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Abstract

In this master thesis I have investigated one-dimensional nanos-
tructures, so called quantum wires. The goal was to grow them
in situ on a stepped silicon surface and thereafter do several kinds
of measurements, like Scanning Tunneling Microscopy, Low-Energy
Electron Diffraction and Photoemission. The surface that was used
was a Si(332) surface and the metals used in the growth of the
quantum wires were gold and silver.

After the preparation and measurement of the stepped surface,
evaporation of silver and gold was performed. The Scanning Tunnel-
ing Spectroscopy measurments were done on both Ag/Si(332) and
Au/Si(332) surfaces. This gave information about the local density
of stats on the surfaces and possible bandgaps.

All experiments were performed in ultra high vacuum, except the
sample cutting and the first cleaning of the surface, which was done
after the Shiraki method.
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2 Introduction

2.1 About this work

The aim in this work was to grow one-dimensional nanowires and to measure
both substrate and wires. The substrate was a silicon (Si) wafer with a surface
normal in the [111] direction and with a 10° off-cut.

However, this project turned out to be more difficult than expected. The
most difficult part turned out to be the preparation of the silicon surface, so
that it would self-organize the step structure. Because, if this self-organization
of steps doesn’t occur it will be difficult to get good nanowires of gold or silver.

After these silicon surface preparations some measurements were done with
Low-Energy Electron Diffraction (LEED), Scanning Tunneling Microscopy
(STM) and with Scanning Tunneling Spectroscopy (STS). After the growth it
should also have been Photoemission measurements, but some problems with
the equipment put an end for that.

The whole project didn’t turn out to be as planned because of the process
of making the stepped surfaces and some problems with the equipments around
it. The Ultra High Vacuum (UHV) system was also a new experience. The
evaporating process was a rather straightforward process but there were some
small problems with the gold sources apparatus. The secondary aim was to
master the LEED and STM systems.

2.2 Why

The first question one should ask is why we want to do these investigations. To
answer this question we can see it from different perspectives;

• basic knowledge of nature.

• for future technology.

For the main research it is important to establish the fundamental physical prop-
erties as in paper [1, 11, 12], and [8, 9] to mention some. In paper [1, 11, 12] they
discuss such issues as surface structures, how to create them, band structures
and so on. Also the structural aspects in the one-dimensional perspective, as
the Peierls distortion and instability problems.

From a technical point of view it’s hard to see what will become of this.
Maybe as a memory carrier or just as a connection line between two junctions.
But one thing is for certain; the computer industry will gain from it in their
constant struggle to achieve faster computers. An example is data storage, see
Fig.(1).

3 Methods and Calculation Tools

In this section some of the most important tools and techniques in surface
physics will be described. We will look at different kinds of techniques that I
have used, theoretically, but also in the practical use of these techniques as the
UHV system, LEED, STM and STS.

Physics Master Thesis
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Figure 1: Chain structure formed by Au on Si(111), consisting
of 5 × 2 stripes with extra atoms sitting on top (right). This
assembly resembles the structure of a CD or DVD data storage
device, except that the bit density is 106 times higher (note the
nanometer scale compared to the micrometer)[4, 10]

.

3.1 Structures

Structures are an important subject in the discussion about physical and mate-
rial properties. The different systems of periodicity build up the seven categories
of structures that we know of (see table (1)). In the three-dimensional space we
have four common groups, in which are; Simple Cubic (sc), Body Centre Cu-
bic (bcc), Face Centre Cubic (fcc), Hexagonal Close Pack (hcp) and Diamond
Structure.

Table 1: The 14 lattice types in three dimensions [21]

Number Restrictions on
of conventional cell

System lattices axes and angles

Triclinic 1 a1 6= a2 6= a2

α 6= β 6= γ
Monoclinic 2 a1 6= a2 6= a2

α = γ = 90◦ 6= β
Orthorhombic 4 a1 6= a2 6= a2

α = β = γ = 90◦

Tetragonal 2 a1 = a2 6= a2

α = β = γ = 90◦

Cubic 3 a1 = a2 = a3

α = β = γ = 90◦

Trigonal 1 a1 = a2 = a3

α = β = γ < 120◦, 6= 90◦

Hexagona 1 a1 = a2 6= a3

α = β = 90◦

γ = 120◦

Silicon has the diamond structure, while both gold and silver has an fcc
structure. The structures can be narrowed down to a smaller cell, called the
primitive cell or a unit cell. A special type of primitive cell is the Wigner-Seitz
cell and in the reciprocal space the same construction is called the Brillouin
zone(see fig.(2)). The construction is to draw a line to the nearest points and

Physics Master Thesis
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after that divide this line in the middle and draw a perpendicular line there to
achieve the smallest enclosed volume or area.

In order to convert between real and reciprocal space the following relation-
ships are used:

a∗1 = 2π
a2 × a3

a1 · a2 × a3
a∗2 = 2π

a3 × a1

a1 · a2 × a3
a∗3 = 2π

a1 × a2

a1 · a2 × a3
(1)

here, a1, a2 and a3 represent the lattice vectors of the crystal in real space and
a∗1, a∗2 and a∗3 the reciprocal lattice vectors [15].

(a) (b)

(c)

Figure 2: In (a) we can see the construction of a Wigner-Seitz
cell and in (b) the Brillouin zone. Note that the Brillouin
zones is in the reciprocal space, not in real space. In (c) we
see the electron bands for a cubic diamond on the left and for
Hexagonal diamond on the right [31].

Other important vector is the lattice translation vector, both in real and in
the reciprocal space. The lattice translation vector in the real space is defined
as L = u1a1 + u2a2 + u3a3 and in the reciprocal space the lattice translation is
G = v1a∗1 + v2a∗2 + v3a∗3 were ua and va are constants. By this vector, we can
map all point in the real and reciprocal lattice. With help from this vector, we
can also determine possible reflections [21].

At surfaces, the periodicity will stop in one direction. This will cause some
complications, both mathematical and in the physical perspectives.

Physics Master Thesis



5 J Gladh

The vector relations for the lattice vectors in real and reciprocal space will
change to

a∗1 = 2π
a2 × n̂
|a1 × a2|

a∗2 = 2π
n̂× a1

|a1 × a2|
(2)

where n̂ is the vector perpendicular to the surface.
In the physical perspective the surfaces will in many cases not retain the

bulk structure, but undergo a reconstruction or a relaxation(see fig.(3)).

Figure 3: Schematic illustrations of atomic rearrangements in
the surface region. (a) Pairing reconstruction; (b) missing row
reconstruction; and (c) relaxation of the uppermost atomic
layer. The figure is adapted from [3].

If a relaxation occurs the bulk periodicity in the surface plane will be pre-
served. Relaxations occur for example at several metals.

On the other hand reconstructions often occur at surfaces of covalently
bonded crystals. When the reconstructions occur it will be a rearrangements of
the surface in such way that it is most energetically favourable. One of the most
well known reconstructions is the 7 × 7-reconstruction on the Si(111) surface
(see fig(4)).

Si(111)-(7 7): Top View�

Si(111)-(7 7): Side View�

Rest atoms

Adatoms

Dimer atoms

1 layer
st

2 layer
nd

Figure 4: The classical DAS (Dimer-Adatom Stacking) model
picture of the 7× 7-reconstruction which first was proposed by
Takayanagi. In the top view we can see how the structure spans
over 49 bulk unit cells. [15].

