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[1. List of Abbreviations

N tofnic Force Microscope
o TP PPTTRRRUPPPPIN Silver
L PP UPPPTRPRIN Argon
AU e et e e et et e e e e eneeeat e e e enenn e aaeeeraans Gold
BN C e eean Bayonet Nut Connector
e e e et e e E e et eee b aaaaaaeeeeenba e e e eeern e aaas Carbon
CF e ————- CONFLAT Flangearfmpany Varian
EC-STM e Electro Chemical STM
EFM e ————— Evaporator with igtal Flux Monitor
FBIMS e et e e aeees EtkBeam Moving Stage
B ettt e e e e e e e e e e e e s Focused lon Beams
FWHM ... e e Full Widof Half Maximum
B8 ittt —————— 11111111ttt ettt et e e e e e e ana bbb ettt et e r et e e aaaaaeeas Gallium
G S e @hacal Design Station Il
i [ PSPPSR UPPPTRPPN Mercury
HOPG ..o s et Highly OrientegrBlytic Graphite

[ [0 1 1 PR Highest OcapiQuantum State
LG P e e e e e e ne e e s lon Getter Pump
o] ] I\ | = ion beam lithogtey, nanofabrication and engineering workstation
............................................................................................................. (Raith Tradename)
0 o Liquid Helium
LM LS et r e e e e enanas Liquid Metal lon Source
0 USSP Liguid Nitrogen
LO S . i Lowest Unoccupif@uantum State
PP RRTTPTRR PPN Low Temperature
1YL TP URPUUPPPPTRRPUPPPPTTIN Monte Carlo
Y Monolayer
AN F= T T R ox= 1Y/ | SRR Nanometer sized cavity
NANO-FIB ....cooiiiiiiiiiiei e Trademe of Raith for FIB
N2 g To T o | R UUTPTTT Nanometer sized pit
AN F= T To R o £0 01 U coalescano-pits in a line
P ———— e e e e e e e e e e e e e et e e e et e e e b b Lead
o o (1 5 5 ) 11() oriented lead crystal
PEEM ..ot Photo Emission ElentMicroscope
P S e e e ———— Pb@tlectron Spectroscopy
POINE. . Localized groupdaffects or nano-pits
L PSPPSR Oxygen atom
@ TP Oxygen molecule
[ 1Y PRSP Quantum Well
QN S L ———————————— i ————— Quantum Well State
R e e Room Temperature
SEM e ScarmmiElectron Microscope
T PP PPPPPUTPPPPPPR Silicon
S e e a e e e e e e e aaaaaaaaaaeaees Silicon Carbide
SPIM e ———————— ettt e ettt Soang Probe Microscope
SP ST e e e rrnnaas Spin Polarized STM
SRIM Lo ——————————— Stopping and Ranfjeaos in Matter

ST M e eaaas Scanningnfieling Microscope



v List of Abbreviations

TEM e —————- Transmissioe&ton Microscope
TV e e e Turbo Molecular Pump
TRIM e e e e e e e e e e e e e Transport Rargd lons in Matter
L TSP PP PSRRI Technische Universitat
LU PO Ultra High Vacuum
UP S e Ultraviolet Photoetl®n Spectroscopy
1107 5 PRSP Working Distance
WSXM e free Program for SBMa analyzing

X P S e ————————————————————— X-ray Photdesion Spectroscopy
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[1l. List of Variables

V05 tittteeettettu e e et e e e e e eeeeee et ettt et ba s ———————tnnn e aaaaaaaeaeterararrara, mean velgoft O,-molecules
Tl ettt the reduced Planck constant.(54 x 10**Js)
A
ettt ettt ettt e e e e e e —e e e e e e e et e e e —————— e e e aataeatraaeaeaaaaraaes effective coverage
B PSP, total effective coverage
A ST PP PR deposition duration
A P oxidation duration
H, K, A
7 TP sticking padhlity of O,-molecules
K oo e e e aaaaaaaaaans alibration constant for EFM
AGIff «evennnnnnnnneaseeeeeeeeaeeeereeeernrrnnnnn—————————— diffusion length before desorption foetad atoms
P,T,®
JOUMI « et e e et e e e e e e e et e e e e et s vacancy density needed for adaxidation
SOOI+ttt eeeeeeeeeet e e e e e e e e e e e e e ettt et et beemnne e e e sn e b b e e e e e e e e e e e e eeennnnre norimal vacancy density
00ttt —————— density of O-atoms striking on surfgsienulation)
b2ttt e e e e e e e e e e e e e e e et ————————————— density of ©&molecules striking on surface (real)
SR time constant of a capacitor
T oot e e e e e e ratio of two time tants of capacitors
LT PUPPPPPTRT work function
A, C
PP PP RPPPTTTPPRIN area
2 TP PTP PP PUPPPORRR lattice constant ofgg
BUOPGr ++++eeeeeeeeeeerttttttnnnaa e e e s e e e e aeaaaaeeeeaaaeeeeeeeeeesnnnnnnnnnnn e eeeeeeeeennn. LLIEE CONStaNt of graphite
e e e e e e e e e e e e e et et et e ettt —————————raaaaeeeaaeeeeaaaaanrrnnnnn s smallest facet detectable
AADOINT +vrrtee et area of an exposed point
AAGREEL ++ -+ e+ e eeeeeeeeeeeestttas e e e e e e e e eaaaaeaaaaeaaeaeeeerraaraaaa———_ size of the grapheneest{simulation)
o light veity (= 2.998 x 16 m/s)
D

5 PP PSPPI Diffusivity
D area dose
0 area step size
D60 ettt ———— ettt e e e e e e e e e e e monolayer height of £

0 adieter of the capture area
D USRS dot dose
o P RPPPPPRRPPUPPPN: layer distance in HOPG
D line dose
0 T line step size
0 maximal penetration deptigallium ions
P ettt point area dose
Opeake e e evvrere e ittt peak distance in theghedistributions
DDpOiNt+ vttt e et e point dose
Op0inte e+ e e ettt point to point distance

it + et pit diameter
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E
B ettt ettt ettt ettt ettt et e et arens elementary ge(= 1.602 x 16° C)
Bl ettt ———————————— e e e e e e r i ————— actiem energy for oxidation
B -ttt e e e e e e eennee lattice binding energy
g ettt —————————— e e e e e e e e e e e e et ra———nnn—————_ displacement energy
T actiatienergy for diffusion
EE SaMplE. e eee ettt Ferevel of the sample
R D «evee et Fermi level of the tip
G ettt e ———————————— e e e e e e e et e e e e aaarrrnnann—————— surface binding energy
B e e a e ras vacuum level
I
T ettt ettt ettt e et e e eh e eaa e et e ea et e h e eh et et rh e rn et raeraas emission current
PO POPTOPPPPPPPRTI ion current of the FIB
T flux current
K, L
KB ettt ettt e, Boltzmann constantl(88 x 107 J/K)
L i e e e e e e e e aaaas diffusion length before desooptfor & (real)
Lo v diffusion length before desorption for O-atoms (gliation)
M, N
10T PP PPPPPPRPI mass
1 mass of an ©£molecule
Dl ettt ettt —————————— correction factor for pit perimeter in simulations
N number of incident ions
SRR number@fatoms (simulation)
N O 2e ettt ettt ettt et e e et e e et e e e e b h e a e b e r e e ra e rnas number of @molecules
Dd02+ et erese sttt se ettt s ettt b bbbttt s ettt a s a ettt n e density of @-molecules
D number of vacancies
P, Q
PR RPPPTTPTRPUPPPPIN perimeter
O PRSP RP PP PRPPPPPPRPPI pressure 0,0
DK -+ e e e e e e e e e e e et e et e et b e e e e e e s e e e e eesba e e e aeeena e aaeennes oxidatioropability (simulation)
o RSP charge
R, T
R e ————————————————aaaaaaaaan gas constant (= 8.31 J/(mol K))
PP Temperature
L TP PPPPPPPPPPPPPP diffusion time
P PP dwell time
T Kttt eeeeeeeeeee e et et ee ettt e e e e e e e e e e e e e e eaaeeeeeeee e e et eea—rrannnaaaaaaeeeeeaaaaas oxidation temperature
settling time
U,Vv,Z
U ettt ettt e ettt emee ettt en e, atomic masst (= 1.66 x 13’ kg)
R TP PUP TR PPRPPPRIN capacitor voltages
N ettt ————————————————————————— acceleration voltagel@position process
A diffusion velocity

Z ettt et—ta e eeeeeeeeaeeeeeeeeeeeeeeteee————————raaaaeeeaaaeaaaaaeeeaaeerreaarrr_, target depth









1 Introduction

Humankind always explored the nature, first what oauld feel and see and then what
avoided direct perception. Instruments were dewloptarting with simple lenses to
microscopes and telescopes for observation of fesitat the both ends in the length scale.
Today, there are instruments for investigationeztéires which can not be observed with
the visible light spectrum. For example there army telescopes for exploration of
astronomical objects such as black holes, and cparticcelerators for exploration of
subatomic particles. For the investigation of dues in the atomic scale rangeanning
probe microscopYSPM) opens the door for many new applicationgarticular in surface
physics. With this instrument the surface morphylagn directly be observed and
analyzed.

One interesting subject which can be investigatéd $PM are clusters on substrates.
Generallyclusteris the name of an ensemble of objects. These tshyan be everything,
e.g. stars or computers. In this work clusters isbng of atoms are investigated. Many
studies reported a difference between cluster auld properties. Hence, the cluster
properties can not be directly deduced from thek lproperties and they have to be
investigated separately resulting in a new resetetthcalledcluster physics

In the last decades the miniaturization of eledtratevices made enormous progress.
One of the fields most visible in the daily routisethe computer technology where, e.g.,
computer memories or processors become smalléey fasd provide more memory. Every
year many new useable technologies come into thikahdn order to satisfy this hunger
for higher information densities, the structuresrehdo become smaller and smaller.
Consequently the study of small particles such emhelusters becomes more important.

One aspect for industrial usage of clusters, eangelectronics, is their controlled
fabrication, e.g. in a pattern. That was perforrmedeveral experiments before using the
interaction between the clusters and the surfadeuaing the natural superstructure of a
certain surface. However, these methods have licwiteerning production because they
depend on the cluster and surface material. Faglectsve patterning of any cluster or
surface material high resolution fabrication tosleh as scanning electron microscope or
focused ion beams have to be used. That is the togim of this work.



2 1 Introduction

The idea was to combine two structuring methodsHerproduction of nanostructures.
For this purpose a new collaboration was launchetsvéen the TU Dortmund and the
company Raith GmbH, supplier of nanofabrication IgooThe first method is the
fabrication of nanometer sized pits on graphiteclwhwas performed in our group before.
These pits were used to produce metal clustersamithrrow size distribution. The second
method is the fabrication of predefined structungth a beam of focused gallium ions.
With this almost any pattern can be structured mypsample. The tool used here for this
purpose is a new development of Raith (Raith ‘idNET).

Within this thesis the applicability of this methags tested and new applications were
found. The fabrication of nanostructures with featsizes smaller than 50 nm is presented
(see sectiorb). These nano-structures were then used for theatled growth of metal
clusters. New and special properties of the méteters (silver and lead) were observed.
Another topic in this work is the structuring ofaghite layers, called graphene. In the last
years the interest in this material arose partrtbulaecause of its special electronic
properties. It will be shown that we are able toduce corresponding structures with our
method. The experiments are combined with MontdoCsimulations to understand the
results.



2 Basics

In this chapter the basic elements of the invesdyatructures and
used methods are discussed. The main purposesoivthk is the
investigation of metal clusters. The item clustansl their special
properties will be discussed in the first sectidime following

section gives an overview about patterning methéals the

fabrication of nanostructures. An interesting matewhich is

intensively investigated in the last decades iplyeae. Actually
the graphite substrate is a stack of graphenedajtance with the
structuring of graphite also graphene can be méatigal In the
third section the graphene is treated in detailnderstand why it is
an interesting material. Finally the last sectioreg a short insight
into the chemical processes during the oxidatiographite.

2.1 Clusters and their properties

Cluster physics is a relatively new topic in théicsstate physics and is investigated in
many studies [3-5]Clustels are nanometer sized particles containing feweteral of
thousands atoms. According to the number of atdmsctusters are classified in four
groups as listed in tabl2-1. The size of the clusters lies between the @mt@nd bulk
scale. Single atoms have quantized electronic sstatel bulk materials have electronic
band structures. The clusters exhibit an electretrigcture which lies between these two
extremes. They can be modeled with two methodfieEiatoms can be composed to a
cluster or a bulk material can be split down to #iee of a cluster. These are called
‘bottom-up’ and ‘top-down’ approach.

micro clusters 3 -13 atoms
small clusters 14 - 100 atoms
large clusters 100 - 1000 atoms
micro crystallites > 1000 atoms

TABLE 2-1: Classification of clusters by their size.
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For metal clusters the atoms are bound by methlhiods. For this bond type the
valence electrons are delocalized among the ladtioes. The metal can be regarded as a
lattice of ions imbedded in a sea of electrons Téjeoretically the electronic structure of
metal clusters can be described with the so calékiblm-Model[7-9]. It proceeds on a
smeared out jelly-like background of the positiveuge of the lattice atoms. The system
properties only depend on the shell electrons.

The behavior of metallic clusters is interestingi@grning e.g. electric, magnetic or
optical properties. For example silver oxide p&sacan be optically activated with a laser
[10,11]. Iron or cobalt clusters have very interggtmagnetic properties [12-14]. Novel
metal clusters like silver or gold clusters haveirgmresting electronic structure [15,16].
Palladium, platinum and iridium clusters exhibitatgst properties mostly in respect of
CO oxidation [17]. It is also known that noble nietmsters are catalytically active, too
[18,19]. Most of these properties are strictly sitsendent, which makes the production
of well-defined cluster sizes important.

