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Introduction

In modern world we use electronic devices every day. With requests of higher
capabilities and speed of the devices technology industry have to improve man-
ufacturing processes. For such processes we need to understand deeper basic
mechanisms of the processes. One of the "know-how” which is essential for mak-
ing epitaxial layers which is the only technology how to make pure crystals with
material structures that can not be done by any other conventional method is
the knowledge of parameters of surface diffusion mechanism.

One of the techniques how to study surface diffusion is scanning tunnelling
microscopy (STM) in ultra-high vacuum which allows atomic resolution. This
thesis deals with analysis of fluctuations of tunnelling current in STM. The surface
diffusion of tin on silicon surface (111) 7 x 7 is studied in the thesis. The research
is done in microscopic view which the STM microscopy can offer. The diffusion
can be also studied by another techniques such as some spectroscopy techniques,
electron diffraction etc. but none of them can bring microscopic view.

The tasks of the thesis are:

- Mastering the technique of measurement by STM.
- Understanding the basics of time series analysis.

- Generation of the model examples of controlled parasitic fluctuations of the
tunnelling current and their characterisation.

- Preparation of the Si(111) 7 x 7 surface and deposition of the very small
amount of metal (Sn) and display of the metal monomers on the surface at
room and low temperatures

The thesis is part of the research of Thin Films Group of Department of Elec-
tronics and Vacuum Physics, MFF, UK in Prague. It follows previous research
of silver on silicon surface and other atoms on it.

The text of the thesis is divided into several chapters. In the first chapter
I sum up basic theory needed to understand the issue. The second chapter is
about methodology of acquisition and evaluation of experimental data. The third
section contains description of the used machine and experimental set-up. Finally
in the last chapter there is a summary of the elaborated experiments.



I. Theoretical Background

In this chapter I briefly introduce basics of physical theory of topics which are
important in my research. I apprise reader with scanning tunnelling microscopy,
quantum tunnelling phenomenon, noise of tunnelling current and finally surface
Si (111) 7 x 7 and difussion of an adsorbed atom on it.

I.1 Scanning Tunnelling Microscopy

A scanning tunnelling microscopy is microscopy imaging technique which uses
tunnelling current (see section 1.2). The tunnelling current is measured between
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Figure I.1: Schematic diagram of STM!

the scanning tip and the surface of the sample. The current is held on a given
level by using a regulator and by moving of the tip further or closer to the surface.
We can see the surface by scanning over and measuring the z-position of the tip.

STM operates usually at ultra-high vacuum which allows clear surfaces neces-
sary to resolve surface atoms. Atomic resolution is given by the exponential law
of tunnelling current with changing distance of the tip from the sample. Thus
the tunnelling current flows only in a very small area. Because the tunnelling
current is, apart from probability of tunnelling, proportional to the local electron
density it brings even information about the electron structure.

I.1.1 Modes of Operation

The tip of the microscope is held in a position by piezoelectric actuators. The
scanning can be performed in different modes. The first one which was also used
in my research is the constant current mode during which the z-position of the



tip is adjusted by a feedback loop. The z-position carries the information about
sample topography.

Another mode is the constant height mode during which the z-position is held
and the tunnelling current is measured. This mode can be used only on flat
surfaces because the tip could crash into the sample if there is a high elevation
step. An advantage of this mode is that higher scan speed can be reached.

We can also perform spectroscopic measurement when we hold the z-position
constant, apply different bias voltage and measure I-V characteristics, which re-
flect density of states at the tip position. Finally the microscope can be also used
to manipulate with atoms on the surface by special procedures when the voltage
bias on the tip and the z-position are being changed on purpose.

I.2 Tunnelling Current

Quantum tunnelling of the electron is the phenomenon which occurs in nanometre
length scale. The electron can be described by a wave function and therefore there
is non-zero probability to go through a potential barrier higher than the energy
of the electron.

I.2.1 WKB Approximation of Tunnelling Junction

Let an electron be described by an one-dimensional wave function ¢(x) and the
field be described by potential energy V(x). ¢(z) has to satisfy the time inde-
pendent Schrodinger equation:

h2
2me

Ad(x) = (E = V(x))¢(x) (L1)

Where h is the reduced Planck’s constant, m, is mass of the electron and F is its
energy. We suppose that there are x, x5 such as:

V(iz) < E z € (—00,z1)U (29, —00) (1.2)
V(z) > FE r € (21,22)

(—o0, 1) U (22, —00) corresponds to the classically allowed region and (zy,xs)
to the forbidden region (figure 1.2). By using WKB approximation we can solve
the Schrodinger equation 1.1 and get the transmission coefficient of tunnelling
through the barrier!?:

-2 f;f 2me(V(z)—E)dx (1.3)

Twkp =¢€

which corresponds to the probability of electron tunnelling. The tunnelling cur-
rent [ is proportional to the probability of electron tunnelling. For a squared
potential energy:

V(z) =0 z € (—o0,x1) U (x, —00) (L4)
V)=V >E x € (21, 12)
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Figure 1.2: Example of the tunnelling junction
We obtain:
[~ Tygp = e 7 V2me(V-E)as (L5)

Where Az = x5 — x1 is the width of the barrier. Results are counted for a planar
case but it brings out important dependence of tunnelling current on width of
the tunnelling barrier. The tunnelling current is exponentially decreasing with
increasing barrier width thus it can occur only for a very thin barrier which is in
order of tens of angstrom.