Physics Master Thesis
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3.2 Potentials and Energy bands

In this section we will discuss electrical potentials, energy bands and how to
calculate and to interpret some of the results. The model of the free electron
gas gives a useful insight into the transport properties of metals. Model of
the free electron gas is considered there is limitations in this potential that the
electron moving in. This is the boundaries that crystal periodicity sets and the
only condition which can be imposed on the potential is

V (r + G) = V (r) (3)

where G is the lattice translation vector in the reciprocal space.
The remarkable property which emerges after taking into account the crystal

potential is the appearance electronic energy bands. To grasp this we have to
start with the Bloch’s theorem.

3.2.1 Bloch Theorem

The energy bands and potentials in a crystal must follow some kind of periodic-
ity. F. Bloch proved an important theorem that the solution of the Schrödinger
equation for periodic potential must be of the form

ψk(r) = uk(r)eik·r, (4)

where uk(r) has the periodicity of uk(r) = uk(r + G), uk(r) is also called the
Bloch functions. Note that equation (4) is for one particle. We now consider
the wave equation of an electron in this periodic potential in one dimension
having the potential U(x) = U(x+ a). If we expand this potential in a Fourier
series the potential energy gets

U(x) =
∑
G

UGe
iGx. (5)

The values of the Fourier coefficients UG for the actual crystal potential will
tend to decrease rapidly with increasing magnitude for G. An assumption is
that the crystal symmetry around x = 0 is that U0 = 0. The wave equation
is Hψ = εψ where H is the Hamiltonian and ε is the energy eigenvalue. The
solution for ψ are eigenfunctions. If we now rewrite the wave function ψ(x) by
Fourier expansion and summarise over all values that the wave vector permits
under the boundary condition we get a wave equation which is then obtained
as a sum over k∑

k

}2

2m
k2Cke

ikx +
∑
G

∑
k

UGCke
i(k+G)x = ε

∑
k

Cke
ikx. (6)

Each Fourier component must have the same coefficient on both sides of the
equation, thus

(λk − ε)Ck +
∑
G

UGC(k −G) = 0 (7)

Physics Master Thesis
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where λ = }2

2mk
2. This equation is sometime called the central equation. With

some rearrangements the equation will be

ψk(x) =

(∑
G

C(k −G)e−iGx

)
eikx = eikxuk(x), (8)

where uk(x) is defined as

uk(x) ≡
∑
G

C(k −G)e−iGx. (9)

which will hold for the Fourier condition [21].

3.2.2 The Model of the Nearly Free Electron Gas

In section (3.2.3) we will calculate the DOS of the electronic energy of the free
electron. In these, section the wave vector can change in the whole reciprocal
space so the electronic energy can span over the whole positive part of the
energy scale from zero to infinity. However, the Bloch theorem will restrict this
and it is convenient to choose the wave vector in a way that they are in the
first Brillouin zone (see fig.(5)).

(a)

(b) (c)

(d) (e)

Figure 5: The Fermi sphere for a square lattice. We can see in
(a) how the the wave vector k creates a circle, and in (b) to (e)
how the different Brillouin zones are folding in a reduced zone
scheme from the first. The figures are adapted from [19].

In section (3.2.1) we saw how we derived the central potential equation,
eq.(7), for weak lattices potentials U(r). From the Schrödinger equation a
solution for energy is

εk =
}2

2m
k2 (10)

where the periodic boundary conditions are limited to the lattice constant a,
and the free electron wave functions are of the form of

ψk(r) = exp(ik · r); (11)

Physics Master Thesis
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they represent running waves and carry momentum p = }k. In the model of
the nearly free electron gas the band structure can de explained, for which the
band electrons are treated as perturbed only weakly by the periodic potentials.

In a crystal the Bragg reflections has a characteristic feature of wave propa-
gation. Bragg reflection of electron waves in crystals is the cause of energy gaps.
These energy gaps are significant in determining whether a solid is a conductor
or an insulator.

The Bragg condition (k+G) = k2 for diffraction of a wavevector k become
in one-dimension

k = ±1
2
G = ±nπ

a
(12)

where G = 2πn/a is the reciprocal lattice vector, a is the lattice constant and
n is an integer. The first energy gap will occur at k = ±π/a, here will also the
first reflection occur, which is in the first Brillouin zone of the lattice. Where
the other energy gaps will occur is depending on the value of the integer n.

The wave functions at the Brillouin zone boundary k = π/a are
√

2 cosπx/a
and

√
2 sinπx/a, normalized over unit length. If we write the potential energy

of an electron in a crystal at point x as

U(x) = U cos 2πx/a. (13)

The first order energy difference between two standing wave stats will be

Eg =
∫ 1

0
dxU(x)[|ψ(+)|2 − |ψ(−)|2] (14)

= 2
∫
dxU cos(2πx/a)(cos2(πx/a)− sin2(πx/a)) = U

where the signs (+) and (-) is whether or not they change sign when −x is
substituted for x, and the band gap is equal to the Fourier component of the
crystal potential [21].

3.2.3 Density of States

The density of states (DOS) for electrons in a energy bands is generally defined
as

Dn(ε) = 2
∑
k

δ (ε− εn(k)) . (15)

This equation can be rewritten so the total DOS then will be obtained if we
sum over all bands,

D(ε) =
2V

(2π)3
∑

n

∫ ∫
ε=εn(k)

dSε

|∇kεn(k)|
. (16)

If we consider an example for the free electron gas model the dispersion relation
is ε(k) = }2k2/2m, which gives |∇kεn(k)| = }2k/m and a surface of constant
energies with spheres of radius kε = }−1

√
2mε. The DOS will be

D(ε) =
2V

(2π)3
4πk2

ε

}2k/m
=

V

2π2

(
2m
}2

)3/2√
ε. (17)

Physics Master Thesis
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Another example is the electronic DOS for a one-dimensional crystal within the
Kronig-Penney model with the function

f(Ka) = cos(Ka) + (a2mA/}2)[sin(Ka)/Ka] (18)

which gives

D(ε) =
L1

2π
dq

dε
=
L1

2π

∣∣∣∣ dqdK dK

dε

∣∣∣∣ = L1

2π}

√
m

2ε

∣∣∣∣ dqdK
∣∣∣∣ (19)

which will give

D(ε) =
L1

2π}

√
m

2ε
1√

1− [f(x)]2

∣∣∣∣df(x)
dx

∣∣∣∣ (20)

where x = Ka = a}−1
√

2mε from the Kronig-Penney model. It is seen that
the DOS tending to infinity at the band boundaries and is rather flat in to the
band center, which is a characteristic for e.g. the one-dimentional model.

As in the case of phonons the k summation can be rewritten via an energy
integral and it will be ∑

k

ϕ(εn(k)) =
1
2

∫
Dn(ε)ϕ(ε)dε (21)

where the factor 1/2 is there because of the spin [19].
We leave the theoretical part for a while and look at the practical side, and

how the DOS can be measured. DOS can be measured both locally and “glob-
ally”. When measurering DOS locally (LDOS), you get a picture of the charge
density around a spot, and of the band gaps and the size of these bandgaps.
These measurements are performed by scanning tunneling spectroscopy some-
thing we will talk more about in section (3.6.2).