Experimentally the electronic and geometric streectaf clusters was investigated in
free beam experiments [20-22]. It has been showanhftr the electronic structure ‘every
atom counts’. One atom more or less can changprtperties of a cluster. This behavior
implicates a large spectrum of cluster properifiége problem is that this behavior brings a
large number of experimental parameters into pldyclv makes the investigation of
clusters a field which needs a lot of time and po@nt. Consequently many groups are
working on different topics of cluster physics.

For almost any possible application the clustergehi@m be located at surfaces. The
surface also influences the properties of clustEng experimental group in Dortmund is
specialized in investigations of the morphology atettronic structure of metal clusters,
mainly noble metal clusters, at surfaces.

2.2 Patterning methods

There are different methods for patterning of gtrres on surfaces. The most used
method is the structuring with a SEMcanning electron microscopwhich uses a beam
of accelerated electrons [23]. Defect production t& performed by transfer of the
electron energy to the substrate. However the fmibtyaof defect production is very small
due to the small electron mass and it needs a dlgtiron energy and intensity which
influence the resolution of the SEM-tool. Neverdss there are special molecules used as
resist layer which are very sensitive to electrearhs. The electron irradiation changes the
bonds in the molecular structure. Thus either fonemative resistinitially soluble
molecules become insoluble or formpasitive resisthe molecules change in the reverse
direction. The soluble part can be removed by aesul(calleddevelope). The rest of the
resist acts as a mask for a subsequent etchingapogation step [24-26]. Then the resist
can be removed completely, if necessary. This noktlBooften used and yields good
results. Instead of electrons, photons can alsasled. In both methods the patterning is
performed using a resist. That means they are meb#® for experiments which are not
very sensitive to the surface properties or contabeid by ambient air.

For the conventional production of nano- or miciiakstures masks or stamps are often
used. Both are pre-structured for example with SHM.the first case the mask is
positioned between the evaporator and the subsfrates the evaporated material arrives
only the areas with a free path to the substratetwuilds the pattern of the mask on the
substrate [27]. In the second case the matermlaporated on a stamp and then it will be
mechanically transferred on the substrate. Pritigigavorks like a printing machine [28].



2.3 Graphene 5

Both methods are reasonable for patterning ofgelaumber of micro- or nano-structures
at short time scales.

At very small scales atoms or molecules can be ohbwyethe tip of an STMsanning
tunneling microscopeor an AFM @tomic force microscopd29-31]. With this technique
atom corrals could be formed in order to visuaéectron standing waves. This method is
very time consuming since every atom has to be ohgeparately in a complex procedure.
Hence, it is reasonable for local investigatiofiusfdamental physics.

Another patterning method is the direct writinglwibcused ion beams (FIB). With this
method the pattern is directly fabricated by damgghe surface with ion impacts. That
originates from the larger mass of the ions andsthenger interaction with the surface in
contrast to electrons. This method can be also swdbwith a resist supposed patterning
[32,33]. However the direct patterning providesreparation method of surfaces without
contaminations which appear usually by the usageét layers [34-36]. That method is
used in the present studies in combination withotidation of the surface, which replaces
the etching process.

2.3 Graphene

Grapheneis a two dimensional material which contains carbtoms in a honey comb
lattice as illustrated in figur@-1a. The carbon atoms have four valence electndneh
take three sphybridizedo-bonds to their neighbored atoms. Every C-atonuisosinded
by three other atoms (figur2-1b). Theo-bond is the strongest type of covalent bonds.
Thus it makes the graphene layer a very stablerrabtehich is inert to many preparation
methods. Additionally the carbon atoms exhibit weakonds vertical to the graphene
plane (figure2-1b). This bond type makes the two dimensionadterce of the graphene
layer difficult in despite of its weakness. It irdets with atoms on the same or on other
graphene layers and initiate the formation of défeé carbon structures as illustrated in
figure 2-2. The illustration shows that stacking of a tuape layer leads to graphite,
rolling up to a nano tube and wrapping to a fulhere

Graphene has two types of edges; the armchair &ddiehe zigzag edge each in three
available directions (cf. figur2-1a).

Edge 1
T
o
< e o

m
& ’\4
(0]
» Z

<0o

basal plane vertical to

basal plane
(@) (b)

FIGURE 2-1: (a) lllustration of the crystalline structure of graphene. Carbon atoms are
localized in a hexagonal lattice. Graphene has twstable edge types
(armchair and zigzag edge) labeled with 1 and 2. JbBond types of
carbon atoms imbedded in graphite. In the basal plae the atoms have
sp™-hybridized g-orbitals and vertical to it non-hybridized Teorbitals.
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FIGURE 2-2: Different forms of graphene based materials (bm [39]). (@) A
freestanding graphene layer which is only stable ora substrate. (b)
Graphite consists of a stack of graphene layers.)(& carbon nano tube is
formed by rolling up of a graphene sheet. (d) A fuérene (G,) emerges by
wrapping of a graphene layer with introduction of pentagons.

Graphene is an interesting material consideringléstronic structure which is deduced
from a tight binding approximation [40]. An illustion of the band structure is shown in
figure 2-3. The electronic band structure has a conicapehat the so calledirac point
At zero temperature there are no electrons in timeluctance band. At higher temperature
this band is filled by excitation of electrons frahme valence band. Materials with this
behavior are called zero-gap semiconductors.

Near these crossing points, the electron enerfjyaarly dependent on the wave vector.
That is comparable with massless relativistic phasi like photons which exhibit a linear
dispersion relation withE = ciik with the light velocityc and the wave vectok.
Consequently, electrons near the Dirac point catrdsged as quasi massless particle and
behave like relativistic particles which can be ali®d by the Dirac equation (which
describes relativistic quantum particles with sp#) and not by the non-relativistic
Schrédinger equation. Thus the electrons have staonvelocity at this point [41,42].

The electrons in graphene move ballistically antlyoscattering at lattice phonons as
usual for conductive materials. The evidence fig ih that the carrier mobility is nearly
independent on the temperature [43,44]. It is kntwat the scattering at lattice phonons
dominates for higher temperatures and disappeaterftperatures near zero. At these low
temperatures scattering will only occur at defelftthe temperature does not play a role
which is the case for graphene the electrons ale swattered at defects even at room
temperature. Due to the very low defect densityomparison with the lattice atom density
the mean free path becomes very large. Consequilgarrier mobility is very high.
Indeed many experiments have shown a very gooductindy of graphene. Chen et al.
have obtained a mean free path q@fr2 and a maximal mobility about 200000 Txi* s*
[44].
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FIGURE 2-3: Band structure of graphene. The conductance lpa touches the valence
band at the K and K’ points (from [38]).

Graphene is an important material for further mumization of devices due to two
main reasons:

* The enhanced stability in the graphene plane calbgeddrongo-bonds enables
the fabrication of very small stable structures.

* The high mobility in the 2D structure allows thenstruction of a high variety of
electronic devices. For example one applicationhe production of devices
based on ballistic transport phenomena.

Experimentally a graphene layer was first produbgdNovoselov et. al. [45]. They
used a mechanical exfoliation (repeated peeling)anf HOPG sheet for graphene
production. Another newer fabrication method is ¢pgtaxial growth on SiC samples. By
annealing of the SiC surface above 1150 °C grapHapers can be obtained. The
annealing temperature determines the layer thicki@gd]. However in both cases beside
the single layer also graphene multi-layers araiobt. The electronic behavior of e.g.
bilayers differs from single graphene layers. ksidb gap at the Dirac point is asymmetric
[47,48]. The increase of the number of layers ckanthe electronic properties of the
graphene. Single layer graphene is a zero gap seaductor while graphite shows a semi-
metallic behavior [49,50]. Additionally the eleatio structure of graphene can be
manipulated, e.g. by doping with foreign atoms [51]
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2.4 Graphite oxidation

The pit production method is based on the oxidatiba graphite surface as it will be
presented i.2. The graphite substrate can react with manggkise Q, H,, H,O, CG;,
NO and CJ. Chu and Schmidt investigated the reaction with, g H,O and CQin
experiments [52] and Bennett et al. theoreticallgatibed the chemisorption of H, C, N, O
and F on graphite [53]. The reaction of oxygen graphite is investigated experimentally
by Olander et al. [54] and theoretically by Blyhedakt al. [55].

Especially for the graphite-Qeaction Olander et al. showed that the oxidapiwtess
can not be described only with a simplg &lsorption and CO desorption like equation 1
[56]. This first order reaction is only observed fugher temperatures (>1200 K). As
reported by other studies there are two types tiveasites on graphite namely site A, a
more reactive, and B, a less reactive type [55-B8$upport of this hypothesis Olander et
al. developed a two-site model of the oxidationcess as depicted in equation 2. It implies
that the oxygen molecule chemisorbs only on A-tyes (%) with the sticking
probability /7 to form a bound CO and at the same time reled&®epdrtner oxygen atom.
The oxygen atom migrates over the surface (labeidid k) and finds a B-site @ with
which it reacts and forms a bound CO. In both cakesCO molecule desorbs (labeled
with kg). In order to provide a net generation of A si@ander et al. assumed that upon
release of CO from B site, a fresh A site may beatmd. They could explain their
experiments with this model.

0,(g)+C - 2c0O(adg - 2CO(gas (1)
Oz(g) n CO(adé CO(g)+S @)
Oadg+S, aCO(adé cO(g)+S, or S,

Furthermore they showed that the rate of the oxidato CQ is two orders of
magnitude smaller than the oxidation to CO. Hehcereaction process can be neglected.
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setup

In this chapter the experimental equipment and ouhare
described. For sample preparation a focused beagallidm ions

is used, which enables the fabrication of pattersteaictures on a
surface. With an ion sputter gun defects in a givgensity but at
random positions can be prepared. The samplesnaestigated
mainly with a scanning tunneling microscope. A pairtthem is

investigated with tunneling spectroscopy and phoission

electron microscopy.

3.1 Focused lon Beams

The focused ion bean(FIB) facility was developed by the company Raitid ahe
NanoFIB partners [59]. The system structure andugage are very important for the
experiments. Hence, this facility is described iorendetail. An important aspect is the
fabrication of a stable beam of singly charged .idrtsat will be discussed in subsection
3.1.1. In the next subsection the facility incluglitmne FIB-column and important parts of
the exposure sequence are presented. In the lasédions some properties of the ion
beam are treated in detalil.

3.1.1 Liquid Metal lon Source

The LMIS (Liquid Metal lon Sourceis described very well in reference [60]. A lidui
forms in a strong electric field a roughly conisllape, calledaylor-Gilbert-cone It was
first reported by Gilbert [61] and mathematicallysdribed by Taylor [62]. Taylor showed
that a cone with a half-angle of 49.3°, callBalylor-angle is in mechanical equilibrium
with the surface. An LMIS produces ion emissiomirthe apex region of a liquid-metal
Taylor-Gilbert-cone. The cone can be made with twethods. Either the liquid metal
flows through a narrow-bore capillary tube to theea [63,64] or the cone is made by
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wetting of a needle with the liquid metal. The redgpe is more usual and it is used for
the FIB-facility here. In both cases the liquidWias assisted by capillary forces caused by
roughness in the needle surface [65]. During operdhe end of the cone pulls out into a
cusp. The resulting radius of the emitting apexymcally 1.5-3 nm. From the apex ion
emission occurs by field evaporation which happérmns escape from the liquid surface
[66-68]. They simultaneously ionize and break tteemasurface bonds. These ions can be
used for the further processes.

The reasonable material for LMIS was investigatedhany experiments (see [64] and
the references in it). The most investigated maleare cesium and gallium. With gallium
a high emittance and more stability was obtaine®lg®,70]. Furthermore it has many
useful properties. It is liquid at a temperatulighdly above room temperature. Hence, it
does not need a heating if it is once startedrdtlpces mainly single charged ions and has
a low vapor pressure. Due to these propertiesugallis used for most of the LMIS-
investigations and facilities.

The LMIS used in the present studies is developednaade by Gierak et al. [71,72]. It
has gallium as source material. The gallium soigd¢ecated within a looped wire which is
crossed by a tungsten tip (figudela). The tip apex which is wetted with galliunsigown
in figure 3-1b. The shape of the Gilbert-Taylor-cone andetfmession area were observed
with transmission electron microscogf EM) (figure 3-1c). In contrast to many other
LMIS this source does not need a heating staged®ity it is featured for its long term
stability.

(b) ()

FIGURE 3-1: Images of the gallium LMIS developed by Gieraket al. (all images are
taken from [71]). (a) shows the complete geometryf she LMIS without
(large SEM-image) and with gallium (inset). (b) SEMimage of the
tungsten tip shows the shape of the tip apex wettedith gallium. (c)
TEM-image of the Gilbert-Taylor-cone. The emissionarea at the cone
apex is clearly visible.

3.1.2 The ionLINE tool

The first FIB facility was developed by Seligeraét[73]. The FIB-column as used here
Is treated in references [74,75] in more detaikchematic illustration of the FIB system is
shown in figure3-2. The ion beam produced with the gallium LMISges thextractorto
the Nano-FIB system. After crossing an aperturebiem is focused with theondenser
lens and corrected by tlstigmator There is @lankerbetween them to drive the gallium
beam out of the microscope axis, if necessary. iedfte beam passes the objective lens it
can be deflected in lateral directioscanning. This enables the exposure of pre-
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FIGURE 3-2:  Schematic illustration of the Nano-FIB column(from [74]).

programmed nano patterns on a substrate. Actuadlytain architecture is an improved
version of the Seliger FIB-facility and provides mgafunctions in combination with a
powerful software, a precisely movable stage armkrohelpful features. The main and
most important part of the Raith patterning techeiqs thepattern generatorwhich
analyses and translates the patterns created latltdmputer software in the matching
voltage values for the x- and y-deflectors.

