure of the very thin

films as well as the interfaces might reveal the presence of possible topolog-

ical states, which involve spin-momentum coupling such as the Sn/Ge(111)

case. All these topics would be of interest from the viewpoint of experimen-

tal and theoretical physics.

Layer-by-layer control of the film growth from a 2 ML thickness is also very

interesting as it enables tuning of the QWS characteristics by changing the

interface or film thicknesses. This is valuable not only for fundamental sci-

ence, but also when looking for technological applications of this research.

Understanding quantum size effects such as QWSs is a necessity as nano-

scale devices either have to use them or to work around them. Though

no direct technological use of the work is presented in this thesis, appli-

cations such as surface coating, catalysts, chemical sensors and functional

films may still be attractive.
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Scanning tunneling microscopy and 
photoemission studies of Ag films  
on metal/semiconductor surfaces

From our everyday experiences, we are used to the world functioning in a certain 
way. As the size of things approach the nanometer scale, new physical phenomena 
and features arise that often contradict our intuition. One such phenomenon 
is the electron confinement. When the movement of electrons is restricted in 
space, the energy becomes quantized, so that only a few particular energy levels 
are allowed and all the energies between these levels are forbidden. This happens 
naturally in a metal thin film with a nanometer thickness. These allowed energy 
levels are called quantum well states. One way to create an artificial system is to 
grow thin metal films on semiconductor substrates.

This thesis presents research focused on Ag thin films on Si(111)- and Ge(111)-
√3×√3 surfaces using Ga, In and Sn as adatoms. The morphologies and
electronic structures of the interfaces and Ag films have been studied using a
combination of scanning tunneling microscopy and photoelectron spectroscopy.
The metal-reconstructed surfaces allow for Ag film formation to take place at
room temperature. These surfaces also allow for layer-by-layer growth at very low
coverages, which opens up the possibility to study coupling and interface related
effects in the electronic structure of the films.
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