Global DOS measurements are performed by photoemission. This will gen-
erate a picture of how the average DOS will look like in the measured direction.

Physics Master Thesis
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3.2.4 Fermi Liquid and Luttinger Liquid

In a Fermi gas the fermion system is non-interacting, and it fails in a system
where electrons can interact with each other. To describe a system and it’s
effects of this electron-electron interaction we have to use L. Landau theory
called Fermi liquid.

The Landau’s theory gives a good account of the low-lying single particle ex-
citations of the system of interacting electrons (see fig.(6)). These single particle
excitations are called quasiparticles and they have a one-to-one correspondence
with the single particle excitations of the free electron gas [21].

Figure 6: In (a) the electrons in initial orbitals 1 and 2 collide. If the
orbitals 3 and 4 are initially vacant, the electrons 1 and 2 can occupy orbitals
3 and 4 after collision. Energy and momentum are conserved. In (b) the
electrons in initial orbitals 1 and 2 have no vacant final orbitals available
that allow energy to be conserved in the collision. Orbitals such as 3 and
4 would conserve energy and momentum, but they are already filled with
other electrons. In (c) we have denoted with × the wavevector of the centre
of the mass 1 and 2. All pairs of orbitals 3 and 4 conserve momentum and
energy if they lie at opposite ends of a diameter of a small sphere. The
small sphere was drawn from the centre of mass to pass through 1 and 2.
But not all pairs of points 3, 4 are allowed by the exclusion principle, for
both 3, 4 must lie outside the Fermi sphere: the fraction allowed is ≈ ε1/εF .
[21]

In the one-dimensional case this is tricky, the Peierls instability has a singu-
larity at G = 2kF and this is the central problem in the theory of 1D interact-
ing electrons. From quantum mechanics and that the quasiparticle interactions
doesn’t involve momentum transfer between the quasiparticles. In other words,
the components of the interacting particles which do transfer momentum are ir-
relevant in three-dimensions. This is very different in 1D where, on dimensional
grounds, these interactions are marginal and cannot be neglected compared to

Physics Master Thesis
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those, which do not transfer momentum. This finally generates a charge-spin
separation [35].

This was a problem that J. M. Luttinger tried to solve, and in his paper
[25] he presented a model for one-dimensional many-fermion system, known
nowadays as Luttinger liquid. J. Voit further explained in his paper [35] some
properties that take this theory in to the mathematical world of Lie algebra.

3.2.5 The Tight Binding Method

In the case when the lattice potential is very strong a good approximation for
the electrons in the deep atomic levels is the tight binding method. Assume
that a function φn(r) is normalized to unit n-th state wavefunction of isolated
atomic problem: (

− }2

2m
∆ + U(r)

)
φn(r) = Enφn(r) (22)

where U(r) is an spherically symmetric atomic potential. When the lattice
potential is strong should we expect that electrons spend most of their time
sitting on atoms. This means that the Bloch wavefunction of any electron can
be approximated by a linear combination of atomic orbitals φn(r). The linear
combination that will satisfying the Bloch theorem is the Wannier representa-
tion:

ψnk(r) ' 1√
N

∑
G

eikGφn(r−G) (23)

where G is the translation vector. Assuming that the functions φn(r − G)
centred in different unit cells are orthogonal. What we want is to solve approx-
imately the Schrödinger equation for the crystal electrons:

Ĥψnk(r) =
(
− }2

2m
+ V (r)

)
ψnk(r)

=

(
− }2

2m
∆ +

∑
G

U(r−G)

)
ψnk(r)

≡ εn(k)ψnk(r) (24)

Since we have a approximate solution in eq.(23) within this model, we can
calculate the energies εn(k)ψnk(r) which is given as:

εn(k) =

〈
ψnk(r)|Ĥ|ψnk(r)

〉
〈ψnk(r)|ψnk(r)〉

(25)

according to the orthogonality the denominator 〈ψnk(r)|ψnk(r)〉 = 1. And the
matrix element of the Hamiltonian will become〈

ψnk(r)|Ĥ|ψnk(r)
〉

= En (26)

+
1
N

∑
GG′

e−ik(G−G′)
〈
φn(r−G)|(V (r)− U(r−G′))|φn(r−G′)

〉
(27)

Physics Master Thesis
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and after some rewriting we get〈
ψnk(r)|Ĥ|ψnk(r)

〉
= En −

∑
G

eikGAnG (28)

where AnG = −〈φn(r)|(V (r)− U(r−G))|φn(r−G)〉. With gives

εn(k) = En −
∑
G

eikGAnG (29)

All these different approaches as the free electron gas to tight binding
method give us the tools to calculate electron band structures for crystal con-
struction. [19]

3.3 Peierls Distortion

Quantum wires can be seen as one-dimensional, and this gives rise to a lattice
instability called Peierls distortion (see fig.(7)). The Peierls distortion occurs

Figure 7: In (a) we can see a perfect one-dimensional wire, and
in (b) the periodicity is tripled, in (c) doubled, all because of
Peierl distortion.

in this one-dimensionally chains because of a lowering in the energy. As we
can see in figure (7b) and (7c) two different kinds reorientations may occur in
the atomic chain. In (7b) the atoms either attract or repulse each other, and
in (7c) a slight zigzag pattern occurs. Figure (7c) is more like a double period
an is not anymore one-dimensional, strictly, both mathematically and physical.
Both these behaviours can occur in a symmetric and in an asymmetric way.

A system that undergoes these kind of changes usually goes from a metallic
to a insulator transition because of the electronic states will change from odd to
even becaues a partially filled band may split into one occuied and one empty
band.

Physics Master Thesis
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3.4 Ultrahigh Vacuum (UHV) Technology

One of the main purposes with ultrahigh vacuum (UHV) is that you can keep the
surface clean for a sufficiently long time, and so that you don’t have any other
interaction that can disturb the measurments or other activities that will be
performed in the system. Some equipment requires UHV, e.g. photoemission.
The UHV system that I used is an Omicron Nanotechnology GmbH system,
see Fig.(8). In this system there is STM, LEED, Auger Electron Spectroscopy
(AES) and photoemission equipments, but more about this later.

Figure 8: This is the Omicron UHV System which I worked
with. In this system you can do sample reparations and e.g.
STM investigations.

The Omicron UHV systems consists of two main parts1. The first part is
the preparation chamber; here you do all preparations on your sample, like
deposition or sputtering. The second part is the analysis chamber; in here we
do all measurements like AES, LEED, STM or photoemission.

Figure 9: This is a schematic sketch of an UHV system with a cham-
ber, three types of pumps, Ion pump, Turbo pump and a forepump.
This sketch can stand as a general solution of a UHV system.

1A UHV system can contain more than two parts but often in smaller systems you don’t
need more than the preparation and the analysis chamber.

Physics Master Thesis
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In figure (9) can we see an UHV system viewed schematically. The UHV
vessel has a pumping system with a forepump, a turbo pump and a ion pump,
which gives the system a capacity to pump down to ∼ 1 × 10−11mbar. This
pressure is close to the vacuum in outer space. To get down to this pressure
the system has to be “baked” out. This procedure must be done because of
thin water films and other molecules that is loosely attached to the walls in the
chambers and its equipment and must be removed. This is done by wrapping
the system with heating tape and, in aluminium folie, or by a special designed
cage. The whole system will be baked in 150 – 200℃ for at least 12h.