1.2.2 Bardeen’s approach

The electron tunnelling phenomenon in STM can be described by Bardeen’s ap-
proach which is based on the time dependent perturbation theory. The Bardeen’s
approach takes into account densities of state of the tip and the sample and thus
describe better the real situation.

According to the Fermi’s Golden Rule the probability of an electron tunnelling
from state ¢ with energy Ejy to state ¢ with Fy is given by4:

2
Wop = 7| Moy|*3(Ey — Eq) (L6)
Where ¢ is a delta function and matrix elements My, are given by:
h2
Mgy = —— Vo — “)dS L7
oo =5 (V6 - 67Y") (L7)

Where it is integrated at a surface S which lies between the tip and the sample.
By integrating over all states in the sample and the tip and considering the
occupation probabilities we obtain the final equation of the tunnelling current:

dre [°

=55 [ (B = eV 4 ) = J(Br + )
',Os(EF—€V+€)pT<EF+6)‘M‘2d€ (18)

Where f is the Fermi distribution, Er Fermi energy, V' voltage bias and pg, pr
densities of states of the sample and the tip.

If we know the density of states of the tip, it is possible to determine the
density of states of the sample by measuring the current-voltage characteristic
from the equation 1.8.



1.3 Electrical Noise

The thesis deals with measuring of mobility of atoms on the sample surface which
can be determined by measuring counting of occurrence of atoms under the tip.
The tunnelling current changes its level according to the atom presence under
the tip. Because the amount of the current is in the order of tens to hundreds of
picoampere it is critical to distinguish between a noise and a desired signal. The
most common possible types of noise in STM measuring are shot noise, flicker
noise and interference of the surrounding.

1.3.1 Shot Noise

Electrical current is not continuous but it flows by electrons. The probability of
passing of n electrons during time At is given by the Poisson distribution!). The
mean value of the measured current is equal to:

en
At
Where e is the charge of an electron and n is the mean value of the Poisson
distribution. The mean square value of the current fluctuation is given by:

= () T ()

By combination of equations 1.9 and .10 we obtain:

[=i= (L.9)

)2 =1 111

—P= o (1)
At is the duration of the shortest measured time and is in the order of the
reciprocal bandwidth A f:

(i —0)2 = 2eIAf (1.12)

The number 2 is because we consider only positive frequencies. Spectral noise
density p(f) is thus frequency independent:

p(f) = 2el (I.13)

From equation 1.12 it would seem that the current noise is infinite. However, in
real system the bandwidth is limited by a maximal frequency.

1.3.2 Flicker Noise

In electronic devices there is so called “1/f” noise. The spectral noise density can
be expressed as!':
I8
p(f) = constF (I.14)

Where o ~ 1 and g ~ 2. The physical origin of this noise in STM is not yet
clearly identified despite a lot of research on the topic have been done.

Some of the explanations are linked to relaxation processes?/'8!. When the
surface is not clear, flicker noise can be explained by diffusion!!*,
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1.3.3 Mechanical Noise

Mechanical noise of tunnelling current often occur in the inadequately sound-
proof room where the STM device is located. Also some parts of the measuring
apparatus such as the tip, the sample, mechanics etc. could have some resonance
frequencies.

Let’s evaluate basic harmonic wave of the distance z (sample to tip):

2 = zy+ Asin2r ft (I.15)

Where f is its frequency, zq is the equilibrium distance and A is the amplitude
of the mechanic wave. The tunnelling current then fluctuates as:

i = Qe sinanlt (1.16)

Where C'is a constant. If we had estimated spectral noise density we would have
seen peaks with frequencies nf where n is an integer. Unfortunately the Fourier
transform can not be calculated analytically.

In figure 1.3 I calculated the spectral noise density for the fluctuation in z-axis
by same procedure as I used in the experiments (see below in section I1.4) with
frequency of oscillations 1 kHz, sampling frequency 20 kHz and using 2'® points
long record. As it was expected the spectrum contains the most intense funda-
mental frequency and also overtones which are fading with higher frequencies.

JUJUUUUUUUUUU

- fundamental frequency 1

overtones

f [kHz]

Figure 1.3: Mechanical noise of the tunnelling current with constant C=1, A=4 and
its spectral noise density

1.3.4 Electrical Interference

Because the tunnelling current is only about several hundreds of pA the STM
measurement is highly sensitive of electrical interference. Electrical interference
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can be caused by electromagnetic waves in air but more often, and also because
vacuum chamber of STM acts as a Faraday cage, is caused by fluctuations of
electric network. Electrical interference is characterised by peaks in spectral noise
density. The most intense sources are switched-mode power supplies. Electrical
interference of electric network can be partly eliminated by proper connection of
shielding wires to the STM apparatus. Basically, there should not be closed wire
loops where electric voltage can be induced.