An overview of the Raith nanofabrication tool, namenLIiNE (on beam lithography,
nanofabrication and engineering workstatipf]) is shown in figure3-3. The Nano-FIB
column is mounted on a high vacuum chamber whickearately pumped with an ion
getter pump. Thus the column pressure during operas about 5 x 1® mbar. This
chamber is coupled to the main vacuum chamber whigimped with a turbo molecular
pump and has a pressure better thah rhbar. In this chamber the sample stage and the
laser interferometerare housed. The laser interferometer in combinatiath piezo
elements guarantees a high accuracy and repegtabiianometer range for the motion of
the sample stage. The stage itself can host waferto 6 inch. A secondary electron
detector is mounted in an angle about 45° relatvéhe FIB-column. The ionLINE-tool
provides two optical cameras for sample or positioaging on the stage. The pattern
generator is housed together with the remote coanpund other control panels in a control
cabinet.

The FIB-column is designed for high resolutions &wd ion currents. The resolution is
obtained by using high acceleration voltages ok80and above. The calculated lowest
available resolution (FWHM) of the column amourdsStnm at 40 kV. Experimentally a
probe diameter evaluated from etching of points lares in thin SiC membranes down to
8 nm was observed [78]. The ion current is firdedmined by the extraction voltage. It
increases with the voltage. After passing the ektralenses the current is limited by an
aperture. With an aperture diameter o, a beam current down to 0.5 pA can be
achieved (cf. tabl@-1). The capability for low ion dose patterningzexy important for a
number of experiments in this work, since they based on single ion events. The
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FIGURE 3-3: The ionLiNE lithography tool of the company Rath [77].

aperture ion current
5um 0.5-5pA
10 um 3-8pA
20pum 6 —20 pA
50 um > 40 pA

TABLE 3-1: The current of the ion beam for different apetures. It depends on the
column architecture and aperture.

aperture also improves the resolution due to angutbf the ion beam in the angular
distribution. Furthermore thevorking distancg WD) influences the resolution. The best
working distance is about 5 mm as calculated iaregfce [78]. The field of view is about
250 um for a beam energy of 30 keV and a WD of 10. An advantage of the FIB-

facility is that it provides long time beam currestability as required for advanced and
automated patterning.

The Nano-FIB facility is used for many applicatidiisee fabrication of quantum dots
[74,75], patterned gold cluster aggregates [7B, $dulpted membranes [79], connections
in nanometer range [80] and modification of differenagnetic layers [81-84]. All these
experiments have shown very good performance oftBetool. The direct patterning of
graphite substrates opens a new application oFtBetool which tests the limits for very
low ion intensities and high resolutions.

The exposure procedure includes the following steps

» Pattern designThe pattern is designed in the GDSII-program n@dwhich
provides graphic tools for design editing. The desd elements are then placed
in a position list which forwards the pattern, pissition and the ion dose to the
pattern generator.

e Aperture setting The ionLINE provides amaperture changercontaining 5
apertures mostly with different sizes. Their pasitis saved in the ionLINE
software and can be driven automatically. This ésyvhelpful e.g. for the
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reduction of the exposure time and to save thelsapattures for low ion doses.
So in this work for structures which only define thattern borders and do not
need a high resolution larger apertures are udsel higher ion current results in
a shorter exposure duration. For the main pattetrish need a high resolution
and low ion intensities the smaller apertures aeslu

» Focusing The focus of the ion beam can be adjusted witketiparameters. The
focuschanges the voltage of the objective lens, thenasstric probe shape can
be corrected by thetigmator and thefine movement of the aperturehich
adjusts the centricity of the beam.

» Position adjustmentThere are two coordinate systems in the softwate
global systemdefines the absolute position on the sample stabe.local
systemis defined by the user. It provides origin, angfel 3-points correction.
The origin is mostly set near the region to bequa#d.

* lon current measurement and dose adjustimiérg ion current can be measured
with a Faraday cup on the stage. With this valuz thie planned ion dose the
dwell time is calculated.

» Write field alignment A large deflection of the ion beam causes a disto of
the pattern to be exposed. In order to avoid tfiecethe pattern is divided into
smaller areas, calledritefields In this case the stage movement replaces the
beam deflection. For this the stitching areas havge combined as precisely as
possible. That is the purpose of the write fieigrahent. It ensures that a point
in the middle of the area has the same positidghafbeam is deflected to the
border of the writefield and the stage is driveaatly in the opposite direction
at the same time.

3.1.3 lon dose definitions

The ion dose is determined by the waiting timehaf ton beam on one point, called
dwell time §wen, @and the constant ion currelpg. For the correlation of ion dose and ion
current the rule of thumb is thatpA makes 6 ions/us. The ionLINE software provides
three types of ion dose specificatiodst doseDy,: given in pAs,line doseDjine given in
pAs/cm andarea doseDeagiven inpAs/cm?. All three are evaluated from ion currend an
dwell time as visible in the following equations:

Dot = I rig X tawen (3)
D
D- - dot 4
line d"ne ( )
D
D — dot (5)

e (darea)z

wheredine anddyeaare the correspondiripe andarea step sized\l structures even those
consisting of areas or lines are written with ddtise ionLINE software provides another
writing mode, called FBMSHixed Beam Moving Stajewhich is based on the writing of
a continuous line by driving the sample stage. Thigle is new and was not used in the
experiments presented here. The ion dose is offgrstad by a multiplier calledose
factorin the ionLIiNE software.
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FIGURE 3-4: Four exposure modes of the ionLiNE tool demotrated for a dot array:
(a) dot mode with beam blanking, (b) line mode withbeam blanking
between the lines, (c) area meander mode and (d)ea line mode, both
without beam blanking.

The mean difference of these dose parameters isvtitieg process as illustrated in
figure 3-4. In dot mode every dot is written independeattg between them the ion beam
is blanked. In line mode the beam is blanked omelyvieen the lines and in area mode the
beam is not blanked (in the normal configuratidn)the case of relative high ion currents
about 10 pA the beam driving between the pointsldvalso make defects. Thus in many
experiments lines are observed instead of dot sifefy3.1.3). Additionally the ionLINE
offers two kinds of area modes which distinguishthe change between the lines (the
method is calledirect Gaussian beam vector s¢alm area meander modiae next line is
written in the opposite direction of the writingrelttion of the previous line. larea line
modethe lines begin every time at the left side ar@\aritten to the right. The ionLINE
tool provides also other writing modes which areafanterest here.

In the case of dot mode every point has its owritipasparameters. That noticeably
reduces the writing speed. In contrast the areaenwdefined with few parameters and is
much faster. Principally it is possible to switainthe beam blanking for the area mode and
use it instead of the dot mode, for a periodic ppattern with the advantage of a higher
writing speed.

Most of the patterns exposed in the present stualiedattices opoints (dots in the
software). Since the ion doses are very small, #reymostly given in counts of ions per
point. This ion dose specification is nammaint dose [uin. Thus the different results can
be compared. This dose specification neglects thtengs mode. Assuming single charged
ions it can be calculated with:

Dpoint = Ddot/e (6)

wheree is the elementary charge of 1.602 x18s.

As it will be discussed i5.3.1.1 the experiments have shown that differencsires
emerged with the sani@,q; and the same pattern. The reason for this arerdiff focus
conditions. In order to compare results with dif@r focus conditions another dose
specification is needed, nampdint area dosé,, given in ions/cm?2. It can be evaluated
from:

Dpa = Dpoint/A\)oint (7)
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whereApoint is the area of the irradiated region. The valué\gf,: can be estimated from
the shape of the exposed area in case of high ase.dHowever,in is not sharply
defined and its determination is quite inaccurBi. it yields a rough value for qualitative
comparisons.

The point dose is determined by andtywer. These parameters are given by the FIB
exposure. It is the adjustable dose parameteromtrast the point area dose is dependent
on the point dose as well as on the ion focus sieg,for the same point dose a better
focus results in a higher point area dose. It ésdtucial parameter for the distribution of
the defects and the point shape after oxidatias.rbt simple to chood®,,,: for an aimed
Dpa since the range of the irradiated area is unknbefiore exposure. The best way for
comparable results is to find the best focus arctis sam®,int [1].

One further parameter in the ionLIiNE software ie Whaiting time after exposure and
before changing to the next pattern point, cadletlling timet,,. If t,, is too small the shape
of the exposed point can be deformed.

3.1.4 Origin of the defect distribution or structure widt h

The defect distribution or the width of the exposeda is mainly influenced by the
beam profile. The probe diameter is estimated taldmt 10 nm. The ion beam resolution
is given by the full width at half maximum (FWHMj the ion distribution, assumed to be
e.g. a Gaussian (figu®5a). Not only the ions within the 10 nm regiori also the ions at
the distribution onset contribute to defect product Hence the produced structure is
larger than the probe diameter. However the beafilgoalone can not explain the width
of the structures. Another reason for a larger egdarea is the existence of recoil atoms
which are created by the scattering process (figdbb). They form defects at a certain
distance from the main impact point which could fae away from the origin ion
distribution. The number of recoils increases wihmreasing the ion dose. Finally, the
structure can be enlarged by the oxidation pro(fegse 3-5¢).

The lateral size of the pits can be compared wighsimulations without the oxidation
process in reference [72] and own simulations itige 6.1.2, which show that an ion
beam of 8 nm FWHM produces defective areas witlameter of about 20 nm. That is in
good agreement with the measurement (diametereofrni@no-cavities’ up to 30 nm, cf.
5.3.1.1). It shows that the oxidation process does drastically increase the ‘cavity’
diameter. We assume that the main process whictesahe larger width of the exposed
structures is the recoil of carbon atoms.

A,

e

(@) (b) ()

FIGURE 3-5: Origins of the structures width after FIB expwsing and oxidation. (a)
Gaussian curve with FWHM of 10 nm representing théon distribution in
the focused beam. (b) lon and atom trajectories il graphite substrate.
Blue arrows illustrate the path of the impacted ionand the red lines the
recoiled carbon atoms. (c) Oxidation process. Ther@ws illustrate the
progression direction of the etching process.
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3.2 Scanning Tunneling Microscopy

The samples are measuredultra high vacuum(UHV) with a Scanning Tunneling
Microscope(STM). STM has been developed 1982 by G. Binnid En Rohrer [86,87].
For this development they got the Nobel Prize igspts together with E. Ruska in 1986.
Today the STM is one of most important tools farastigation of conductive surfaces like
metals or semiconductors down to atomic resolutitnmost important advantage is the
ability for local investigation of periodic as wedls non-periodic structures. The main
analysis topic is the visualization of the surfaopography but recently it found more
applications like surface manipulation. STM tooksein many variants each specialized
for an application. For example there are STM wittmagnetic tip to investigate magnetic
surfaces (SP-STM, [88]), electrochemical STM (EQV5T89]), and video STM for real
time observations [90].

The used STM apparatus here can be operated detoperatures. It is embedded in a
low temperature UHV surface analyzing system (L$tsgn). An overview is given in
3.2.2. Additionally another UHV-system (RT-systeegntaining an STM operated at
room temperature is set up for further investigatiof nano-pits. It is described3m2.3.

3.2.1 Principles

STM is based on theinneling effecthat arises from quantum mechanics. It was used
for explanation ofx decay of radioactive nuclei [91-93]. In classin&chanics electrons
can not flow between two conductors separated ggm even if a voltage is applied. In
quantum mechanics there is a probability that edest can tunnel through the potential
barrier which represents the space between theuctord. That can be described with a
simple model as shown in figui@6. Assuming that the work functior® of tip and
sample are equal and the sample bias is seMt<(®) the following equation applies for
tunneling current.

| O exp(— 2d/2m(® - E)/hz) (8)

where 7 is the reduced Planck constamtthe electron massl the distance between tip
and surface, an& the binding energy of the electron related to tleent level of the
substrate. The essential aspect is the exponetgp@ndence of the tunneling current on
the distancel. Thus a small variation afresults in a large variation of

FIGURE 3-6: Band model of a one dimensional potential welbr the case that the work
function @ is equal for tip and sample.
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FIGURE 3-7: lllustration of the basic setup of an STM.

The basic setup of an STM is displayed in figBfé. The STM is operated in the so
called constant-current-modwhich is used for the present experiments. In dipisration
mode the distanod, and with this the tunneling curreinfcalledset poin}, is kept constant
using afeedback loopDuring scanning the tip follows the structuretteé surface. The tip
motion in z-direction is measured and combined with the tigiomoin x- andy-direction
first to line profiles and then to an STM image.eTimotion of the tip is realized e.g. by
applying voltages on three piezoceramic elementh dar one direction (here a tube
scanner). For high resolution as needed here thtzetiameter should be smaller than the
investigated subject. That is achieved by usingaeefally electrochemically etched
tungsten tip. The apex of this tip contains fewnao Thus the tunneling current, which
mainly flows through this region due to the expdrerdependence as explained above, is
laterally confined resulting in a high resolutidrhe other operation mode is tbenstant-
height-modewhere thez-position is kept constant and the tunneling curisnrmeasured.
This operation mode is attended with danger ofisiolts. Hence, the constant-current-
mode is favored for most of measurements. For metails see reference [94].

An STM image does not exactly display the surfacephology. Actually a surface
with a constantocal density of stated.DOS) at the sample surface is imaged in STM and
not the geometric shape. This is theoretically dieed by Tersoff and Hamann [95] based
on the studies of Bardeen [96]. The density ofestadiffers for different materials.
Adsorbates or vacancies have other LDOS as theiowuding surface. Depending on the
sample bias both can be imaged either as holedi[9v,98].