After the system is baked all parts in the system that will be used in some
kind of heating process must be outgassed. By heating these equipments more
molecules will get loose and raise the pressure. This out gassing should continue
for a couple of hours.

Figure 10: The STM is attached to the analysis chamber and
it depends on the pressure of the analysis chamber. In the left
picture the STM part is seen from the analysis chamber and in
the right picture from the inspection window.

On our system the STM part is attached to the analysis camber, (see
fig.(10)). Because of this the STM part is depending on the pressure that
the analysis chamber provide.
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3.5 Low-Energy Electron Diffraction (LEED)

Low-Energy Electron Diffraction (LEED) is a technique that is used in almost
every physical surface study, to investigate the surface order. LEED is very
surface sensitive because of the low energy that the electron has when it hits
the surface. Because of this the electron do not penetrate deep in to material
and the diffraction pattern that is seen does then only arise from the atoms at
the surface.

Let’s say that a crystal is cut along a certain plane, then the atoms near
the surface may well be disturbed from their equilibrium positions in the bulk.
This leads to changes in the relative positions of the surface and near surface
atoms (surface reconstruction). This surface crystallographic structure can be
determined by bombarding the surface with low energy electrons (approx. 10-
200 eV) and the elastically backscattered electrons give rise to diffracted spots
on a phosphorescent screen, see Fig.(11).

Figure 11: A typical LEED configuration consist of a tunable
electron gun (a filament and an accelerating potential in a lens
system). These electrons are scattered by the sample and are
then passed through a number of hemispherical retarding grids,
allowing only for elastically scattered electrons to be further
accelerated and then detected with the aid of (for example)
a phosphorous screen, thus revealing the diffraction pattern.
Figure adapted from [15, 24].

The condition for this to occur is the scattering of the “elastic” Bragg spots
given by the Laue condition

K · a = 2πh, K · b = 2πk (30)

where h, k = integers, and K is the length betveen vector k and k′ (see
fig.(12a)). And with K = K|| + K⊥ê⊥ which will fulfill

K|| = k′|| − k|| = G||. (31)
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By using the two-dimensional reciprocal lattice vectors we can approximate
the LEED patterned by combining this vetors with those of the reconstructed
surface. By using the Ewald sphere it can be shown that a diffraction spot will
be visible when the sphere intersects a rod, (see fig.(12a)). In figure (12b) we
can see thicker regions of the rods. This is a schematic illustation of the intensity
changes of the diffraction spots. In three-dimensions the Laue condition

a1 ·∆k = 2πv1; a2 ·∆k = 2πv2; a3 ·∆k = 2πv3 (32)

says that ∆k must satisfy all three equations for a reflaxtion. In the two-
dimensional case the third condition will be relaxed, but may cause this stronger
and weaker reflections shown in figure (12b).

(a) (b)

Figure 12: In (a) can we see the Ewald construction for elastic
scattering on a quasi-2D surface lattice, as In (b), but now
only scattering from the topmost latties, but also from a few
underlying plans that are taken into account [24]. From the
third Laue condition we get this thicker regions of the rods.

Because of the hemispherical geometry of grinds and screen, the LEED gives
a direct image of the two-dimensional surface reciprocal lattice.
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3.6 Scanning Tunnelling Microscopy (STM) and the Scanning
Tunnelling Spectroscopy (STS)

3.6.1 Scanning Tunnelling Microscopy

In the late seventies and at the beginning of the eighties the development of
the Scanning Tunnelling Microscopy (STM) systems took place. It was Binnig
and Rohrer at IBM that in 1982 published their first paper about this new
technique [5, 6, 7], for which they later received the Nobel prize.

An image is obtained by moving a thin sharp metal tip over a surface, the
tunnel current from the electrons between the tip and surface will be recorded
as a function of the position (see fig.(13)). The bias between sample and tip
can be switch from positive to negative. The appearance of the image is very
different between positive or negative bias because in the first case when the bias
is positive tunneling of electrons can only occur from occupied tip-metal stats
into empty surface states, and in the opposite case when the bias is negative
elastic tunneling of electrons from the metal into the surface is not possible.
Therefore, the sign of the bias determines whether you studies occupied or
empty stats.

Figure 13: In this figure we can see how the system works schematicly.

Now tunneling is a quantum mechanical effect which allow electrons to pen-
etrate through a potential barrier (see fig.(14)). Classically a free particle with
a kinetic energy Ekin = mν2/2, cannot pass through a potential barrier that has
a greater energy then the kinetic energy Ekin. So to explain the tunneling effect
we have to use quantum mechanics, and to solve the Schrödinger equation,

− }2

2m
d2

dx2
Ψ(x) + V (x)Ψ(x) = EΨ(x). (33)

Ψ(x) represents the wave function of the electron and the first term is the
kinetic energy. The second term is the potential and the right hand side is the
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total energy. To estimate the probability of finding an electron between x and
x+dx we use a normalized integral with the condition

∫ x+dx
x Ψ∗(x)Ψ(x)dx = 1

or
∫ x+dx
x |Ψ(x)|2dx = 1. This ensures that the electron will be found in the

allowed space [33].

Figure 14: The tunneling of a single electron through a poten-
tial barrier. We can also see the five different solution from the
Schrödinger equation in the three different regions. [33]

Form the general solution (see fig.(14)) the ratios |B|2/|A|2 and |E|2/|A|2
is also known as the reflectance R2 and the transmittance T 2. It can be shown
that the transmittance

|T |2 ≈ e−2κd where κ =

√
2m
}2

(V − E), (34)

and that this can be generalized to a potential of general from V(x):

|T |2 ≈ exp

{
−2
∫ √

2m
}2

(V (x)− E)dx

}
. (35)

Since |T |2 decreases exponentially with d, the tunneling current will decay
exponentially with the barrier thickness d. This is the explanation why STM has
such high resolution in the z -direction. If the tunnel current will be measurable
d has to be in order of 1/κ ≈ λ.

The tunnel current can be give in the following ways

I ∝
∫ ∞

−∞
n1(ε)n2(ε+ eV ) [f(ε)− f(ε+ eV )] dε (36)

where f(ε) is the Fermi-Dirac distribution, which is the average occupation
number of state of energy ε at temperature T and n1(ε) and n2(ε) is density
of states for the sample and the tip. Another is the work from Fowler and
Nordheim with yields as first approximation

IT ∝
U

d
e−Kd

√
φ̄ (37)

where U is the applied voltage between the tip and sample, φ̄ is their aver-
age work function where φ̄ � eV and K is a constant with a value around
1.025 Å−1(eV )−1 which is for the vacuum gap [24].
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Figure 15: Electronic band scheme along a surface normal of
a semiconductor surface (left) and a metal tip (right) for op-
posite values of the bias voltage in (a) and (b). The energies
of the conduction-band minimum (CBM), valence-band maxi-
mum (VBM) and the Fermi level (εF ) as well as distributions
of possible surface states are indicated for the unbiased semi-
conductor. [3]

In this equation (37) we can see the similarity with equation (34), some
constant the distance d and the expression in the square root as the average
work function.

If the sign on the bias is positive or negative we measure either the filled
states or the empty states (see fig.(15, 16)), with gives more information about
the surface structure.