I.3.5 Other Types of Noise

In STM measurement there can also occur other types of noise such as thermal
noise of materials which changes its resistance, burst noise caused by bad contact
of the electronic parts, etc. Those types are not mostly so intense in STM mea-
surement and can be neglected. The thermal fluctuation of voltage v is given by
formulal®:

(v — 0)? = 4k TRAS (1.17)

Where kg is Boltzmann’s constant and T temperature. By using Ohm’s law we
obtain the power noise density of the current:

p(f) = 4kBT£ (1.18)

V
If we compare it (laboratory temperature, units of volts) with shot noise (equation
1.13), we get that it is about fifty times smaller.

I.4 Silicon (111) 7 x 7 Reconstruction

Major part of the thesis research deals with the study of adsorbed atoms on Si
surface (111) 7 x 7. Let’s shortly introduce the surface. Silicon has a diamond
lattice structure. The surface with Miller indices (111) made by breaking bonds
is not thermodynamically stable. The surface can be changed by heating in ultra-
high vacuum into more stable 7 x 7 reconstruction. The reconstruction can be
described by a ”Dimer-Adatom-Stacking fault” (DAS) model (Figure 1.5).

a. unoccupied electron states b. occupied electron states

Figure I.4: STM scan of Si (111) 7 x 7 reconstruction at 2 V



Basically, it is made by primitive cells 7 times bigger than the primitive cell of
the ideal (111) surface. The cell can be divided to two non-equivalent half-cells
which are called as unfaulted and faulted according to the position of the 3rd
bilayer. The reconstructed surface is made by the changed first layer with dimers
on borders of the half cells and twelve adatoms on it. In Figure 1.4 there is the
measured reconstructed surface by STM.

Figure I.5: Si (111) 7 x 7 reconstruction (A) Plan view. The grey disks denote
adatoms, the middle sized bright disks denote rest atoms, and a pair of small disks con-
nected by thick lines denote a dimer pair. The right and left triangles are called unfault-
ed and faulted stacking halves, respectively. (B) Cross section at the long diagonalll”)

I.5 Adsorbed Atoms on Si (111) 7 x 7 Surface

One of the subjects of the research is the study of diffusion of adsorbed atoms on
Si (111) 7 x 7 surface (Figure 1.4). This surface has special properties because it
is formed of elementary cells which have such potential-energy profile of adsorbed
atoms that keeps them almost within the half-cell (Figure 1.6). Thus the atoms
move only among several adsorption positions.
Let’s study the kinetics of the movement of the adsorbed atom. The movement
of the atoms on the surface can be treated as a chemical reaction, the reaction
path is thus the path of moving of the atom on the surface. According to the
transition state theory the atom can move from the I. position to the II. position
with the transition ratel??:

k= @l@e—% (I.19)

h Qr.

Where kg is Boltzmann constant, A Planck’s constant, T temperature, Q# the
partition function of the transition state, ;. the partition function of the I. state
and E4 is activation energy.



(eV)

Figure 1.6: Potential energy profile of Ag atom on Si (111) 7 x 7 celll?

The mean lifetime of the I. adsorption position corresponding to the reaction path
is then the reciprocal value of the transition rate:
h Q[ Ea
T=-—=—7e€ksT [.20

T OF (I.20)
By measuring of the temperature dependence of the mean lifetime we can deter-
mine the activation energy of the barrier. In some positions there can be more
different reaction paths which the atoms can go through. If mean lifetimes are
distinguishable enough, we can determine them both.

ENERGY
TRANSITION STATE

II. POSITION

1. POSITION

REACTION PATH

Figure 1.7: Illustration of the reaction path
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II. Methodology

II.1 Sample Preparation

As it was stated, fluctuation of atoms of Tin on Si (111) 7 x 7 surface is studied.
Before the measurement itself we need to modify the surface to have optimal
properties. Usually, there is an oxide layer on silicon surface so after putting
the sample to the vacuum chamber and reaching appropriate pressure the sam-
ple is heated by current flow and kept at high temperature (about 600° C) for
several hours at which the sample is still protected by its oxide layer but the
other absorbed gases (water etc.) desorb away. After about 15 hours the sample
temperature is quickly increased to approximately 1200° C and the oxide layer is
dismissed. This is called sample flashing. The temperature is slowly lowered to
900° C (rampdown) to make the 7 x 7 reconstruction. The sample is then cooled
down to room temperature. After this process we obtain clean Si surface with
7 X 7 reconstruction.

The tin evaporator is used for applying tin gas. The evaporator consists of the
tantalum tube with tin and tungsten spiral wire. The spiral is heated to 1300° C
(sufficient vapour pressure) by Joule resistance heating and beam of evaporated
tin atoms is focused onto the sample. The deposition time is controlled by opening
and closing the shutter of the evaporation source.