3.2.2 LT-System

The sample preparation and STM measurements weirdyngeerformed in an UHV
surface analysis system of the company Omicron tahaology GmbH [99] which is
capable of working at low temperatures down to 3tKs described in detail in reference
[100]. A schematic illustration with the main patébeled is shown in figur8-8. The
facility provides good vacuum conditions with pregs down to 1&" mbar. It is
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FIGURE 3-8: Schematic illustration of the UHV low temperatire system [100].

composed of two chambers. The left chamber contdiaslow temperature STM (the
analysis chamber). With liquid nitrogen (bNand/or liquid helium (LHe) temperatures of
77 K or 5 K can be achieved. For a stable imagheggresent STM measurements are
mostly performed at 77 K. The right chamber (prapan chamber) provides apart from
analysis methods such B$S (ultraviolet photoemission spectroscypgany instruments
for sample preparation. The sample holder locatethe manipulator provides heating up
to 800 °C and cooling down to 15 K. With the iorcheéhg source argon ions can be
accelerated to the sample for sample sputteringg #iso used for defect production as
needed for nano-pit production. The metal depasifar cluster formation is performed
with evaporators withintegral flux monitor (EFM). The deposition process and the
determination of the deposited coverage are destiibreference [101] in detail.

3.2.3 RT-System

For investigation of nano-pit patterns (as willdiecussed id.2) often low temperature
measurements are actually not needed. In orderalee measurements faster and more
frequently, an existing STM apparatus is extendaefllifill the needed requirements. It is
intended for further experiments and was used amiequently in the present study.
Hence it is described here only shortly. For dethdescriptions see references [102-104].

The investigated areas cover only a small pati@fsample (mostly 250 pm x 250 pm).
In order to localize this area in STM with an opticamera markers are placed on the
sample. These markers can be observed with a dafze¢ positioned observation and
lightening with an angle of at least 25° relatigethe sample surface. For this the front
flange was replaced by a new flange with two angieav ports and the STM stage was
lifted upwards with a CF-spacer [103] (figu8e€Qa). Instead of the face-to-face positioning
an angled mirror within the STM was installed irtlsway that one view port can be used
for camera observation and the other one for lightg Additionally a new camera was
acquired for a reasonable enlargement. Anothemsiie is a new sample storage for 5
samples in the STM stage [103].
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FIGURE 3-9: (a) The room temperature UHV system with STM ¢alled RT-System) in
side view. (b) The preparation chamber and load-ldcin top view.

The STM apparatus was investigated and improvegkspect of vibration reduction
[102,104]. Thus the noise in the STM measurememitdcbe reduced at least by a factor
two. For sample preparation a new chamber was mstl which also provides a number
of flanges for further applications like evaporatooptical measurements or wobblestick
installation. It provides UHV conditions with a peeire down to I8 mbar using a turbo
molecular pump and an ion getter pump. The samatesfer is performed with the load-
lock extension (figur&-9b). The transfer is realized with a linear/rgteredthrough and a
tilt flange [102].

3.2.4 Data analyzing

With line profiles the height and width of the inealystructure can be measured. These
values should be treated carefully since the sloépee imaged structure is influenced by
the tip shape. In following two example cases egatéd since both appear in the analysis
of STM images.

“Cluster Imaging”

The first case is the measurement of clusters lastrited in figure3-10. This
illustration is simplified in that way that the tueling current only flows between the
nearest points. That is of course a good approxamatue to the exponential dependence
as discussed iB.2.1. During the movement over the cluster th@éling current can flow
not only through the tip apex but also throughtthesides. That and the non ideal shape of
the STM tip causes a broadening of the imaged erluss visible in the illustrated line
profile. The important aspect is that the widthhad cluster is broadened. It also hinders to
image the three dimensional shape of clusters. iBhakemplary demonstrated by three
fictional cluster shapes on the right side. Alletarwould be in agreement with the STM
line profile. Independent from the lateral shapethef clusters the cluster height can be
measured. Usually a spherical shape or an octahefdrofaceted clusters is assumed
[105]. For a facet the lateral size can be evatuale faceted area is another measurable
value since it is not deformed by the STM tip.
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FIGURE 3-10: Influence of the tip on the STM image for alaster. (bottom) The STM
tip has a non ideal shape. The movement of the tipver the cluster is
illustrated with this tip. The tunneling current can also flow through tip
sides. This results in a broadening of the clusteshape. (top) The
resulting line profile. (right) Three possible shaps, if the real shape is
unknown.

FIGURE 3-11: Influence of the tip on the STM image for adrge pit. (bottom) Similar to
the cluster imaging the tip moves over the pit. Thepit shape and the
flowing current through the tip side result in a narowing of the width
within the pit. (top) The resulting line profile. (right) Three possible pit
shapes, if the real shape is unknown.

This analysis of the STM images was performed wita WSxM program [106]
developed by Nanotec [107]. Also the STM imagesepared with this program. The
cluster height is measured by the difference ofctheter top and the surface level directly
at the cluster onset. The cluster facet is meadoyezlitting of the cluster top slightly (< 1
atomic layer) below the top side. This analyzinghrod is described in reference [101]. In
the present study many clusters were analyzedttirogood statistics for analysis. That is
performed with a program, namedlusterizer developed by Gronhagen [104]. The
program was tested and compared with many STM isagd yields good results.

“Pit Imaging”

The other case is the measurement of deep pittussdted in figure3-11. Similar to
the cluster imaging the tunneling current can mdy dow at the tip apex but also at the tip
sides during the movement. This time the tip handoe within the pit. Thus the tip shape
primarily determines the imaged pit shape. Howekiermeasured width on the surface is
correct. Also the pit depth can be measured ifpihes broader than the entered part of the
tip. The real 3D shape of the pit can not be datethwith STM as illustrated with three
fictional pit shapes at the right side in figu3eB. All three will result in the same line
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profile in STM. For the modeling of the pit shap@emte Carlo simulations were used as it
will be presented in sectidhl.

3.3 Scanning Tunneling Spectroscopy

Electronic properties of the sample can be invagdg with many spectroscopic
methods. But most of these methods can only measilagge area of the surface which
results in averaging over this area. A method twral investigation of the electronic
structure is thecanning tunneling spectroscofshort STS) which can be performed with
an STM tool. It is a useful tool for the investigat of clusters at surfaces.

(a) (b

tip sample

)
= > g
g _

N

FIGURE 3-12: Schematic illustration of the tip-surface syem for (a) positive and (b)
negative sample bias voltages. The shape of the gotial barrier between
tip and surface depends on the respective work futions ®; and ®s. The
different polarity of the bias voltages results intunneling either into
unoccupied states or out of occupied states of tikample.

The idea of STS is the measurement of the tunneurgentl in dependence on the
sample bias voltag¥ (figure 3-12). During measurement the tip position is kapistant.
If the sample bias voltage is positive electromm@l from occupied states of the tip into
the unoccupied states of the surface. A negatiiag® results in the tunneling from the
occupied states of the surface into the unoccusteg@s of the tip. Assuming a constant tip
DOS and low voltages the differential conductivitiydV is directly proportional to the
local density of state§.DOS) of the sample surface [108]. The set pdir\) before
starting the spectroscopy procedure determinesi¢gimal amplitude.
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3.4 Photo Emission Electron Microscopy

The photo emission electron microscoffeEEM) is based on the photo emission of
electrons as used for photoelectron spectroscoghade (short PES, e.g. UPS, XPS)
[109-111]. Electrons in the sample are excited wight. The emitted electrons are
accelerated with a high electric field towards BtEeEM-equipment in which the image is
magnified by electric and magnetic lenses. Finallgietector (CCD-camera) records the
image and forwards it to a computer. PEEM diredthages surface areas emitting
electrons without scanning in contrast to SEM. Ttiesimage appears in real time. With
PEEM the photoelectron spectroscopy is improved local measurement method. Since
it includes PES it does not only measure the sartapography. It also makes chemical,
electronic and magnetic properties of the surfaxcktheir distribution visible.

The used PEEM is a part of an UHV facility of th& Aeschlimann, TU Kaiserslautern
(figure 3-13). It is described in reference [2] and the FHEE described in reference [112].
The optimum resolution of the used PEEM is < 40 A®.excitation source a mercury
lamp or a laser can be used. The different sowgoable different chemical contrast in the
imaging. The sample can be prepared in-situ aredragsasured with STM or AFM.

o preparation
sample position chamber with
evaporator
PEEM
STM and AFM

FIGURE 3-13: PEEM UHV-tool at TU Kaiserslautern [113].
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The investigated structures are metal nano pasticie a graphite
substrate. Due to its special properties, such eakwnteraction
with metallic particles, graphite is often usedekperiments. Thus
these samples are good model systems for furthezlaments.
For the production of metal structures with a narrgize

distribution or in a given pattern nanometer-sipéd act as anchor
sides. The production of these pits opened newownptifor

applications. With different sizes and shapes ef pits different
structures can be obtained. Hence the descriptiorthe pit

production method is as important as the formatanmetal

clusters and is also treated in this section iaitet

4.1 Substrate properties

The used substrate for all experiments lisghly oriented pyrolytic graphittHOPG). It
has a polycrystalline structure with crystals ofywag sizes, typically severaim, and it
exhibits high chemically inertness. The mentiongstals provide a large flat surface only
interrupted by graphite atomic edges. The weak@fsibstrate coupling makes HOPG to
a reasonable substrate for investigating metalteaisis which is the main topic of our
group.

Graphite consists of stacked graphene layers wiete discussed in secti¢h3 in
detail. The hexagonal structure is shown in figgh2b. The atomic distance along the
bonds is 0.142 nm. The honey comb structure ofthphene layers can be described with
a two atomic basis and a lattice constanagf = 0.246 nm. The distance between the
graphene layers o = 0.335 nm [114,115].

The weak cluster coupling on the surface is alslisadvantage, since the clusters are
very mobile on the surface. Therefore, in ordefabricate and investigate clusters on
HOPG, ‘nano-pits’ serve as nucleation centers (&x¢é section). They also enable a stable
imaging with the STM.

Due to the weak interaction between the grapheyerdaHOPG can be cleaved parallel
to the layers. This is performed with a commertagle in ambient conditions. The freshly
cleaved surface is used as substrate surface pariexents. After the fabrication of pits
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the sample is introduced into vacuum, annealed@t’€ and metal atoms are deposited.
Between these preparation steps STM measuremergsdban performed.

4.2 Nano-pit fabrication

“Growth Mechanism”

The existence of large circular pits on HOPG waseoled with the technique of etch-
decoration transmission electron microscopy in 1pE6,117]. In later experiments the
pits were investigated with STM [118,119]. The kiog of the oxidation process,
especially oxidation of defects were investigatedany studies experimentally [117,120-
123] as well as visualized by simulations [124,125]

The diameter of the pits is uniform and given bg thxidation parameters such as
substrate temperatuiigy, oxygen partial pressupe, and duration of the oxidation process
Atox. The temperature of the oxygen gas does not dfieabxidation process as reported in
reference [54]. Adjusting these parameters, pithéerange of a few nanometers for the
smallest pits and up to several hundred nanométentecule corralg126,127]) can be
achieved. The diameter of the ks corresponds to the formula:

Clpit = C poztox X e_Ea/RT (9)

where R is the gas constant arigl = 1.27 x 18J mol* the activation energy for the
monolayer etching with £[119]. The constart is of the order of 0nm mbar* s™. It is
dependent on the pit density [117,128].

“Fabrication”

The experimental sequence of the pit productiorsists of the defect production and
the oxidation process. The defects are producel it bombardment performed either
by sputtering with argon ions [128,129] or by FIBpesure [130]. The latter method
enables the production of given defect patterngerMards these defects are oxidized in an
oven which can be floated with different gases. ©kien is heated at 1000 °C using a
nitrogen atmosphere to remove impurities, in paldicwater, before inserting the sample.
Then the oven is cooled down to a well defined terajre. After that the gas is changed
to an Ar/Q-mixture (2% oxygen) and the HOPG sample is ingerdeconstant flow rate is
maintained across the oven to keep the oxygentgermistant and avoid entering air from
outside. The oxidation temperature and time arevknfrom previous experiments for
fabrication of pits with reasonable depth and dimmse[16]. The used parameters for
oxidation as well as for defect production areelisin table4-1.

The fabrication principle is illustrated in figusel. At the temperature used in the
present studies the graphite surface (not the tfamuld not oxidize since the-bonds
in the lateral direction are very strong. That hapgponly at temperatures above 700 °C
[118]. Consequently the oxidation process occully ahstep edges and surface defects
where theo-bonds are broken. The density of natural defectdhe HOPG surface is very
low. It amounts to approximately 1 defgotiz as reported in references [128,131]. With
the mentioned ion bombardment the defect densitybsa controlled. In former studies,
using Ar ions with 1 keV kinetic energy, it wasiesited by comparison of the ion dose
and the number of nano-pits that surface defectthenfirst graphite monolayer occur
approximately for every tbincident ion. The decisive point of pit fabricatics the layer
structure of the HOPG substrate. If the layer urnther surface layer does not exhibit
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defects only the first monolayer starting at thefae defects oxidizes [52]. Thus the
resulting pit is only one atomic layer deep. Thasemic pits which exhibit diameters
about a few nanometers are called nanometer-sitedportnano-pits

In reality defects occur also in the inner graphatgers. The probability for uncovering
of an inner defect during the surface oxidatiorreases with the defect density given by
the ion dose and layer location relative to théam@. That means the rate of theltilayer
pits increases with the ion dose. Zhu et al. obserkiatithese pits oxidize faster than the
one monolayer pits [132]. If the ion dose is veighha volume full of defects is produced.
This volume oxidizes completely. These very dedp pre callechano-cavities Nano-
cavities can also be produced by the impingementlo$ters onto the surface and
subsequent oxidation [133,134].