Figure 16: In this figure can we see the classical image of the
7× 7-reconstruction. On the left side the image has a negative
bias set at −2V and with a current at 0.1nA and on the right
hand side the image has a positive bias set at 2V with the same
current of 0.1nA. The images has the frame size of 9.8nm2.

A crucial point is who to interpret this pictures that we got from the STM.
It is important to notice that we don’t see atoms, we see an Electron Sea, and
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we can’t see the difference between two kinds of atoms.
In figure (17) we can see three different tips for the STM equipment. To get

a good resolution the sharpness of the tip is crucial.

(a) (b) (c)

Figure 17: In (a), (b) and (c) can we see tips for STM equip-
ments. These tips, (a) and (b) may be assembled in different
ways but the main part is the sharpness of them. In (c) we can
see how a tip has picked up particles. [13, 17, 27]

Because of the possibility of using attracting and repulsing force there is
possible to manipulate the surface in an atomic scale. In figure (18) can we see
a now classical picture of a rearrangement of the surface atoms.

Figure 18: One of those classical STM picture where they used
the STM tip to carefully manipulate the structure of a surface.
In this picture the surfaces is a Cu(111) and the manipulated
atoms are cobalt. [33]

3.6.2 Scanning Tunnelling Spectroscopy

In scanning tunnelling spectroscopy (STS), the electronic structure on the sur-
face is investigated by measuring the current as a function of the applied voltage.
The simplest way to do this is to measure constant current topography at the
same area with different bias [16].

The derivation of the Fermi-Dirac distribution is Gaussian like (see fig.(19))
and as the temperature drops it will gradually become a delta function δ(ε). If
we then replace [f(ε)− f(ε+ eV )] /∆(eV) with this delta function, the derivate
of the tunnel current dI/dV in equation (36) will give the convolution of the
density of states of the semi- or conductors on both sides.
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Figure 19: The Fermi-Dirac distribution and the derivation of
it. Here kB is the Boltzman constant and T is the temperature.
As T is decreasing the shape of the d

dεf(ε) curve will became
a delta function.[33]

This derivation of the tunnel current is also called the conductance, and can
be measured by two methods. First is simply to measure a sequence of tunneling
currents I at different bias voltage V and then calculate dI/dV numerically.
This is a vulnerable method because it will be very sensitive to noise, since any
noise component no matter how small, can cause very high steep derivative.
Because of this sensitivity most researchers use a lock-in amplifier to reduce
this measurement noises, we can say that the lock-in amplifier serves as a very
narrow band filter and the noise can be limited and reduced significantly[33].

Often is the plot of density of states normalized as (dI/dV )(I/V )−1 vs. V ,
i.e., d(log I)/(d log V ) vs. V. This can resemble that of the electronic density of
states versus energy i.e. n(ε) [26].

Figure 20: The left side we can see the normalized curve form
image m342 which is the Au/Si(332) surface, and on the right
the three-dimensional image of the measured region where the
STS were preformed. The bias was 1,0V, the current 0,1nA
and the size is 22.3× 22.3nm.

Thanks to the STM technique and the use of STS there is a powerful com-
plementary technique to photoemission for electronic struture studies. The
information we get from the STS helps us to determine e.g. band gap on semi-
conductors, but note that this is a local measurement not global.
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4 Earlier Research - 1D wires on Si stepped surfaces

The motivation to study electronically properties of one-dimensional (1D) metal-
lic systems lies in the framework of the Fermi liquid and the for it’s breakdown.
This spin-charge separation that occur and that one can foresee in the theory
of Luttinger has been reported in several papers.

In P. Segova’s with co-workers article in NATURE [32] one of the first
observation of this spin-charge separation. By using photoemission the spin and
charge exitations could be observed and was seen as a prof that the Luttinger
liquid theory was correct.

In 2001 the paper [31] by R. Losio with co-workers observed in low tempeture
(100K) a splitting in the in the energy band near the Fremi leval (see fig.(21)).

Figure 21: The momentum distributions at EF (top panels)
clearly shows a splitting, while spinon and holon bands in a
Luttinger liquid would have to converge at EF [31].

This discovery did show the incompatibility in Segovia’s idea and that the
Luttinger liquid theory didn’t fully could explain this. This was later confirmed
in paper [1, 2] by J. R. Ahn and H. W. Yeom. Also J. N. Crain with co-workers
did confirmed this splitting in his paper [9], but the main question of issue in
this paper was the structures of atomic chains.

The structures has also been deeply discussed and several suggestions have
been presented. In paper [29] by I. K. Robinson, he looks at the structural
problems for Au/Si(557). He determined the surface from three-dimensional
x-ray diffraction measurements and STM measurements.

Another example is paper [28] which attacks the problem from a plain the-
oretical point of view, but other papers as [11] have all suggestions are based
on experimental data and theoretical knowledge (see fig.(22)).
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Figure 22: Structural models for prototypical gold chin struc-
tures on stepped Si(111). (a) Si(335)-Au, (b) Si(557)-Au, (c)
Si(553)-Au, and (d) Si(775)-Au. [11]

There have also been some suggestions of the so-called honeycomb chain-
channel model, one that even my experiment on Si(332)-Ag could be.

Most off the previous research on 1D wires that I have read is done on
stepped Si surfaces, mostly on Si(557) and Si(553). There have also been re-
search done on Si(111)5 × 2-Au, Si(335), Si(775), Si(995), Si(13 13 7) and
Si(110)5× 2-Au which was presented in paper [11] as a overwiev over this sur-
faces, but no-one on Si(332), as far as I know.
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5 Preparations and Calculations

The work was to prepare and to characterize these quantum wires. The prepa-
ration was from cutting out the samples from the wafer, cleaning them, insert
the sample into the UHV system and to do the heat treatment, the evaporation
of the gold and the silver on the surface.

5.1 Si(111) with 10◦ offcut

The substrate wafer that I had was a surface in [111] direction with an off
cut of 10° ±0.5°toward the [111̄](see fig.(23)). The other parameters from the
distributor Virginia Semiconductor, Inc. was that the primary flat is 16±2mm
@[110]±0.9°.

Figure 23: In (a), (b), and (c) we can see the different direc-
tions of the wafer. And in (d) the direction from a Cartesian
coordinate system.

Before cutting out the samples from the wafer we hade a discussion how the
samples should be cut. We decided to cut the sample so the shorter side was
following the [1̄10] direction and the long side was following the [112̄] direction.
The assumption was that the probability of making these steps should be higher
in this direction, because of more steps. But with this choice we got the [112̄]
along the short side and the [1̄10] at the long side in the STM.

The samples were cut as figure (24) shows, and after they were cut the
where cleaned according to the Shiraki method (see next section). Thereafter
put in to the sample holder as shown in figure (25). The x and y direction in
figure (25) is according to the STM system.
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Figure 24: The samples was cut out of the wafer ac-
cording to the red lines and marked in the upper right
corner, shown in the figure at the a-marked position.

Figure 25: The sample was placed in the sample holder
with the mark as the left figure shows. The x-, y-
directions shown in the left figure are the directions of
the STM pictures.

5.2 The Shiraki Method

To clean and to protect the surface was done with the Shiraki method [18]. For
this method the following stepes are,

1. Degreasing

Rinse in deionized, distilled (DI) water with ultrasound (US).