II.2 Tip Enhancement

The STM tip is very sensitive to any disorder on the sample or the misconfigu-
ration of atoms at the very tip. It sometimes happens during scanning that the
tip has too big a radius, there is a configuration of atoms which are oscillating or
the tip is multiple. If that occurs, the resolution of the image highly decreases.
Thus we need to enhance the tip. There exist several techniques to do so.

The basic one is increasing the voltage bias at the tip for several milliseconds.
The procedure is the same as the acquisition of current-voltage characteristics
with start and final voltage set to about 4 V. High bias can, with low probability,
readjust atom configuration at the very tip or drop them off the tip.

The second technique is the high current treatment when the current level
from the tip to the sample is set to about 15 nA or more (we usually scan by
0.2-0.3 nA) for several seconds. Because the current flows in very small area,
atoms on the tip tend to locate along the flowing current and thus sharpen the
tip.

Finally, the third welding technique is probably the most effective but long-
term because we need to get the microscope off the contact with the scanned
sample and move over a tungsten strip. The tip is weld to the thermionic tungsten
strip by increased voltage and current and after that it is pulled off the strip. The
tip should be really sharp with metal properties.

11



II.3 STM Data Acquisition

The scanning process starts with approaching of the tip to the sample. The
tip is manually moved closer to the sample and then with the current regulator
switched on it is auto approached to the sample. The regulator disables crashing
of the tip into the sample.

After the approach, the scan process can begin. The slope of the sample is
corrected by manually setting the angle of the tip. The tip position is controlled
by changing voltage on the piezoelectric ceramics in axes x,y and also z. Mostly,
the thermal drift has to be equilibrated during several first scans. If the thermal
drift is stable, it can be also corrected by setting constant drifting velocity of the
tip so the tip moves along the sample.

The constant current mode is used for the measurement. The scanning on Si
surface is done with 2 V bias and 0.2 or 0.3 nA. The PID regulator is used to hold
the current level but only integral parameter of the regulator is set. Proportional
or derivative parameters can not be used because it could cause the tip-to-sample
impact.

II.4 Spectral Analysis

In this section I will shortly introduce the used algorithms of data processing.
First of all in every measurement we acquire data series of the tunnelling current
i(ty) in times ty where k = 0..N with the sampling period 7 = #3411 —t;. According
to the sampling theorem® the maximal (critical) frequency is:

1
27

fs

On the other hand the lowest non-zero frequency is equal to:

1

fo=2N

Thus if we want to study long-term phenomena we have to increase measuring
time 7V.

For characterization of the time signal I use the spectral noise density which
is related to mean square value of the current by the equation:

(i) = /Ofmaz p(f)df (IL.1)

Where f,,4, is the maximal frequency which is limited by the amplifier.
In the thesis I analyse two types of signals: deterministic and stationary
stochastic signals. Each of them is processed differently.

I1.4.1 Deterministic Signals

A deterministic signal is the signal which can be predicted by a mathematical
model. If the signal is continuous the spectral noise density can be determined

12



precisely, however, because of signal sampling, we can only use discrete approxi-
mation. Let’s, in continuous analysis, have signal zr(¢):

or(t) :{ z(t) if0o<t<T (11.2)

0 otherwise

Such function guarantee the finiteness of the integral of [ |zr(t)|dt needed for
Fourier transform. The Fourier transform is then given by:

FT(f) :/ {ET(t)G_jQthdt (113)
Where j is an imaginary unit.
Because of the Parseval equality:

| abwar= [ ()P (1L.4)

—00 —

The spectral noise density can be counted as:

p(f) = Jim Z|Fr(f)P (115)

The factor 2 is introduced because we consider only f > 0.

In the experiment the discrete time series has to be analysed. The analogous
discrete version can be used if the sampling theorem is satisfied (sampling fre-
quency has to be twice higher than maximal frequency in the spectrum). I count
Fourier transform of signal series i(t;) by the Cooley—Tukey FFT algorithm:

_ j27mnk

F(f,) =~ 2__: i(t)e R (IT.6)

And then the spectral noise density by the equation:

p() = el F (P (1L7)

I1.4.2 Stochastic Signals

A stochastic stationary signal has to be treated differently in general because the
limit of Fourier transforms as duration of measurement goes to infinity does not
have to exist at all. Thus the autocorrelation function of signal f(t) is used:

Al = [ : FOOf(r — t)dt (IL8)

And the spectral noise density of the signal is then Fourier transform of the
autocorrelation function:

p(f) = / T A(r)e g (IL9)

—00

Though if we have discrete samples and limited measuring time, the spectral
noise density can be counted as deterministic (it is faster to process) and the

13



autocorrelation function can be counted as the inverse Fourier transform of the
spectral noise density.

In reality we have a two-level fluctuation signal and we need to evaluate the
mean lifetime. To do so we can use the sequence above but because measured data
is often too short for that type of analysis I use different method of processing.