@)——- (by— — = (©) (d)

FIGURE 4-1: Schematic representation of the defect formain and oxidation process.
(a) For low ion dose each incident ion causes a felefects arranged in a
line inside the sample. (b) Only the defects in théirst graphite layer
oxidize and grow to nano-pits. (c) For high ion daes the ions produce a
volume full of defects. (d) The whole volume is reaved after the
oxidation and a nano-cavity is formed. The depth othe nano-cavity is
equal to the maximal penetration depth of the incidnt ions (c.f.5.3.1.2).
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FIB patterned samples
Atoy | Tox les writing | aperture| laboratory .
Sample [min] | [°C] | [pPA] mode | [um] notation main purpose
SampLE1l | 200 | 540, 6 area 20 | HoPG_Rpz 'ondose
variation
SaMpPLE 2 | 200 | 540 1.7 ar;(?t& -- HOPG_RO04| writing mode
writing
SamMpLE3 | 200 | 540 6 dot -- HOPG_RQ8&direction vs. ion
dose
distance
SamMpPLE4 | 200 | 540 1.9 line 10 HOPG_R11dependence of
oxidation
SAMPLES | 200 | 540 5 dot -- HOPG_RQ5 finding pattefn
SAMPLE6 | 200 | 540 11 | dot - | Hopg Rrgz distance
reducing
2
SAMPLE 7 | 200 | 540| 3-4.4| dot - HOPG_ROQ7 'argzrgamm
SamMpPLE8 | 200 | 500 2.3 line 10 HOPG_R20 cluster rows
single cluster
SamMpPLE9 | 200 | 450 0.5 area 5 HOPG_R[LBattern, distancg
test
single cluster
SAMPLE 10 300 ) 450 0.55 area 5 HOPG_R19 pattern, ion
200 | 500 d
ose test
SampLe 11| 200 | 540| L1 & | dot& | g on | Hopg R1g  distance
9,5 area reducing
sampLe 12| 200 | 540| 13 | area | 10 | HoPG R2p 9raphene
14.5 structures
- — —
argon sputtered samples
Atox Tox Isample p [10_7 laboratory .

Sample [min] | [°C]| [nA] mbar] fsputeer | hotation main purpose
SamMPLE A1 | 200 | 540 0.56 2.1 8 mir HOPG_8b silver clustgrs
SampLE A2 | 150 | 540 0.55 2.9 8 min HOPG_100 lead clusteys
TABLE 4-1: Parameters for the defect production and oxidéon processes. 12 samples

are patterned with FIB and 2 samples are sputteredith argon ions.
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4.3 Cluster fabrication

The metal clusters are grown by self organizatibratoms at nano-pit edges. The
mechanism of cluster growth is shown in figdr. A nucleation centefor the cluster
growth is a nano-pit, a step edge or another serdafect. It is in this case a nano-pit. It is
assumed that clusters do not nucleate on thenwistirface of HOPG due to the weak
interaction with the surface [135]. These aggregateuld move on the surface until they
arrive at a nucleation center.

The growth is dominated by two mechanisms. Thé éin is the direct impingement of
atoms. In the second case the atoms are at fissirlagld on the surface and then they
diffuse between the clusters performing a randorntk.wafter a mean diffusion length
before desorptioMgyix they desorb except they are captured by an egiglinster or a
nucleation center. Anton et al. reported a diffaslength before desorption of a few
nanometers for gold on graphite at 350 °C [137].

direct
adsorption  impingement desorption

diffusion
[ V

FIGURE 4-2: Schematic illustration of cluster growth mechaism (cf. [5] and [138]).

The atoms are evaporated with the EFM mention&i4r2. The electrons emitted from
a filament (with theemission currente) are accelerated with a voltayyg to a crucible
filled with the cluster material. Thus the matergheated and vaporized. The evaporation
rate is measured with tHix monitor It measures the fraction of the atoms which are
ionized byley, The measured currehty is mainly dependent on the material dgg The
effective coverag€ given in atomic monolayer (ML) can be evaluatexhir

M=« I““X At (10)

em

where At is the evaporation time angl the calibration constant given in ML/s. The
calibration method is described very well in refere [101]. The value ok for three
materials used in this study is listed in tal@. The parameters used for the metal atom
deposition and the calculated material coveragefisied in tablel-3.

Material K [ML/s]
Ag 311
Au 30.64
Pb 131

TABLE 4-2: Calibration constants of the evaporator for diferent materials.
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. | flux | em Va At r I_total
Sample n Materia T
i Al | [mA] | [V] | [s] ML) | (ML
* * * *
SAMPLE 1 1 Ag RT 0.4 0.4
2 Au 41000 51 800| 118p350°C| 30 30
1 Pb 10 2.5 800 103 RT 0.05 0.0p
2 Pb 10 2.5 800 120 RT 0.07 0.1p
SAMPLE 3
3 Pb 20 3 800 16Q 150°C 0.97 ¢y
4 Pb 30 3 800 540 RT 0.7 ~0.8
* * * *
SAMPLE 6 1 Ag RT 2.6 2.6
2 Ag * * * * RT 2.6 5.2
* * * *
SAMPLE 7 1 Ag RT 2 2
2 Ag * * * * RT 2 4
1 Pb 20 3 800 80| 150K 0.07 0.0y
SAMPLE 8
2 Pb 20 3 800 320 150K 0.28 0.3b
SAMPLE9 | 1 Pb 20 3 800 16( RT 0.14 0.1p
1 Pb 20 3 800 160 RT 0.14 0.1p
2 Pb 20 3 800 | 1560 RT 1.36 15
SamMPLE 10
3 Pb 100 3.3 800 360 RT 048 1.98
4 Pb 20 3 800 294 0°C 0.3 2.2B
SavpPLE 11 | 1 Pb 20 3 800 160 55°C 0.14 044
1 Ag 12 8 610 140, 56°C 0.0y 0.0y
SAMPLE Al | 2 Ag 12 8 610 420, 57°CG 0.20 0.2y
3 Ag 12 8 610 | 1680 57°C | 0.78| 1.05
1 Pb 20 3 800 150 40°¢ 0.14 0.1p
SAMPLE A2 2 Pb 20 3 800 150 50°¢ 014 0.8
3| Pb 20 3 800| 150 50°C 0.14 0.4p
4 Pb 20 3 800 150 50°C 014 0.5
TABLE 4-3: Parameters for the deposition process.

1) This sample was annealed at 600 °C before thieposition step. The
vapor pressure for lead at 600 °C amounts to I0Ombar [136]. That

corresponds to a vaporization rate of about TOML/s. With this the whole

Pb coverage is removed after annealing.

*) These depositions were performed at the TU Ka&slautern in

collaboration with M. Rohmer et al.



5 Results and Discussion

In this chapter the results of the experiments @esented and
discussed. First the results of an experiment wifferent ion
doses are discussed. Based on this experiment ethdts are
divided into two groups. The first group is struet with low ion
doses and includes nano-pits and metal clusters.s€ébond group
is structured with high ion doses and includes ramaties and
metal islands. These structures and their appbicadre presented
in the section$.2 and5.3. In sectiorb.4 the grown clusters are
analyzed in respect of height, facet and stability.

5.1 lon dose dependence

To figure out the dependence of the ion dose om#m®-pit growth 16 areas exposed
with 35 keV gallium ions were placed on a sampla ifirst experiment (@8PLE 1). The
exposed pattern for each area was a lattice ottlpéents with a pitch of 300 nm. The ion
dose was doubled by the transition from area ta.afbus we have 16 areas with very
different ion doses. The corresponding values aransarized in tablé-1. In optical
microscopy images (see [1]) the areas exposedthétinighest ion doses were visible due
to the significant surface damage. In this expenit@erun the ion beam instrument was
operated in a defocused mode, which resulted itufessizes of about 150 nm and an
irregular triangular shape. Results with high regBoh are presented m2.2.3 and.3.1.1.

Of special interest are the results for very lowl &eary high ion doses. The production
of the defects and their expected influence onféh@ation of nano-pits are discussed in
section4.2 (figure4-1). An incident ion produces defects in the samyg to the maximal
penetration deptlilha IN the case of low ion intensity each incident iauses a few
defects arranged in a line inside the sample {glré 4-1a). The defects on the surface
affect only a few atoms and are not visible in éasgale STM images. The defect density
is too small to cause a coalescence of defectsaoo-pits formed after oxidation. For
these areas only the defects in the first monolay&tize and form nano-pits [120], which
are visible in the STM images (cf. figudelb). The defects in inner layers do not oxidize
and are not visible in the STM images. We emphasiaé the nano-pits are caused by
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area [ior?s%gint] [ionl'js??;mZ] pits/point| ions/pit
1 3.0+16 2.1.10 4 8
2 6.01¢ | 4.1.10* 14 4
3 1.2+16 8.2¢10* 20 6
4 241G 17102 85 3
5 4.81G | 3.3.102 110 4
6 9.6e1G | 6.6+102 110 9
7 1.9¢16 1.410° 160 12
8 3.81¢ | 2.8.10° 180 21
9 7.71¢ | 5.5.103° | ~300 26
10 1.5¢10 1.013* | ~200 77
11 | 3.1416 | 2.1.13* | ~ 100 307
12 | 6.1416 | 4.1.13*
13 1.2¢16 | 8.2¢10*
14 | 25416 1.7.10°
15 | 49416 | 3.4
16 | 9.84160 | 6.9:13°

TABLE 5-1: Comparison of ion dose and pit density for ar@s in S\MPLE 1. One point
corresponds to a 300 nmx 300 nm area. The point dos® ., has been
calculated from the dot dwell time and the constantcurrent of lgg =
6 pA. tawen @amounts to 800 ns per point for the first area anchas been
doubled for each of the following areas. For the & area it amounts to
26 ms. The point area dosé,, given in ions/cm? is calculated for the
number of ions impacted in the triangular shape othe impact point. The
value pits/point shows qualitatively the change othe pit density for
increasing ion dose. For areas with high ion dosene deep pit and a few
one monolayer deep pits are formed, thus it is nhateasonable to give a
value for the pit density. The column ions/pit is alculated by division of
ions/point and pits/point.

single ion defects and reflect the distributionmafident ions. In tabl®-1 the comparison
of ion dose and pit density is given as the ratdiwsipit. In the case of the areas structured
with low ion doses (area 1 to 7) this ratio is cangble with previous results using the
random impact of Ar ions [128] and amounts to appnately 10 ions/pit. The scatter of
this parameter for the different areas is due éolithited statistics. Thus the areas 1 to 7
comprise the reasonable ion dose range for theuptimeh of separated nano-pits.

A high point dose causes a high defect densityppant. For very high ion doses as
used in the areas 13-16 the incident ions produasueme full of defects (cf. figurd-1c).
The damaged volume is oxidized completely and g geteis formed as measured with
STM (cf. figure4-1d), similar to the results for the impact af®ns [139]. There are no
entries for the pit density in tab%1 for the areas 12-16 because one deep pit & a
smaller pits per point are observable and it isreasonable to count the pits in that case.

For areas between the two extremes low and higldases (2000 to 60 000 ions/point)
a continuous transition from one monolayer deeptpilseveral ten nanometers deep pits is
observed. First a few multilayer deep pits emely&h increasing ion dose these pits
coalesce and build wider and deeper pits. In agethéd pits are 10 nm deep and 50 nm
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wide. Doubling the ion dose for area 13 the deptingases to 50 nm as mentioned above.
Before and after the oxidation we observed for @rédo 12 a hill shape of the impact
region with a height of a few nanometers, probatdysed by integration of incident
gallium ions into the inner layers. For more destaibout these results see the references
[103,131].

In further experiments two ion dose ranges are ueedpatterning and further
investigations. The first one is the ion dose usedreas 5 and 6. In these areas nano-pits
are observed and the impact region does not irediaahill shape. This is especially
interesting for the production of cluster patterbe results for patterning with low ion
doses are presented5t2. The second interesting region is the ion desal for areas 13
and 14. In this case deep pits are emerged atntpaci point. They can be used to
investigate the ion beam profile as well as theepration depth of ions. Also they can be
used to grow particles larger than 50 nm caigtands to distinguish them from clusters
whose sizes are smaller than 20 nm. The resultpdtierning with high ion doses are
presented ir5.3. Note that the important parameter is the parat dos®p, and not the
point doseDyin. The ion dose has to be adapted to the beam fdtias. means that the
point dose has to be smaller for a better focusing.