Rinse twice with methanol 5 min. US.

Rinse with trichloroethan 15 min. US.

Rinse twice with methanol 5 min. US.

Rinse in DI water, change water 10 times.

2. Alt. Degreasing

Rinse in DI water with US.

Rinse with acetone 10 min. US.

Physics Master Thesis



26 J Gladh

Rinse with methanol 10 min. US.

Rinse in DI water, change water 10 times.

3. HNO3 boiling

Boil in HNO3 (standard concentration about 65%) 10 min. to etch
surface and form oxide layer.

Dip in 2.5–5% HF 20–30 seconds to remove oxide.

Rinse in DI water, change water 10 times.

Check that the surface is OK.

Repeat the whole procedure at least 2 times, (Short version: Only
one HNO3 boiling.).

4. HCl boiling

Boil in a solution of HCl: H2O2: H2O (1:1:3), using 35–40% HCl and
30% H2O2, for 10 min. to form oxide layer. (The solution should
have a boiling temperature around 80℃, using an water buffer.)

Rinse in DI water, change water 10 times.

In the first step I did the alternated method, and all liquids that were used
were of purity grade Pro Analysi (Merck).

To prevent damaged on the surface under the etching baths and the boiling
process, I did only 3 to 4 samples at the same time. The beakers that I used
are only used for this etching procedure and were kept in a special cupboard.
Theses beakers were cleaned before and after they where used.

5.3 The Heat Treatment

After the etching the heat treatment took place. The sample was transferred in
to the UHV systems were the whole procedure was done. The purpose of the
heat treatment is to create a clean surface and to form the step structure and
a 7× 7-reconstruction. The first step in this procedure is to outgas the sample
and thereafter do the reconstruction and the step creation. The procedure to
outgas the surface was done in the following way,

The current was raised up to 1.0A and was kept there until the pres-
sure approached 3.0 × 10−10mbar, then the current was turned off. The
sample was cooling off under the time the UHV system recovers back to
base pressure. The base pressure was ∼ 7 × 10−11mbar. This procedure
was done so the total time with this current was around 5–6 min. The
temperature was around 650–700℃.

After this the cleaning and reconstruction to the 7×7 was done in the following
way,

The current was raised up to 1.5A and kept until the pressure approached
3.0×10−10mbar, thereafter the same cooling and recovering procedure as
before.
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Thess steps were repeated with the current was then raised up to 2.0A,
2.5A and so on until the temperature reached ∼920℃ with a current at
2.3A. The temperature was measured in all steps, and they were measured
with an MINOLTA/LAND Cyclops 153 pyrometer.

When this procedure was done a good 7× 7-reconstruction did appear.

The heat treatment for the step creation was prepared after those results
that F. J. Himpsel and co-workers got in their papers [20, 23, 34]. The procedure
was as followed;

1. The sample was outgassed properly, around ∼700℃ with a current at
1.1A

2. It was flashed to 1260℃ for 10s with a current at 6.0A.

3. The temperature turned down to 1060℃ for 10s with a current at 3.44A.

4. The temperature turned down to 900℃ for 3s with a current at 1.8A.

5. The temperature turned down to 850℃ with a current at 1.5A.

6. From 850℃ it was turned down slowly to 650℃ and the whole process
should take 30min or longer.

After that a post-annealing was made for 30min at ∼650℃ to prevent the
bunched steps. This procedure was down once again but with changed polarity.

Figure 26: In this figure, we can see the theoretical calculation
of the Si(332) surface. A surface the heat treatment should
give.

If the heat treatment will work, as it should, the step structure on the
surface will occur (see fig.(26)).
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5.4 Depositing of Ag and Au

To deposit gold or silver on the silicon surface we need to measure the deposition
rate. This was done with the a LEYBOLD INFICON XTM/2, (see fig.(27)).
To do this we have to set three different parameters, density, tooling and the
z-ratio. The z-ratio is a parameter that depend on the elastical properties of
the material.

Figure 27: In the left figure we can see the thickness sensor,
and on the right side we see the deposition monitor, LEYBOLD
INFICON XTM/2

For gold the density is 19.32g · cm−2 and the z-ratio was take from a table
in the user manual and it was 0.381. For silver the density is 10.5g · cm−2 and
the z-ratio was 0.529. The tooling factor must be calculated, to do that we
have to measure the difference from the source at a point P to the target area,
(see fig.(28)) and were the thickness sensor is placed. The tooling factor is the
differences between these two areas times one hundred, and it is independent
of the areas shape, which we can check for e.g. a square and circle. The areas
for a square and for a circle is

As = |a|2 and Ac =
π|a|2

4
. (38)

This equation can be rearraged so we can find the length a in from of r which
is |a|2 = |r|2 cosϑ (see fig.(28)) and from this we can derive

As = |a|2 = |r|2 cosϑ and Ac =
π|a|2

4
=
π
(
|r|2 cosϑ

)
4

=
π|r|2 cosϑ

4
. (39)

The differences between As2 and As1 and between Ac2 and Ac1 is

As2

As1

=
|r2|2 cosϑ
|r1|2 cosϑ

=
|r2|2

|r1|2
and

Ac2

Ac1

=
4π|r2|2 cosϑ
4π|r1|2 cosϑ

=
|r2|2

|r1|2
. (40)

with gives
As2

As1

=
Ac2

Ac1

=
r2
2

r2
1

(41)

which can be taken as a small proof that the tooling factor is independent on
the area shape, just the distance as seen in fig. (28).
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Figure 28: The first area marked As1 or Ac1 is the target area,
the second area marked As2 or Ac2 is were the sensor is placed
and P is the source. The tooling factor is a clean geometric
factor and its independent of the shape of the area.

This calculation of the tooling factor in the STM system was proved to be
easier than expected, because the thickness sensor and the sample surface had
the same position so the factor became one hundred.

To control the amount of gold or silver better it can measured in atomic
mono layers (ML). To do this we have to recalculate the density vs. the depo-
tision surface. This we do if we calculate how many atoms per cm2 on the a
Si(111) surface (see fig.(29)), which gives

2
a2 sinϕ

=
2

(5.43× 10−8)2 sin(π/3)
≈ 7.8325× 1014cm−2 (42)

Figure 29: The unitcell for Si(111), where a is the
lattice parameter and the angle ϕ has the value of
60◦

and then we need following figures,

- NA = 6.0221367× 1023/mol for Avogadros constant.

- m% = 19.32 g/cm3 for Au.

- m% = 10.50 g/cm3 for Ag.

- mu = 196.9665 amu = 3.27070× 10−22 g for Au.

- mu = 107.8680 amu = 1.79119× 10−22 g for Ag.

- A% = 7.8325× 1014 /cm2 for Si.
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Now can we calculate the density of 1ML gold on Si(111) and 1ML silver on
Si(111) according to,

A% ·mu

NA
× 108 =

7.8325× 1014 · 196.9665
6.0221367× 1023

× 108 = 25.125 = 1ML (43)

where m% is the bulk metal density, mu is the atomic weigh and NA is the
Avogadros constant and A% as the square density for Si(111).

And for silver we get

A% ·mu

NA
× 108 =

7.8325× 1014 · 107.868
6.0221367× 1023

× 108 = 14.0295 = 1ML. (44)

Now we have all figures to measure the deposition rate,

- the density per ML, Au = 25.1 and Ag = 14.0,

- the z-ratio, Au = 0.381 and Ag = 0.529,

- and the tooling factor = 100.