At first I cut off high frequencies from the signal by setting the amplitudes
at those frequencies to zero after Fourier transform. Then I transform it back
and get the signal of the current with no high frequencies. Then the auto tresh-
olding algorithms is applied to recognise the high and the low levels of the cur-
rent. The Otsu’s method is used. The time series i(t,,) is divided into two parts
{i(t;,),i(t),), ...i(¢;,), } and {i(ty,),i(tk,), .--i(tk,,), } Then the mean value of the
current is calculated for each part and the whole set:

(1=
~.
—~
~
S
~—

=
S
I
T
-

=
Il
3"_‘ 3| =

S () (IL.10)

By minimisation of the expression:

wo(po — p) 4 wi(pn — p) (I1.12)

over all arrangements we get appropriate assignment to the high and the low
levels of the current.

When we have divided the time series of the current into separated levels we
can count cumulative distribution P(z < t) of duration of the Sn staying in high
level of the current. For Poisson process the probability that the duration is less
than t should have functional characteristic:

Plr<t)=1—¢7 (I1.13)
By fitting this function we obtain mean lifetime 7. The mean lifetime is thus the
mean time when the Sn atom stays in the adsorption position.
II.5 Image Processing

Scanned images are post-processed in programme Gwydion. Raw data obtained
from STM consists of x,y and z position of the tip on the sample. Because we never
eliminate misalignment absolutely, the polynomial background is subtracted from

14



the image. Then the median row centring filter is applied. We also need to
determine positions of a measurement of tunnelling current time series in the
half-cell of Si (111). For that purpose I manually measured the corner holes of
the half-cell (dark points in unoccupied states scan) in programme ImageJ. Then
I use the algorithm for triangulation. Steps of the triangulation algorithm are:

e Make an array A with every possible edge between two vertices

Sort the array A by edge length using quick sort algorithm.

Make an array B where we put the chosen edges which make the triangu-
lation graph.

For each edge in array A starting with the shortest one check if the edge is
not crossing any edge in B and if it is not then move the edge to the array

B
e Finally, get over array B and make a list of triangles .

With this algorithm we obtain triangulation with minimal lengths of edges so if
the pattern is made by equilateral triangles, it works really well. Unfortunately,
some of the scanned images are deformed. Thus for that purpose the point
positions are transformed by a deformation matrix before the algorithm. After
processing they are transformed back by the inverse matrix. The decision if the
line segment AB crosses the other C'D is done by comparing signature of scalar
products. We compare signatures of scalar products of a vector perpendicular
to AB with AC' and the same perpendicular vector to AB with AD. If they
have different signatures the points C' and D lay on the opposite sides of the line
segment AB and may cross. The same is done with a vector perpendicular to
C'D and vectors CA,C'B. If the two corresponding pairs of signatures match, the
line segment crosses the other one.

After making triangulation net the corners of the triangles, where the position
of the measured current time series lays in, have to be found. It is done also by
comparing signatures. The right triangle has to satisfy that each of its corners
lays on the same side of the line segment made of the other corners as the position
of the measured current time series.

Then a transformation matrix which transforms a triangle to the equilateral
triangle with side length of one is counted and the time series position is trans-
formed by the matrix. The relative position in the half-cell is obtained.

15



III. Experimental Set-up

The used STM apparatus configuration is basically the same as on figure I.1. The
UHV chamber is used with Turbomolecular Varian V 700 pump and Ion pump
Vacuum Praha and it is prevacuumed by membrane vacuum pump Alcatel Drytel
31 if the samples or a mechanics in the chamber have been renewed.

The pressure in the chamber is measured by hot-filament ionisation gauge
Varian. The whole chamber is air-stabilized by Newport Stabilizer S-2000. And
also is placed in the basement of the building for proper suppression of mechanical
vibrations.

The samples are held in eight-position revolving holder. The carousel and
measuring system are placed on the plate which is hanged on springs with mag-
netic damping during measurement. The tungsten wire prepared by electrolytic
etching in the laboratory is used as the STM tip. The amplifier METEK Signal
recovery Model 7270 DSP is used to control piezoceramics and to amplificate of
the tunnelling current.

The whole system was designed and developed by the group of thin films. The
photo of the used apparatus is in figure I11.1

Figure III.1: The photo of the STM apparatus
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IV. Experiment

IV.1 Noise of Tunnelling Current

Separation of the noise from the measured signal is important to be able to analyse
the measurement itself. STM is very sensitive device because the tunnelling
current is only about nanoamperes or lower. I did analyse the most typical kinds
of noises in STM. Examples of them are mechanical interference on the platinum
monocrystal caused by bad sample fixing in the holder, flicker noise and shot
noise.

IV.1.1 Mechanical Interference

I measured mechanical noise of the tunnelling current on platinum monocrystal.
The reason why it is so visible on the platinum monocrystal is the bad fixing.
The monocrystal is fixed in a position by two wires so the whole platinum tends
to oscillate. The example of the tunnelling current and its spectral noise density
is in figure IV.1.
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Figure I'V.1: The fitted (solid line) tunnelling current of mechanical noise on platinum
and its spectral noise density

I have fitted the tunnelling current (solid line in figure IV.1) by the function
in the programme Gnuplot:

f(z) = AeBsin(Ca+D) (IV.1)
The fitted constants A, B,C, D are:
A = (—0.168 £0.008) nA
1.3540.06) ms™*

(
(5.140 + 0.004)
(—4.92 £ 0.13)

S Qw
Il
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The error estimations are obtained from the programme Gnuplot. We see that
the function fits the character of the tunnelling current quite well.