5.2 Patterning with low ion dose

The patterning with low ion dose and the subseqoe&rdation results in nano-pits.
These nano-pits could be produced in rows as \geilh @ point lattice. Other experiments
showed that the point pitch and the size of pitsummoundings influence the shape and size
of the nano-pits. These effects are discussedmMorsamples. Additionally two exemplary
applications of the nano-pits are presented. Theselts are presented in sectivr2.1.
After metal deposition patterns of clusters (rowsva dimensional lattices) and thin lead
layer patterns are produced as presented in sécah

5.2.1 Nano-pits

5.2.1.1 Nano-pit patterns

“Nano-pit Rows”

For areas structured with low ion doses of 100 @@0lions per lattice point on
SAMPLE 1 the results are comparable to previous expetsnien the production of nano-
pits [128]. Before oxidation no defects were visibl the STM images for areas structured
with ion doses lower than 2000 ions/point. Afterdation we observed in the areas 1 to 3
an increase of the nano-pit density but no spepattern. For the next areas an
arrangement of nano-pits emerges. Especially &emsd 6 exhibit nano-pits arranged in
rows with a distance of 300 nm (figubela). These rows have a width of 150 nm. They
are due to the writing process (no blanking betwkerpattern points). A magnification of
the image (figureéd-1b) shows the pattern of the nano-pits in defdilhost no nano-pits
are visible between the rows. The STM images shwt the nano-pits are only a few
nanometers wide and a line profile shows the slof@efew nano-pits. Most of them are
only one monolayer (0.34 nm) deep (figuelc). Their shape is comparable with the
nano-pits produced in previous experiments [128].
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FIGURE 5-1: (a) STM image shows area 5 structured witlDpie = 500 ions/point on
SAMPLE 1 after oxidation. At this ion dose several rowsfonano-pits are
formed. The distance between the rows amounts to @dm. Image (b) is a
magnification of image (a). The space between twaws remains almost
free of nano-pits. The nano-pits are a few nanomate wide. Also the line

profile (c) reveals that they are only one monolayg= 0.34 nm) deep.

v

“Nano-pit Groups”

Using improved focus conditions of the FIB-tool ngmits can be structured as well
separated groups ABPLE 2, figure5-2). The pattern is the same as fam8LE 1. The
diameter of the nano-pit group amounts to appr®9. dm. The point shape seems to be
elongated. This may be an effect of a too shotlisgtime. This seems to be the physical
limit of the patterning of one atom deep nano-pttthis time (cf. sectioB.1.4). In contrast
for deeper pits smaller diameters down to 20 nniccbe obtained (cf. sectidn3.1.1).
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FIGURE 5-2: STM image of an area on &vWPLE 2 structured with the ion dose
800 x 10" C (Dpoie = 500 ions/point) using an improved focus conditio
The point pitch amounts to 300 nm. The nano-pit grops are well
separated.
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FIGURE 5-3: Distribution of nano-pit depth for (a) an Ar sputtered sample
(SamMPLE A2), (b) SamPLE 1 (figure 5-1b) and (c) 3MPLE 2 (figure 5-2).

In the image in figureb-2 approximately 70 nano-pits per point can bentedl In
contrast to 8MPLE 1 the nano-pits are concentrated on one points THads to a higher
point area dose dd,, = 9.5 x 16? ions/cm?2 which is comparable with area 7 AMSLE 1.

In figure 5-3 the distribution of the nano-pit depth is congplafor both samples with an Ar
sputtered sample. Fom@pPLE 2 the nano-pits exhibit a broad depth distributidhe pits
with 4 ML depth dominate. For other both samplesIhML nano-pits dominate. That is a
result of the higheDp, for SAMPLE 2 which results in deeper nano-pits.

5.2.1.2 Distance dependence

An important aspect for the oxidation process is thistance between the surface
defects. Figuré-4a illustrates a simplified model for the oxidatiprocess. The oxygen
molecules can reach a defect in two ways: direotlypy adsorption and subsequent
diffusion on the surface. Indeed the second wawase probable and more important for
the oxidation process. In this model a circulamangth the diameted., (namedcapture
diametej marks thecapture areaof oxygen molecules around the defect comparaiile w
the capture area of gold clusters for gold atomseference [140]. That means that the
most of the oxygen molecules involved in the oxmabf the defect come from this area.
In reality the adsorption and diffusion processesraore complex. However this model
should be reasonable for a qualitative discussion.

In particular for the FIB structured samples a naméf defects are concentrated in a
small area. Figuré-4b shows this for three defects. The defects kagbare their capture
area and cause a reductiond@f Thus, the middle defect in this illustration gailess
oxygen and oxidizes slower. This effect causesftitasin accumulation the defects do not
oxidize well. The defects in the inner region woblkl smaller than the ones in the outer
region.

| &7
| jif@(a) ]// /b/

FIGURE 5-4: (a) Circular model of the oxidation process. fie oxygen molecules, which
can reach the defect, come mostly from the circleraund the defect
(oxygen capture area). (b) Several defects have &hare their oxygen
capture area. Thus the middle defect has a smallecapture area and
oxidizes slower.




34 5 Results and Discussion

a2 J -
. ‘l' -
wt

b
ey g

600 nm x 600 n

(a)

3

T
N}

. ’.‘ ’ {

width [nm]
depth [nm]

T
-

P @ -

200 N e we  we o
,_,_l_n,£|n 100 200 300 400 500
; pitch [nm]
(d) (e) ()

FIGURE 5-5: STM images of 5 areas onAMpLE 4. The ion dose is 8 x TOpAs (Dpoint =
500 ions/point). The horizontal distance is 300 nnfor all areas. The
vertical distances are (a) 100 nm (b) 200 nm (c) 8chm (d) 400 nm and
(e) 500 nm. (f) Width and maximal depth of larger fts in previous
images.

Patterns of defects can be used to measure thereagiameter. The ideal case is the
production of single defects in a pattern with dlxdefined pitch between them. However,
the experimental realization is not possible yestdad, groups of defects arranged in well-
defined distances to each other can be obtainad.idémn is realized inAPLE 4, where 5
areas with vertical defect-group pitches betweed d4fd 500 nm were structured (figure
5-5). The horizontal pitches are constant and amtmr800 nm. Thus the problem is
reduced to one dimension. Similar to the captuea af defects a capture area of defect
groups can be consideredd, >> dy. All patterned areas are located on one sample, so
they are structured and oxidized at the same dondit

The oxidation process is influenced by other s@f@defects, too. Figurg-5c shows the
STM image of one area, where not the defects bugroteatures on the surface are
oxidized. In figures-5e the pit growth is influenced by step edgeghabthe pit diameters
are smaller as the pits in figusesd, where the pit pitch is larger.

Figure5-5a makes the influence of the capture area eslhlthe nano-pit groups only
the nano-pits at the left or right side are enldrgad coalesced. The inner nano-pits
remain unaffected due to a very small capture drezeasing the point distance the pits
become wider and deeper, because the overlappgignref the capture area of defect-
groups becomes smaller.

If the pitch is much larger thath, the pit size approaches its final limit. The cati
pitch yields the capture diamet. A coalescence of the nano-pits in the experinsant
be observed from figurg-5a to b. In contrast the pits do not become widn image d
to e. Unfortunately the threshold regime shouldrbéhe area shown in image c, where the
measurement had failed. That leads to an inaccufttye measurement and the threshold
pitch of the pit-groups can be determined betwesage b and d.
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The dependence of the pit width and depth on tla pdch is visualized in figuré-5f.
The larger pits are more of interest. Hence, thesliconnecting the highest values can be
discussed. Between the pitch values of 200 nm &t in the highest slope can be
observed. The decrease between 400 nm and 500 caused by surface steps in image e.
Thus the capture diameter can be roughly fixedtie 150 nm.

The effect discussed in this caption is an impar{gert of production of nano-pit
patterns. Considering this effect the oxidatiorapagters should be separately adjusted for
different pit pitches. As a result of this effettd not possible to produce similar pits with
different distances on the same sample if theifghps comparable or smaller thdg,

5.2.1.3 Influence of the pit size

If a lot of nano-pits have a common capture areaxgdained in5.2.1.2 they have to
share the oxygen in this volume. Therefore a higltedensity results in smaller nano-pits.
Another indication for this effect provides the ebstion of the nano-pit density in the
region between two points in areas structured amPge 1 (figure5-6). In contrast to the
points the ion dose of these regions should eitberain nearly constant for all areas
because they are caused by driving of the ion beaiihe next point, or they should
increase with increasing ion dose if they are caisethe tails of the ion distribution.

However in the STM images a decrease of the nangepisity with increasing ion dose
can be observed. This indicates that the oxidasosupported by an oxygen reservoir
adsorbed on the surface [117]. The oxygen consdmarm-pits increases with the pit size
due to more available open bindings. So the largeipthe areas exposed with higher ion
doses consume the oxygen in their surroundingss There is less oxygen for the small
defects which can not oxidize completely and dob@smome visible in the STM image.

2.00 nm

e ~ 0.00 nm

(b) (c) X

FIGURE 5-6: STM images of (a) area 8 (b) area 9 and (c) ea 11 on 8mpPLE 1. The
grey scale of all three images corresponds to a fgbt of 2 nm, thus the
visibility of small pits is equal. These images show the dependence of the
pit density on the ion dose for the region betweetwo points. In this
region the nano-pit density decreases with increasj ion dose.

5.2.1.4 Beam characterization using nano-pits

Since nano-pits on an HOPG surface are causedrnbynipacts they can be used as a
detection tool for single ion events. It is helpfolexamine the beam properties for low ion
intensities which are useable for the productiomarfio-pit patterns. In the following the
examination of beam blanking in a preliminary vensiof the FIB column will be
discussed as an application example.
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To determine the influence of beam blanking 6 amgase exposed with two writing
directions and three different distances betweenpibints (figure5-7). In the horizontal
writing direction no influence of the beam blankiisgvisible because the blanking and
writing direction are the same. In the verticaltimg direction the beam blanking causes a
diagonal trace of nano-pits. This distribution wasised by simultaneous beam drive in the
vertical direction and beam blanking in horizontidection. Since the beam blanking
power is always the same the different nano-pitribigtion for different point pitches is
due to the point to point movement of the ion beam.

That can be described with a simple model of twmac#ors (figures-8). In this model
the beam blanking ir-direction is performed with the capacitor 1 and sizanning in the
y-direction with capacitor 2. The deflection in adar electric field within the capacitors
can be described with:

x:ivlt2 for 0<z<l,
2m

y—zin2 for I, +a, <z<l +a +l,

(11)

wherem is the mass and the charge of the ion ard, , the applied capacitor voltage.
Between the capacitors the beam performs a linesrom During beam blanking and
scanning, which occur in this case at the same, tihee capacitors perform a voltage
change which can be described by the charging iequat a capacitor assuming a start
voltage of 0 V:

V12 _V0102(1 t/rlz) (12)

whereV,; is the charging voltage armlthe time constant of the capacitor i. With thiglan
the assumption that,a,>l,,l, the deflection iny-direction can be expressed as a function
of the deflection inx-direction:

y= A{l—(l—%ﬂ (13)

with the ratio of the time constanfs, kinetic energy of the iow, and the deflection
constant®, andA:

~ L
T=-LE== Vg
7, 2

A=tV a +ha) (14)

A2 = 2_qEV02 EQIZaZ)

In the expression foA, only the parameters of the capacitor 2 are preddance, it
represents directly the point distanég, and thereforeA, are created with the pattern
generator. The expressidarepresents the beam blanking in the simplified eh@dich is
followed by other electric optics in the real cgpifiation. Hence the parametéssand 7
including 7, can not be directly compared.
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FIGURE 5-7: STM images of areas structured with an ion das of 800 x 13° pAs
(Dpoint = 500 ions/point) on 8MPLE 3 using beam blanking. The point
pitch is (a, d) 300 nm (b, €) 600 nm (c, f) 1200 nrhe writing direction is
horizontal for images a-c and vertical for images d. The blanking
direction is horizontal for all images.
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FIGURE 5-8: Beam path in a simplified model of the FIB-calmn with two capacitors.
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FIGURE 5-9: The graph shows the nano-pit distribution forthree point pitches. The
origin represents the position of the point. Horizatal lines mark the
different point pitches. The distribution in x-direction is caused by beam
blanking and the distribution in y-direction is caused by point to point
movement of the ion beam.

The nano-pit distribution in the experiment is shaw figure5-9. The horizontal lines
mark the point pitch for the three cases. For 360 pitch the pits are distributed in
y-direction to 300 nm, for 600 nm pitch to 500 nnd dar 1200 nm pitch to 800 nm. That
is the beam is not completely blanked for 300 a®d Bm pitch before arriving the next
pattern point. Only for a large pitch of 1200 nne team is blanked completely before
arriving the next pattern point. With this feattine nano-structuring of nano-pits becomes
difficult. The fits in figure5-9 are performed with formula 13 using the santaupaters
for all three cases since they are exposed witlsdénee FIB-column. The best parameters
areA, = 300 nm andr = 0.75. Although this fits have a high uncertaititgy show that it
is possible to make a statement about the eldetr system of the FIB-column using the
distribution of the nano-pits which are a resulsiofgle ion defects as mentioned before.

For a conventional use of FIB with higher ion dosesion impact during the blanking
would not be important. And only with the oxidatiohthe single ion defects to nano-pits
they get visible with STM.

Meanwhile the beam blanking process and the beawement of the ionLINE are
improved. The faster beam movement led to betsrlt® (see figur®-2, figure5-27 and
figure 5-32).
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5.2.1.5 Finding patterns

A problem of the investigation of structures snrallean 100 nm is that the local
investigation of the same particle is mostly diificor impossible to realize because the
particle is undiscoverable after a sample or timimaation (in STM). This problem can
be solved by using the nano-structuring of theiglag in order to realize a finding pattern.
However some physical and technical limits make t@no-structuring difficult as
mentioned in the following:

e STM has a limited scan range, e.g. LT-STM at 77Is hascan range about
3 um.

e The STM scan velocity has to be chosen small tolvesthe nano-particles.
This results in long scan times for each image ctvlgauses drift effects and
distorts the dimensions in the STM image. Thaths, position of a particle has
to be identified in small STM images.

e The structuring process is limited by the ion dsttion. Therefore it is not
possible to write characters/symbols in small disnems.

e The tip position can only be observed with a camémaorder to find the
structured region it should be a large area. kbhiswn by experience that an area
about 20Qum x 200um can be localized with the used camera.

To use the nano-structuring for navigation and lieadon on the sample a design is
needed which has to fulfill the following points:

* The design elements have to be simple and small.

* The position of each element should be deducilenfSTM images with a
maximal size of 1000 nm x 1000 nm.

« The size of the designed pattern has to be ab@uu@0x 200um.