The parameters were put into the sensor control unit, and then the evap-
oration rate from the sources could be measured. The evaporation is done by
heating up the sources with a filament, which is wrapped around the source
material, (see fig.(30)). A current is put through the filament which is heating
up the source, this current was raised gradually in small steps until a stable
reading is on the deposition monitor. This reading was for silver

Figure 30: In this picture we can see the gold source in the
preparation chamber.

2.56A, which gave a rate of 6min for one ML.

and for gold

3.0A, which gave a rate of 2min and 50sec for one ML.

All sources were preheated about 2 minutes before the surface was turned
towards the source.
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6 Results

6.1 LEED of Si(332)

The LEED study on the silicon surface was made in order to see that we got the
right reconstructions. And as we can see in figure (31) the 7× 7-reconstruction
was there. Note that there are no thin vertical lines that can indicate a regular

Figure 31: LEED taken on the clean Si(332) surface. The figure
on the left hand side is before silver was evaporated on to the
surface, and the figure on the right hand side is before the gold
evaporation. The figure on the left hand side is taken with
55eV and on the right hand side with 80eV.

step structure, just a clean 7 × 7-reconstruction. This was the first indication
that the step reconstruction had not taken place, which the STM study later
on could confirm. All samples were checked in this way before any evaporation
took place.
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6.2 The STM of Si(332)

The first STM pictures that were taken were on the clean silicon surface. The
purpose of this was to establish the surface directions and to measure the unit
cell, but also to see how the step structure looked. If we look at figure (32a) and
(32b) we can see the characteristic STM pattern from the 7× 7-reconstruction.

(a) (b)

(c) On the upper are the longitudinal distances and on the
lower the diagonal.

Figure 32: In (a) we can see the match of the 7 × 7-recostruction
crystal plane was measured in the computerprogram WSxM, in (b)
a measurement over a unit cell and the graphs of the lengths and
heights in (c). The bias was 2V, the current at 0.01nA and the
picture frame is 14nm2.

We know from the crystallography of the surface unit cell in a hexagonal
pattern that the Γ → M diraction can only be in the [112̄] or equivalent direc-
tions, and the Γ → K direction can only be in the [11̄0] or equivalent directions.
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According to the STM pictures and the information from Virginia Semiconduc-
tor, Inc. the directions should be as in figure (33). Further investigations of this

Figure 33: In this picture both surface directions put there
because the final parameter in to determine the directions is
when we know where the off cut angle is. The bias was 2V, the
current at 0.01nA and the picture frame is 14nm2.

surface was made to find and to determine the step orientation and how the
size and appearances was, the later part will be described in the next section.
According to the wafer data the off cut on 10°±0.5°is towards the [111̄], also
the [112̄] direction. To determine the step orientation I scanned over a bigger
area to see if the step would appear. In figure (34) this off cut structure is
measured and from this we could determine the surface directions. As we can
see in the diagram in figure (34) the following values were taken out to calculate
the angle. This values was

1. For point P1 ⇒ x = 129.73 and y = 25.923,

2. P2 ⇒ x = 163.18 and y = 27.066,

3. and P3 ⇒ x = 276.69 and y = 6.3221

with gives the following vectors

1. v1 = {
−−−→
P1P2} = {33.45ex + 1.143ey}

2. v2 = {
−−−→
P1P3} = {146.96ex − 19.6ey}

gives

ϕ = arccos
(

v1 · v2

|v1||v2|

)
= arccos

(
4893.412
4962.2622

)
≈ 9.55◦. (45)

From this we can now draw the conclusion that the directions are as in
figure (23). Next step was to achieve a regular step structure.
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Figure 34: From this profile data the last piece of the direction
puzzle was taken and confirmed the 332 direction as in figure
(35). The bias was −2V , the current at 0.1nA and the picture
frame is 400nm2.

Figure 35: If the angle ϕ is 10°, it will give a Si(332) surface
as we can see in this picture. From the structure we can also
calculate the aaverage step length, which should be ∼ 29.6Å.

With the given angle difference from the [111] plan we will get a [332] plane
and from a structure pattern as shown in figure (35) we can estimate the step
structure so the terraces should be around ∼29.6Å wide. This should give
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terraces sizes as drawn in the right part of figure (36).

Figure 36: On the right side, an estimation is done to see how
big these regular terraces should have been. On the left side,
we can see were the measurement was done. In both images
the bias was 2V , current at 0.01nA and the picture frame is
14nm2.
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6.3 The Step Creation

To create the step structure of this surface I used the same procedure as they
used in references [20, 23, 34]. According to reference [23], the electrical current
during heating should run parallel to the direction of the step edges which was
done. The structure of the steps was not as aspected and we got lots of bunches
(see fig.(39)). Also a broken symmetry, an irregularity in the step structure like
big kinks (see fig.(37)).

We couldn’t get any better step structure and why the steps were not as
good as they should have been is hard to say. More tests and analysis must be
done on this Si(332) to make the step structure better.

Figure 37: In the figures can we see a broken symmetry and
an irregularity in the step structure of our surface. The image
on the left hand side the bias is 2, 0V , the current 1, 0nA and
the frame size is 400nm2, and on the right hand side the bias
is 2, 0V , the current 0, 1nA and a frame size of 400nm2.

Compared to the steps in Fig.(38a), (38b), and in Fig.(38c) from paper [23],
one can say that the steps structure they got is nearly perfect. But there is a
crucial difference between the surfaces in Fig.(38) and the surface in Fig.(37),
our surface has a higher off-cut compared with the surfaces in paper [23] how
has a off-cut of ∼1.1°towards [112].

(a) 40×70nm2 (b) 340×340nm2 (c) 340×390nm2

Figure 38: A nearly perfect step structure from papper [23]
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In the most papers that I have been reading, a critical part is a quench
to 850℃ from 1060℃ that should be in 3s to avoid step tripling regimes, but
in paper [23] this bunching process slows down and a different approach of
the annealing sequence beyond the 1060℃ point was necessary. Instead of the
quenching the sample has to be cooled slowly proceeding from 1060℃ to 650℃
with a rate at 0.5℃/s or slower, followed with a post annealing at 650℃ for at
least 30min.

Figure 39: In this data that we got from heights measurement
we can also draw the conclusion from the profile that we have
a lot of bunches, a creation that we tried to avoid, and big
plateaus with clean 7 × 7-reconstructions. The angle ϕ1 is ∼
16.95◦, the same procedure was done to measure this angle as
the tilt angle in figure (34).

Despite our efforts to make these steps according to this procedure the step
structure didn’t get much better. Even the attempts to change polarity of the
current and to repeat the procedure several times didn’t help. We could see a
difference in the heat between the ends of the sample, the heat difference was
about 20℃ to 50℃. Some marks could be see on the surface. These marks
was probably from the current flow and they looked like they do in the sketch
Fig.(40).