The platinum monocrystal was resoldered after several weeks and the wires
which held the monocrystal were shortened. After this modification I measured
the oscillation of the platinum monocrystal again. The tunnelling current and
spectral noise density are in figure IV.2. The fitted constants are:

A (0.346 + 0.010) nA
B = (1.714+0.03) ms™!

C = (0.15494 + 0.00011)
D = (—8.590+0.019)

We see that the amplitude of oscillations is similar but the measured fundamental
frequency is 33 times lower than before the modification of the wires. The problem
is that we probably increased the fundamental frequency by shortening the wires
so much, that it is higher than the half of sampling frequency. Thus the measured
frequency is not correct but it is some high frequency reflected to the lower
spectrum.
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Figure I'V.2: The fitted (solid line) tunnelling current of mechanical noise on platinum
after resoldering of the holder and its spectral noise density

IV.1.2 Blank Measurement in Half-cell of S1 7 x 7

The tunnelling current of an empty half-cell Si 7 x 7 was measured. Eight time
series of 16 384 points with sampling frequency 10 kHz were acquired and spec-
tral noise densities were evaluated. The average of the measured spectral noise
densities is plotted in figure IV.3. There can be seen that there is noise (possible
mechanical) with frequency 0.54 kHz (even though the fundamental frequency is
suppressed and the largest peak is first overtone at 1.08 kHz) and overtones. The
wide peak with frequency 3.37 kHz can be some electrical interference in amplifier
or another electronic.
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Figure IV.3: The spectral noise density of empty half-cells Si 7 x 7

Although there is significant interference in the area with higher frequencies
we can still analyse atom hopping with time constant bigger than approx. 1 ms.

In figure IV.4 I plotted the detail of spectral noise densities of low frequencies.
I fitted it in program Gnuplot with function:

f(x):f—i-B

The fitted constant are:

A = (1.26£0.06) - 107°) nA®
B = (9.3+£0.8)-107°) nA%kHz "

The constant B is related to white noise. The shot noise with current 0.3 nA
is (equation 1.13) approximately 1077 nA2kHz~! which is three orders above the
fitted constant. The bin size of used A /D converter is 0,003 nA which corresponds
to spectral noise density 2-107°nA2?kHz~!. Thus the white noise must be caused
by another noise in the used electronics.
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Figure I'V.4: The fitted detail of the spectral noise density of empty half-cells Si 7 x 7

IV.2 Surface Diffusion on Si Surface

IV.2.1 Measurement

Diffusion of adsorbed tin on Si (111) 7 x 7 surface in UHV 8- 107 Pa at room
temperature was studied. The surface was prepared by the standard procedure
of DC annealing and then exposing to evaporation of tin atoms for 2 seconds.
The STM tip was enhanced by welding to a wolfram plate and pulling off to form
the very tip. After thermal equilibration of the Si sample with the apparatus we
started to acquire scanning data.
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IV.2.2 Image Analysis

After compensation of drift of the sample several scans were acquired. The scan-
ning voltage was set to 1.5 or 2.0 V and the tunnelling current to 0.2 or 0.3 nA.
There is no visible difference between the individuals set-ups. The scanning speed
of acquired images is 77 nm/s. Images were enhanced in the programme Gwydion
by applying alignment of rows by median centring and polynomial background
subtraction.

Figure IV.5: Scans of adsorbed tin on Si (111) 7 x 7 surface of unoccupied (top image)
and occupied (bottom image) states at 2 V and 0.3 nA. Monomers of tin atoms are
trapped in faulted/unfaulted half cells and are marked as circles white/ black respec-
tively

In Figure IV.5 there are scanned overviews of the surface with adsorbed tin
atoms. The monomers of Sn atom, which are further analysed, are circled, the
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other half-cells are with dimers or more atoms. The light, small bulbs which are
visible only on the scan of occupied states and on unoccupied seem to be shadows
are probably images of other adsorbed atoms or molecules.

IV.2.3 Observed Types of Half-cell

Different types of imaging half-cells occupied by tin atoms can be seen. By
observation and comparing to the study®®, the number of adsorbed Sn atoms in
the half-cell was identified. The most common types of half-cells are in figures
IV.6 and IV.8. It can be seen that there is a difference between Sn in faulted and
unfaulted half-cells. One type of monomer on each un/faulted cell and two fuzzy
types of dimer were observed. The Sn atoms appear as fuzzy area. It is because
the hopping rate of the Sn atom on the surface is comparable with the scanning
speed.

faulted half-cell unfaulted half-cell

Figure I'V.6: A monomer of a tin atom in half-cells

faulted half-cell unfaulted half-cell

Figure IV.7: A dimer of tin, type A, in half-cells

From the scan we see that the monomer has a different time constant of
hopping in the center and in the corners (More visible on unfaulted half-cell). Also
the center of the half-cell is brighter thus that indicates lower energy potential in
the center.