The simplest design is a pattern of points. Théestpattern is a pattern based of a dual
system. However this pattern brings many problesmge it has to be completely imaged
for identification. Thus in the method presentecehte distance to the next points is used
to find the point position. A sequence of poinfptmnt distances emerges as listed in table
5-2. This sequence is split into 13 parts with lyeaqual length. It is chosen in a way that
the sequence of two distances occurs only one flimesimplify the sequence ciphers are
used in tabl&-2. For example the cipher combination 12 reprissgmpoints with distances
of 100 and 200 nm. With this method only two disesare needed to identify the position
of one point in the patterned region.

Combination of two sequences (one row x one coluleenjs to 169 areas (notation is
‘area (row nr., column nr.)’) each with nearly 5xm2. Additionally a distance between
the areas of fim is chosen to enlarge the patterned region. Thisvhole pattern covers
an area of 13Qm x 130um. A part of this pattern is shown in figuselOa.

In the experimental realization the pit shape dreddrientation in the imaging process
influence the identification of the sequence cddience, a calibration area with a distinct
pattern on the same sample is needed. In thisacdsgance sequence of (123456 x 2468)
is chosen. The STM image of the calibration arecates the point shape consisting of
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FIGURE 5-10: (a) A clipping of the GDSII file in Raith sofware illustrates the point
distribution on the sample. The numbers mark rows ad columns as
mentioned in table5-2. (b) Close up of area (01,01) which is marked (a)
with an arrow. (c) STM image of the calibration are within SAMPLE 5.
The distances between the rows/columns are givenmm. (d) STM image
of an area identified as area (01, 01). The distaacsequence for this area
is (443421231133224 443421231133224This region is marked with a
square in (b).
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row/ , Length . Distance
distance sequenc cipher
column [nm] [nm]
01 443421231133224 3900 1 100
02 5545352515 4000 2 200
03 661626364146 5100 3 300
04 717675657 5000 4 400
05 727374788 5300 5 500
06 85868717 5000 6 600
07 818283848 5000 7 700
08 9495969 5100 8 800
09 979899 5100 9 900
10 91929390 5200 0 1000
11 070809 5400
12 0405060 5500
13 00102030 5600
TABLE 5-2: Distance sequences for nano-pit addressing. &acipher in the sequence

represents a distance between two points as shownthe right table. The
sequences are numbered to mark rows or columns.

nano-pits (figuredb-10b). In this case a line of nano-pits chaingbts to each other due
to preliminary status of the blanking system. Timakes the identification of the pattern
difficult. However the points can be identified as accumulation of nano-pits. The
calibration area indicates also the orientationhef pattern. Figur®-10c shows an STM
image of an area patterned with the finding stmesuOn the basis of distances in the
image the location on the sample can exactly betiitked.

This method roughly fulfills the requirements mened above. It is fitted to the
available structuring at this time. However it iesdered by the following problems:

* The point identification is not easy. This problensolved for other experiments
with improved focus and blanking conditions.

e The structured area is not as large as needed.

« The space between the areas hinders the searahing §TM.

Regarding the results i5.3.1.1 it is possible to use distances down ta®s0which
enables the use of more and smaller distanceséosdquence creation. This could lead to
an enlargement of the structured area and solvenémtioned problems.

5.2.2 Cluster growth

The most important application of nano-pit pattemthe growth of clusters in a given
pattern. Usually the clusters are formed by dersiof atoms on the sample. It is known
that the growth of clusters in nano-pits is favoréte question is whether the clusters
grow only on the nano-pits or not. That is essémbiathe growth of clusters in nano-pit
patterns. Additionally it is to figure out wheth#énis behavior is dependent on the
deposited material and the ion dose. In the follgwihe growth of cluster patterns with
two different materials is presented.
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5.2.2.1 Silver cluster patterns

I o 1000 nm = 1000 n
(a) (b) (c)
FIGURE 5-11: STM images of cluster patterns grown on A/PLE 1 after room
temperature deposition of 0.4 ML silver. They showa) area 4 structured

with 240 ions/point, (b) area 5 structured with 480ions/point and (c) a
larger frame of area 5.

“STM Measurements”

On SamPLE 1 0.4 ML silver were deposited at room temperainrgHV. After a short
air contact and transport in a desiccator it wagstigated with STM. On this sample a
cluster pattern is formed equal to the nano-pitgpatas shown in figurg-1 (figure5-11).

It is interesting that only a small number of thetesters are grown between the rows.
They are only grown in the nano-pits. Figiel1c indicates that this growth behavior
pertains for larger areas, too. That enables tlidibg of clusters in pre-defined patterns.
At a closer look into figur®-11c the location of the points in the pattern barfound as
places with higher cluster density.

The cluster height changes with the ion dose feassstructured with ion doses smaller
than 4000 ions/point (c.f. figure-12a). It varies from 3 nm to 6 nm. The clusteight
decreases up to the ion dose of 480 ions/pointithaenreases again. For higher ion doses
it does not increase anymore. The nano-pit dersitige reason for this effect. For lower
ion doses the nano-pits have large distances to@her and the nano-pit density is small.
With increasing ion dose the nano-pit density iases. This is directly reflected in the
cluster density which increases with increasing dowse until 480 ions/point (figure
5-12b). This is also visible by comparing figidt1a and b. With this, the same coverage
of silver is now divided into more nucleation cestaf the ion dose is increased.
Consequently the clusters are larger for a lowedensity and smaller for a higher pit
density.

For ion doses higher than 960 ions/point the nanpspduction is in equilibrium with
the nano-pit coalescence which results in a neewlystant nano-pit density. Another
reason for this is the coalescence of the cluslees to small distances to neighbored
clusters. This behavior is also visible in the tduglensity which is decreased from 480
ions/point to 960 ions/point. Due to poor statssticis analysis is not performed for higher
ion doses.
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FIGURE 5-12: (a) Mean height of the silver clusters growmon SamMPLE 1 depending on
the ion dose. The smallest cluster height is in tharea 5 written with
Dpoint = 480 ions/point Dp, = 3.3 x 18% ions/cm2). (b) Cluster counts in the
STM images for an area of 100 x 100 nm2. The clustdensity increases
with increasing ion dose up toDyix = 480 ions/point Dy, = 3.3 x 167
ions/cm?) and decreases for higher ion doses.

The interesting point is that the cluster height density are directly influenced by the
ion dose. This could be used for the productiordifferent cluster sizes on the same
sample. It has the advantage that the clusterpragticed and investigated always at the
same conditions such as temperature, depositien vdiration and other environmental
effects. This method can be tuned by changingdbes (i.e. wider focus) and thus control
the pit density in larger areas. Since the intargdteight variation appears for lower ion
doses this attempt could result in a higher varétgiuster heights.

“PEEM/SEM Measurements”

In collaboration with TU Kaiserslautern silver deeis patterns were investigated with
PEEM and SEM [2].

Figure5-13 shows an STM image before and an SEM image #ifé silver deposition
onto an area structured omMLE 6. The structured nano-pits do not exhibit a Wesib
pattern. Evaporation of 4 monolayers of silver abm temperature results in the
condensation of silver clusters on the native HO&E in the nano-pits. For silver
evaporated at room temperature on native HOPG crsfd is well known that a stable
STM imaging of the surface is not possible duehe small binding energy and the
corresponding high mobility of the silver clustddt1,142]. In order to compare the
structured and non-structured regions SEM is ugeatidition to STM for high resolution
imaging of the clusters. The pattern periodicityl®0 nm is well resolved in the SEM
image after silver evaporation in spite of non hisipattern of the nano-pits in the STM
image before silver evaporation. The region to tiight as well as an interstitial area
interrupting the nano-structured regions corresgorttie cluster decorated natiMOPG.

High Resolution SEM allows quantifying the clustgee, cluster size distribution
(figure 5-15) and cluster density. For the cluster decomatif the nano-structured areas the
cluster density amounts to 806F, dominated by cluster diameters between 12 anu.7 n
In contrast in the native HOPG areas the clustasitieis smaller and amounts to 200¢
from 20 nm diameter to sizes below the resolutiont lof the SEM.
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Figure 5-14 shows an STM (SEM) image for another areacttrad with higher ion
dose of 480 ions/point and a larger point pitctB0® nm before (after) silver deposition.
For this area a clear periodic structure is visibléhe STM image, which is caused by the
line by line scan of the ion beam at a periodicty300 nm during the writing process.
Similar to \WwpPLE 1, the SEM image exhibits the same pattern fostehs. Furthermore,
steps of the HOPG substrate decorated with silusters (see lines labeled with A, B and
C) are clearly visible in the SEM image. The analysf high resolution SEM images
shows that in this region the nano-structured aeedsbit a cluster size distribution
between 10 and 8 nm at a density of 1866/ In contrast native HOPG areas exhibit a
cluster size up to 20 nm at a density of 266

PEEM measurements of the surface before the sillgrosition show a slightly
increased (however, overall very small) photoemigsirom the nano-structured areas in
comparison to the native HOPG. The photoemissividgn both areas (hano-structured as
well as native) after silver evaporation has insegbby orders of magnitude in comparison
to the undecorated surface. It is that the photsgion signal originates dominantly from
the silver clusters and not from the HOPG substratiémitation in the PEEM resolution
arose from the reduced extractor voltage that cbaldpplied between the sample and the
entrance lens of the PEEM in this experiment (makifnkV as opposed to 15 kV in the
optimum case). For voltages higher than 5 kV, lgakeurrents due to field emission from
macroscopic defects in other regions of the HOP&vgmted the imaging of the sample.
Thus it was not possible to resolve the 150 nmop@ity in the PEEM experiments.

Clearly resolved are steps of the HOPG in the ma#ikeas, which are decorated by
silver clusters. The 300 nm periodicity of the paiing is also resolved in the PEEM
image (figure5-16). The graphite step edges are decorated whtlr lusters and are
distinctly visible in the PEEM image (figure-16b). Within the patterned area the step
edges are not visible. The nano-structuring is alatays influenced by natural surface
defects. Indeed STM measurements have shown thatep edges are not decorated with
more clusters than the structured nano-pits. Hetheecluster pattern prevails due to the
high density of the structured nano-pits. It wolled helpful for fabrication of nano-
structures if the natural defects on the surfacebeaneglected.

Continuous time resolved PEEM measurements indithaée life-time maps and
histograms are different for structured and nooestred regions (for more details see
reference [2]). This makes the cluster patternr@sting for investigations of their optical
properties.
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FIGURE 5-13:

FIGURE 5-14:

(b)

(a) STM image of nano-pits within area 3 on 8/PLE 6 written in a point
pattern with 150 nm periodicity exposed withDyein: = 480 ions/point. It
exhibits two characteristic pit sizes. Pits in thesize regime between 5 nm
and 20 nm diameter appear at a density of 10@Mm?, pits with a diameter
below 5 nm appear at a density of 90fim? (b) SEM image of the border
region of area 3 after cluster condensation. The mo-patterned area
corresponds to the two regions at the top left andottom left of the
image.

2um

.
€Y (b)

(a) STM image of nano-pits in area 4 of A1PLE 6 structured with Dpgin; =
240 ions/point. The lines that have been written wh a periodicity of 300
nm in the initial FIB process are clearly visible & areas of increased pit
density. These lines have a width of about 150 nmnd exhibit two
characteristic pit sizes similar to area 3. The lage pits are found at a
density of 400am?, the small pits are found at a density of 15082 The
depth of the pits varies between 1-3 ML. (b) SEM imge of the border
region of area 4 after cluster condensation. Cleaylvisible are the lines
written in the FIB process with a periodicity of 3@ nm. A, B, and C label
steps in the HOPG substrate.
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FIGURE 5-15: Size distribution of the clusters deduced fnm SEM images at (a) the
patterned region of area 3 on 8MPLE 6, (b) patterned region of area 4 on

the same sample, (c) native HOPG substrate (d) initial region (the
blue lines mark the boarder to the patterned regioi

(@) (b)

FIGURE 5-16: (a) PEEM image of area 5 structured on 84PLE 6 shows a pattern of
silver clusters after deposition of 4 ML silver. Tke area was pre-
structured with a nano-pit pattern which was expose with Dpgin = 480
ions/point. The point pitch amounts to 300 nm. Th&?EEM measurement
was performed with a 420 nm laser (200 mW). (b) PB# image of a
border region structured on SAMPLE 7 shows cluster patterns after
deposition of 2 ML silver. The point pitch amountsto 300 nm and the ion
dose isDyeint = 1870 ions/point. For this PEEM measurement an Hamp
was used.
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5.2.2.2 Lead layer patterns
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FIGURE 5-17: High resolution STM images show two points gictured with an ion dose
of 7 x10° pAs within two different areas on SMPLE 9 after room
temperature deposition of 0.14 ML lead. (a) The sticture of the lead
wetting layer surrounding a faceted lead cluster isvell visible. It does not
indicate any crystalline structure. (b) Lead wettirg layer surrounding two
faceted lead clusters. Nano-pits are visible withithe lead layer. (c) Line
profile of image b (white line) shows the structureof the lead layer in
detail. The minimum within the lead layer is a hanepit.

110 nm x 110 n

Lead atoms tend to build a wetting layer. Henztealeobserved electric conductivity
for layers thicker than one monolayer and superactivty for layers thicker than 4 ML
at a temperature about 1 K [143-145]. In spite & éxistence of nano-pits the atomic
layer is very mobile on the surface. Hence its imggvith STM is not simple. The STM
imaging of the lead layer is strongly dependenthtentunneling parameters as well as the
tip shape. Mostly the layer is removed without tnage in the STM image.