Figure 40: This is a sketch of the marks that was left on the
sample after the step preparation.
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6.4 LEED of Si(332)-Ag and -Au

One monolayer (ML) of silver was evaporated on to the Si(332) surface in order
to create a

√
3×
√

3-reconstruction. According to paper [14, 22, 30] this
√

3×
√

3
formation should occur after one ML. This could be confirmed by the LEED
picture in figure (41a), that shows a characteristic

√
3×

√
3-reconstruction. The

(a) (b)

Figure 41: In (a) we see the
√

3 ×
√

3-reconstruction that oc-
curred after the deposition of one ML. In (b) a one-domain
pattern has occured after annealing and this could be an indi-
cation that we have one-dimensional wires, later confirmed in
the STM. Both pictures were taken with 55eV.

same procedure as in paper [22] was used, the surface was annealed at ∼600℃
and with the LEED on. It was done in this way so we could see if the “right”
reconstruction appeared, see Fig.(41b). The one domain pattern that we can see
in Fig.(41b) indicates that some kind of terraces or step creations has occured.
From the computer program LEEDpat I was able to find a fitting pattern (see

Figure 42: In this figure can we see how the LEED pattern
from the program LEEDpat agrees fairly well with the LEED
picture in figure 41b.
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fig.(42)). This pattern is a 6 × 1 and in agreement with the investigations in
papers [22, 30]. In paper [22, 30] they have used a different kind of surface, a
surface with a off cut of 2° to 4,7°, where as in this case we have an off cut of
∼ 10°.

Figure 43: The two LEED pictures is taken Ag/Si(332) surface.
In the left picture was taken with 30eV and right at 55eV.
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6.5 STM measurements of Si(332)-Ag and -Au

6.5.1 Ag/Si(332)

The first pictures and spectra that we took were on the Ag/Si(332). Because
of the poor step structure it was not easy to find any good spots to investigate.
After some search, some areas were found which you could see in figure (44).
This indicate that the structure of the surface must have changed and a rear-
rangement to a more regular step structure has occured, at least in some parts
of the surface.

Figure 44: Here we can see some of the first pictures that were
taken on the Ag/Si(332) surface. The image on the left side
hade the bias 2, 0V , the current 0, 1nA and a frame size at
5, 7nm2. For the image on the right the bias was 20, V , the
current 0, 1nA and a frame size at 13nm2.

If we look closely on figure (44) we see that we have some agreement with
the LEED pictures that shows a 6 × 1 patterned (The marked zones in the
figure).

In Fig.(45), STS measurements from the Ag/Si(332) surface are presented
and as we can see in the graph in figure (45) that around zero bias, the STS
spectra is noisy, but the curve tends to go down to zero.

This can indicate insulating properties, and may also indicate that this
measured chain has undergone an Peierls distortion. These results can’t be
taken too seriously because the amount of data points was the smallest possible
to get a truthful picture of the DOS in this nanowires.
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Figure 45: In this left side we can see both the two- and three-
dimensional STM picture, and the measured area is marked
with green and red respectively. In the three-dimensional pic-
ture, it is easier to see the 6 × 1 structure. The normalized
(dlogI)/(dlogV) curve from this nanowire of silver can indicate
an Peierls distortion. The bias is 2, 0V , the current 0, 1nA and
the frame size is 25nm2.

6.5.2 Au/Si(332)

In the STM measurements on the gold wires, that we also had difficulties to
find, and this could also be related to the poor step structure. After some
search, we found a small area with gold nanowires, (see fig.(46)).

The two DOS curves have the same character but the curve for image 342
Fig.(46b) has a little more dramatic appearance (probably more noisy). But if
we looks a litle bit closer the shape is more or less the same and if look at curve
were we have the band gap, (see fig.(46b, 46d)). Both graphs indicate that we
may have a metallic behaviour, and this is in accordance with other reports.

In paper [12] they have done similar measurements and we can see some
similarities. The surface is not the same as our surface, it was a Si(553)-Au
surface, but the in the same region it should be some similaritys. It is difficult
to make closer comparison because no other STM/STS studies on this surface
have been reported.

In figure (47) a measurement of the profile of the gold wires is shown. The
sharpness in Fig.(47) is not the best but an indication is the step structure are
changed and the wires lengts seems to be determine by the broken structure in
our sample.
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(a) m343 (b) m342

(c) m339 (d) m339

Figure 46: The measured areas are marked in both STM 3D
pictures. Both curves in (b) and (d) have the same character.
The image m343 has a bias at 1, 0V and a current at 0, 1nA
with a frame size at 22, 3nm2, the image m339 has a bias at
−1, 0V and a current at 0, 1nA with a frame size at 7, 8nm2.
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Figure 47: In this picture can we see the hights and the struc-
ture of this nanowires. The bias is 1, 0V , the current 0, 1nA
and the frame size 22, 3nm2.
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7 Summary and Conclusions

I have to say that the work with the prepering the stepped surface, was the
most difficult part of this project and here we have much more to learn and
to do. Further analysis is needed and new experiments, because it is hard
to say more from this material that we have here. It is puzzling that after
careful preparation and, the necessary steps was taken after the “recipe” of
how to make good steps. Still we failed in making good steps. This led to
some tests to improve the step structure. First we changed the polarity and
did the whole procedure again. When only a slight improvement was seen the
heat treatment was repeated over again. This gave some step structure but far
from the expected results.

Another unfortunate thing, is that photoemission couldn’t be carried out
on this surfaces. Because of this I couldn’t measure any band structures and
putting them in context with the STS measurements. This made the STS curves
hard to interpret and to fully see the electrical structure in this one-dimensional
structures. A comparison to other results was an alternative but I could not
find any publications that could confirm or reject my STS data.

The growth part with gold was also problematic, but gold is known from
before to be difficult to handle in this kind of growth technique. Here we run in
to several kinds of problem, problems that weren’t related to the methods were
more of the mechanical nature, and problems that were. The methods technical
problem was that the evaporation rate that we measured didn’t match with the
resulting LEED patterned and STM investigations. The amount of gold was
always less than it should be. A problem that was a little puzzling because
when we set deposition instruments for silver it worked out as it should, but
then it was set on gold it didn’t. This made us to believe that we had done
some calculation error, but they turned out to be correct. To overcome this
problem we had to do a trial and error method to get the right results.

The growth with silver was that part that worked most smoothly and it
felt like it was more controllable to evaporate than the gold. The evaporation
procedure worked out according to the set values and it was confirmed by LEED
and the STM measurements. So compared with gold evaporation this was a
straightforward technique to handle.

The LEED investigations were giving what we had expected. But because
of the slight failure in the step creation couldn’t we clearly see this one-domain
pattern. The use of LEED is a first confirmation of how the surface looks and if
you got the expected results from a treatment that been done. In my case the
LEED showed that the steps that we wanted did not occur. It also confirmed
the

√
3 ×

√
3-reconstruction and also 6 × 1-reconstruction on the Si(332)-Ag

surface.
The STM studies became the main part in this project. The STM equipment

is a very powerful tool in surface investigations, and in my studies of this Si(332)
surface stated out to confirm the surface directions and the step creation, as the
results was showed in section (6.2), (6.3) and (6.5). This delicate equipment
most be handle carefully, especially the tip. As we saw in figure (17) good tips
are very delicate and though they are very sharp they are enormous compared
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to an atom. This was a problem because we crashed the tip into the surface
once, and to get the tip sharp again wasn’t easy and sharp tips is necessary to
get good resolutions.

Overall this was a very exiting project, it showed out the difficulties that
surface science involves, but also the glimpse in to future technologies.
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