The dimers can occur in two types of the fuzzy half-cell - type A and B. In
the type A the atoms are situated further at opposite sides of the triangle. In
the type B the atoms seem to be close to each other at one side of the triangle.
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faulted half-cell unfaulted half-cell

Figure IV.8: A dimer of tin, type B, in half-cells

We assume that the observed types of the half-cell are dimers because they do
not have rotational symmetry and have reflection symmetry. Thus there have
to be even number of Sn atoms. The probability of four and higher number of
Sn atoms in one half-cell is low (assuming minor Sn-Sn interaction to Sn-surface
interaction and low dose of the evaporated tin on the surface). Thus the observed
types of the half-cell are most likely dimers.

IV.2.4 Current Fluctuation Analysis

The time series of the tunnelling current in half-cells were measured. Measure-
ment was made with the STM tip held in the place and acquisition of 16 384
points of the tunnelling current with the time interval 0.1 ms. The tunnelling
currents 0.2 nA and 0.3 nA were used. Time series were thereafter analysed.
Considering no difference between 0.2 nA and 0.3 nA the series are analysed to-
gether. In some positions the current had obvious two-and-more-level character.
The multi-level character of the time series is caused by the large radius of the
very tip which can thus ”feel” the Sn atom in more than one different position.
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Figure IV.9: Examples of the measured tunnelling current in different positions in
the faulted half-cell
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The time series were post-processed and analysed. Higher frequencies than
1 kHz were cut off by using Fourier transform. The bi-level character was analysed
using the algorithms from section II1.4. Relative positions in the half-cell were
evaluated.

The measured time series were sorted by the type of the half-cell. In figure
IV.9 I show examples of acquired data of a monomer in the faulted half-cell in
different positions, in figure IV.10 examples of a monomer in unfaulted half-cell.
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Figure IV.10: Examples of the measured tunnelling current in different positions in
the unfaulted half-cell

The mean time of Sn atom being in an adsorption position nearest to the
tip were evaluated by fitting of a cumulative distribution of duration of the Sn
staying in high level of the current (equation II.13). Also the duration of high
level of the current comparing to the duration of the whole time series in percent
was determined. There were analysed about 90 time series in un/faulted half-cells
each and the results were plotted - figures IV.11 and IV.12.

We can see that there is a strong difference between unfaulted and faulted
half-cells. In the unfaulted half-cell the Sn atoms were registered in the center
where they stay for about 85% of time which corresponds to the scanned image of
the half-cell. The hopping among adsorption positions around center is at room
temperature so fast that we are not able to measure it. Thus we can measure
only hopping between an adsorption position in the center and some in the corner.
The preferred position in the center can be also seen in figure IV.13

In the faulted half-cell the situation is quite different. The Sn atom prefers
center positions less. In figure IV.14 there is plotted the dependence of residence
time on the relative distance to the center of the half-cell from which we see that
Sn atom stays in the center longer but in comparison to the figure IV.13 a clear
division does not exist. The Sn atom stays in the corner approximately 27% of
time.

By averaging fitted mean life times of Sn under the tip in faulted half-cell we
get the typical time constant:

7 =(1.1£0.6) ms
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Figure IV.11: Map of mean life time of a Sn atom in the adsorption position nearest
to the tip. Three-fold symmetry and reflection is used.

faulted half-cell unfaulted half-cell

Figure IV.12: Map of residence time of a Sn atom in the adsorption position nearest
to the tip in percent. Three-fold symmetry and reflection is used.
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Figure IV.14: Dependence of the residence time of Sn atoms in the adsorption posi-
tion nearest to the tip in percent on the relative distance to the center of the faulted
half-cell with its side length equal to 1.
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In the unfaulted half-cell, the mean life-time of Sn being in the center of the cell
is:

Tu,center — (195 + 74) ms
And in the corner:
Tucorner = (3.5 £ 2.0) ms

Fluctuations of Sn atom were also measured in the unfaulted half-cell with the
dimer type A. The character of fluctuations of tunnelling current measured in this
type of the half-cell is that there exists only bi-level time series. That is probably
because two Sn atoms are bound to each other and thus move like a compound
in only two positions. Hopping to another position is unlikely according to the
measured tunnelling current. In figure IV.15 there is an example of the measured
current. The residence times of high level of the current and low level are 50%.
Thus the two possible positions of Sn dimer have to be equivalent.
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Figure IV.15: Examples of measured tunnelling current of dimer type A in the
unfaulted half-cell

The average mean life is:
Tu,dimer = (13 £ 8) ms

The other types of Sn dimers do not have specific bi-level fluctuation of the
tunnelling current.

26



V. Discussion

The resolution of image analysis highly depends on properties of the scanning tip.
Three most common undesirable effects at STM measurements are: the creep,
the multiple tip and thermal drift. The creep of piezoceramics, which control the
tip position, usually occurs when the voltage on the piezoceramics is suddenly
changed. The scanned area is shifted and the image is distorted because the delay
between the change of voltage and the response of the piezoceramics. The large
change of voltage on piezoceramics occurs when the tip jumps from the end of
the scanned image to the start of the new one. Thus first rows of the scanned
image can be distorted.

The tip can also be multiple. If so, it can be seen on the scanned images that
some objects are there more than one times and their positions are in a place
where they should not be. Finally, the thermal drift is caused by temperature
gradient in the STM measuring head and different temperature expansion coeffi-
cients of various materials used. Parts of the apparatus tend to equilibrate with
the rest and thus they move in some direction. The thermal drift causes changing
of the angles of the half-cell triangles of Si 7 x 7.

Those three phenomena contribute firstly to the deviation of the measured
position of the tunnelling current time series and secondly to the measured time
series themselves. The creep contributes to the error of estimation of the position
of the time series at the beginning of the scanned image. The multiple tip smears
the objects on the image. The last one - the thermal drift - can be corrected
manually and if the motion of the tip is uniform, the contribution to error of the
position can be removed completely.

The influence of the multiple tip on the measured time series of the tunnelling
current is that the current is captured from multiple positions which is undesir-
able. The thermal drift in the  and y axis causes that the tip moves above the
sample and thus the tunnelling current is not captured from the same position.
The motion in z-direction cause increasing or decreasing absolute value of the
tunnelling current in time.

In the experiments the creep was reduced by measuring with the almost unde-
flected (with minimal positive and negative voltage) tip where it is not so sensitive
to occurrence of the creep. The multiplicity of the tip was corrected if needed by
the visual analysis of the scanned images. Finally, the thermal drift was reduced
by manual set-up of the motion of the tip but it could not be eliminated com-
pletely thus it caused the major contribution to deviation of the measurement.

We suggested that the possible resolution of the tip position can be distin-
guished if the time series is measured in the center of the half-cell or if it is
measured in the corner. For better accuracy the better equipment has to be used
or settings of experiment (voltage, scanning speed, tunnelling current, etc.) have
to be optimised.

We assume that the presence of the tip and its voltage bias and the tunnelling
current do not influence the experiment, mainly the mean life times of the rest
of the Sn atoms in the adsorption position. This assumption do not have to be
satisfied. Comparing measured data with the tunnelling current 0.2 nA and 0.3
nA we can say that it does not differentiate thus the assumption is satisfied.
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The measured time series of the tunnelling current should be measured in
static position on the sample for very long time so that we are able to catch enough
events of the Sn hops. However, the duration of the measurement is limited
because of the previously discussed thermal drift. Thus the number of events,
which are in usual time series about tens to a hundred, limited the accuracy of
evaluation of the mean life time. The mean life time can be precised by performing
more measurement in the same position of the half-cell. However, because of the
method of the measurement it is really hard to take the time series in the same
position. A better method would be the automated measurement using on-line
tracing of the scanned image: mapping the positions of half-cells and acquisition
of time series of the tunnelling current in the exact relative position in the half-
cell.

About 1000 of time series were taken and evaluated. Hence the automatic
algorithmic evaluation was used. But the used algorithms do not have to be
optimal. For example the bi-level tresholding neglects the fact that the measured
time series of the tunnelling current can be multi-level. Also the algorithm does
not count with the fact that the measured time series do not have to be ideal. The
tunnelling current can increase (decrease in time). There can be the interference
of the tunnelling current from the unknown source. Those causes of errors can
be suppressed by optimization of the used algorithms.

Finally because the interference in higher frequencies IV.1.2 the tunnelling
current is filtered by Fourier transform thus faster events (< 1 ms) can not be
recognized.
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Conclusion

The fluctuation of Sn hoping on Si (111) 7 x 7 is studied in the thesis. The image
analysis of Sn on Si surface scans was done and types of the smallest Sn objects
on the surface were classified. The single Sn atom moves in the unfaulted and
the faulted half-cell of Si surface differently. In the faulted half-cell, adsorption
positions in the center are not so preferred as in the unfaulted half-cell. The

average time constant for hopping of the Sn atom was evaluated for the faulted
half-cell as:

7 =(1.1£0.6) ms

In the unfaulted half-cell the Sn atom moves among adsorption positions in the
center of the half-cell with probability 85%. The mean lifetime of Sn staying in
the center was determined as:

Tu,center — (195 + 74) ms
And in the corner:
Tu,corner = (35 + 20) ms

The results were obtained from about 1000 acquisitions of tunnelling current
time series in different positions and types of fuzzy half-cell. The time series were
classified according to the type of the half-cell, relative positions of the measured
time series in the half-cell were determined, the bi-level fitting of the tunnelling
current was performed and the average duration of the high level of the tunnelling
current were evaluated.

Also fluctuations of the tunnelling current were studied. Mechanic oscillations
on platinum monocrystal and the blank measurement of the tunnelling current
in empty half-cells were analysed.

All tasks apart from low temperature measurement, which could not be done
due to unavailability of necessary measuring equipment, were accomplished.

The research can continue with the low temperature experiments and attempt
of increased accuracy of positions of the tunnelling current time series.
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