Principally the layers can be produced by room tmaoire deposition (cf. figure-25
and figure5-27). SaAMPLE 9 is particularly capable for this applicationc@nthe nano-pits
are not completely oxidized. The incompletely oz&tl defects are ideal candidates to
support the growth of lead layers. Figlrd 7 shows high resolution STM images of two
points decorated with lead layers. There are onaare faceted clusters within the points
with a height of 1-3 nm. However the wetting lageles not seem to be influenced by the
clusters or nano-pits but rather by the defect region (c.f. figures-17b). A closer look
on the layer structure does not indicate any clystastructures (figuré-17a). The layer
could be an aggregation of smaller lead partidles dimers or trimers. The line profile
shows that the layers are between 0.3 to 0.4 nm(figure5-17c). Peak to peak distances
of a few nanometers are too large for atomic stinest

For production of lead layers in a pattern a highsity of weakly oxidized defects as
anchor points is needed. The oxidation processnoarbe left out because the sputtered
carbon atoms have to be removed. They could infleethe layer growth or heal the
defects during the routine heating of the bare tsates SMPLE 8 is an applicable substrate
for this purpose. On this substrate 0.07 ML lead waposited at 150 K. The reduced
temperature should reduce the atom mobility on dhdace and hinder them to build
clusters. The purpose was to obtain lead layetgtsired in a line pattern. Best results
were obtained for an ion dose of 2 X*1@8As as shown in figurB-18. Lead layers can be
observed only in a few areas. They are interruptedlusters and well oxidized nano-pits
(figure 5-18a). Apparently the density of weakly oxidizeefetts is too low for a layer
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(b)

FIGURE 5-18: STM images show the same area structured witl2 x 10° pAs on
SAMPLE 8 after deposition of 0.07 ML lead at 150 K. The sed pattern is
shown in figure 5-20. The light gray regions are covered with a leblayer.
The cluster shapes in image (a) are deformed by thé shape. In image
(b) no clusters are visible, and a lead layer is gwn at the step edge in the
bottom.

500 nm x 500 n

growth. In that case cluster growth is more favorddo natural defects like graphite step
edges influence the layer growth (c.f. figlré 8b). The growth at step edges seems to be
more favored than at defects.

Increasing the ion dose to 3.5 x”1pAs leads to very different results. The lead taye
do not grow on the defected structure but betwbemt This may seem a strange behavior
because in these regions no defects or other arsthartures exist. The reason for this
becomes clearer by regarding the STM image in &§ut9a. In this image a natural defect
(called carbon ridge in the following) with a heighf 4 nm crosses the structured lines.
The lead layers are grown at the carbon ridge ua toaximum height of 2.5 nm. It is
interesting that the lead layers are separatetidgtructured lines. Consequently it can be
concluded that there must be a common propertyhefstructured lines and the carbon
ridge which causes the growth of lead layers. kiniswn that the exposure of graphite with
high ion doses results in hill structures. Thedls are in this case 0.5 nm high. That could
be the reason for this growth behavior.

A similar example with step edges acting as anpbonts is shown in figuré-19b. The
step edge is 3 nm high. The length of the leadrtagtarting at the step edge is limited to a
few 100 nm. A detailed image of one layer growra&@ nm high step edge is shown in
figure 5-19c. The 200 nm long lead layer is in this casehemogeneous. The vacancies in
the layer may have been caused by a tip interacfianindication for a tip interaction is
the exactly horizontal oriented vacancy line in thgers top side since its orientation is
equal to the scanning direction. In contrast thgers in figure 5-19d are grown
homogenously and they are interrupted by the stredtlines. The step height is in this
case approximately 0.4 nm which corresponds tonoorolayer graphite. The line profile
shows the shape of the lead layers. The onseteo$ttluctured hills is clearly visible. At
this point the Pb layer starts and ends at thehbeigd hill onset. The lead layers are 0.3
to 0.4 nm high. The hills are at most 0.1 nm higher

The lead atoms can not break through the potdodiaier at the hill flank and reach the
nano-pits. Since diffusion is the main processtiier cluster growth they can not grow on
the hills. It seems that there is no attractiverattion between the hills onset and the lead
atoms that is strong enough to support the layawtr. A further increase of the ion dose
could change this and enable the nano-structufihead layers in different well controlled
shapes.
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FIGURE 5-19: STM images show an area structured with 3.5 20° pAs on S\WPLE 8

after the deposition of 0.07 ML lead at 150 K. (aA natural defect on
HOPG with a height about 4 nm crosses the nano-plines from the left to
the right. The lead layers are anchoring at this dect and oriented in the
direction of the nano-pit lines. The lines have ail shape with a height
about 0.5 nm decorated with nano-pits. For a bettedisplay the image is
rendered in 3D shading. (b) A large scale image sivs lead layers grown
at a graphite step edge. The nano-pit lines separmthe lead layers. (c)
The image shows the lead layers in detail. In thepper part of the image
a tip-induced movement of the lead layer is visible(d) In contrast to the
previous image the lead layers are coherent. (e) e profile of image (d).
The lead layers abruptly end at the structured lins. The onset of the hill

shape is well visible. The lead layers have nearthe same height as the
hills.
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5.2.2.3 Lead cluster patterns

“Cluster Rows: Fabrication”

On SAMPLE 8 a pattern of lines with a 150 nm pitch was dtmed. To produce a
continuous line the point distance in the lines weisto 20 nm. In order to investigate the
influence of the structuring process on the clugtewth 8 areas are exposed with an ion
dose of 18 pAs/point multiplied with the dose factors 1, B, 15, 20, 25, 30 and 35 for
every area. The STM images in figls€0 show that the lines and the contained nars-pit
are well separated. The lines exhibit the typiadldhape with a width of about 80 nm.
The first deposition of 0.07 ML lead atoms at 15@dsults in very small clusters which
can not be imaged well due to their small sizesaduition lead wetting layers were
observed, as described in secttoR.2.2.

The deposition of additional 0.28 ML at 150 K (lotaverage of 0.35 ML) and the
subsequent annealing at room temperature resultiglger faceted lead clusters as shown
in figure 5-21a for one area. The clusters are grown in teespuctured lines. The line
width amounts to 50 nm in this case. Beside thstets and the nano-pits smaller particles
are visible as white points in the image. They ddé either smaller aggregates consisting
of several atoms or non-oxidized defects which bexwisible by electronic effects. The
line profiles in figure5-21b show typical shapes of lead clusters withcglpheights
(concerning this see sectié.3.1). The clusters distinctly exhibit largedtc Mostly the
clusters with smaller heights have larger facets.

“Cluster Rows: Height & Density Analysis”

The dependence of the cluster heights on the i@e @ shown in figur&-22a. The
height distribution reaches its maximum of ca. 2foman ion dose of 2 x 10pAs. The
same behavior is observed for the faceted arehasnsin figure5-22b. The largest mean
cluster facet is 25 nm2.

The cluster density increases with increasing iosedand then remains nearly constant
for ion doses higher than 2 x1@As (figure5-23). That can be explained with the cluster
growth mechanism. The probability of atom captwsehigher for larger clusters. That
entails that larger clusters grow faster than tisemaller neighbors. At a certain cluster
density these clusters do not allow the growth oferclusters. Consequently the cluster
density remains constant.

One may expect that larger cluster sizes shouldtresa lower cluster density because
the clusters share the same coverage of deposaéstial. But for ion doses higher than
2 x 10° pAs the cluster sizes decrease although the cldstesity does not change. That
can be explained as follows. The high density afoagits in these areas causes that the
defects do not oxidize completely as discussed.2nl.2. These weak oxidized nano-pits
and the well oxidized nano-pits near a large cludtenot support the growth of clusters.
Instead smaller aggregates are formed, visiblerasdl svhite points in the STM images.
Thus less material remains for the cluster grotiditionally the high defect density may
suppose the formation of lead layers as discussB@i2.2. These effects finally result in
smaller cluster sizes.

The sample was annealed at room temperaturefdirst short time of 45 minutes and
then for a long time of approximately 3 days. A gamson of STM images before and
after annealing is presented in figire24 for three representative ion doses. The images
show the variation of the cluster density dependingthe ion dose and the annealing
process. The cluster density decreases about 67#ef@hort annealing interval and there
is only a small additional change for the long atimg interval (cf. figures-23).
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FIGURE 5-20: (a) STM image of an area on 84PLE 8 structured with an ion dose of
3.5 x 10° pAs/point after deposition of 0.07 ML lead at 15. The nano-
pits are patterned in lines with a 150 nm pitch. Tk point pitch in the
lines amounts to 20 nm to get a continuous line. Bhclusters are too small
to become visible in this image. Some other defedse also visible. In the
center of the image a graphite atomic step is vidi. (b) Inset of another
region shows the nano-pit pattern in details. In adition to the nano-pits
non oxidized defects are visible as small white pgs and some smaller
clusters. The ion bombardment causes a hill shapef the lines with a
width of about 80 nm.
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FIGURE 5-21: (a) STM image of an area on 84PLE 8 structured with an ion dose of
2.5 x 10° pAs/point after deposition of 0.35 ML lead at 15K and the
subsequent annealing at room temperature for 3 daysrhe faceted lead
clusters are patterned in lines. (b) Line profileof 4 typical clusters in the
image (a) labeled with A, B, C and D. These clusterepresent the three
most favored cluster heights in this image.
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FIGURE 5-22: Distribution of (a) mean cluster height and l§) mean cluster facet versus
the ion dose. These statistics are derived from STMnages such as the
images shown in figure5-21 and figure 5-24. The cluster size increases
with increasing ion dose. The maximum is reached atpp. 2.5 x 10 pAs
(corresponds to a line dosef 12.5 pAs/cm). After this the cluster sizes
especially the cluster facets decrease. Notice thahly particles larger

than 0.6 nm are considered.

209 e deposition @ 150 K
184 4 45min @ RT [
3days @ RT
164 PY
e 14
QC
o 124
=
> 104
2
g
5 64 ° A A A
1]
= 4
o
2] A
O T T T T
0 5 10 20 25 35

ion dose [10'6 pAs]

FIGURE 5-23: The density of the lead clusters grown on aas within SAMPLE 8
depending on the ion dose. The cluster density igtérmined for a 100 nm
x 100 nm area. It increases with the ion dose unt® x 10° pAs and
remains nearly constant for higher ion doses. The rmealing process
results in a lower cluster density. Notice that onl particles larger than

0.6 nm are considered.

The cluster heights increase about 17 % after itis¢ dnnealing interval (cf. figure
5-22a). Larger clusters are formed via Ostwald mipg (see below for a detailed
discussion). After the long annealing interval tilester heights do not change for ion
doses below 2 x 10pAs. Above this value the Ostwald ripening procasstinues and the
clusters become higher. Also the cluster facet®meclarger. The deviation for 2pAs
may be a statistical effect.
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FIGURE 5-24: STM images show three areas structured with ifferent ion doses on
SAMPLE 8 after deposition of 0.35 ML lead (top) and afterannealing at
room temperature for approximately three days. Thepattern is the same
as discussed in figuré-21. The lead clusters are grown on nano-pit rows
in a 150 nm pitch.

“Single Cluster Patterns: Fabrication”

The challenge of cluster patterning is the productof single clusters in a pattern.
Therefore patterns of single nano-pits are necgssaris known that every fdion
produces a defect on the surface which can oximkbuild a nano-pit. Neglecting that
the pit production is a random process it shouldobssible to produce single nano-pits
with an ion dose of about 10 ions/point. This cepands to a dot dwell time ofps using
the lowest available ion current of 0.5 pA. Thipagaches the limit of the ion beam tool
(tawenmin = 100 ns). Apart from this, patterning with suolwlion doses underlays physical
limits. The ion beam profile and the given resalntiare defined for a large number of
ions. That means for single ions that the impazation is determined more by the noise of
the Gaussian distribution as by the distributiselit Also recoils play a decisive role for
the nano-pit distribution since the surface defgertsluced by recoils are far away from
the beam impact point. For the oxidation proce$dealects (patterned or accidentally
emerged) are equivalent. For this reason only graafpnano-pits can be produced in a
pattern.

Nevertheless the variation of the oxidation procsss be used to produce a pattern of
clusters. The idea is to fabricate a pattern oédefroups and then oxidize the sample at
lower temperatures which causes a reduction obxgation rate. Usually that would not
lead to the growth of nano-pits but the high degnsit surface defects would cause a
coalescence of them at a low oxidation rate. Thosenons are needed to produce one
nano-pit and the recoils would only play a minderor the nano-pit production.
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FIGURE 5-25: STM images show two areas with different poinpitches structured on
SAMPLE 9 after room temperature deposition of 0.14 ML led and after
annealing at 100°C. The ion dose amounts to 7 x 1@As for both areas.
Around the clusters grown on the points lead layerare visible in most of
the images. Most of these layers shrunk or disappeafter annealing.
Images (a) and (b) as well as images (c) and (d)eascaled in a way that
both images have the same magnification.

This idea was realized inABPLE 9. On this sample five areas were structured with
different point pitches from 100 to 500 nm in 108 steps. The ion dose amounts to 7 x
10° pAs for all areas. After the oxidation at a redli¢emperature of 450 °C for 200
minutes the sample was transferred to UHV and eavevith 0.14 ML lead at room
temperature.

The results for two areas with 100 and 300 nm pacire presented in figuse25. The
high defect density in the exposed region causkdesaal aggregation of the lead atoms
which form a wetting layer around the point anddeinthe cluster formation. In order to
obtain clusters the sample is annealed at 100°ter &fis the wetting layers shrunk indeed
but not always disappeared. The interaction ofwh#ing layer with the defects seems to
be strong. However several larger clusters areddron the points.

Another effect is the movement and coalescenceefuetting layers. After annealing
large areas (c.f. figurg-25d) or stripes (c.f. figurg-27b) of the wetting layer are formed.
This effect is observed in all areas and indicttias the lead atoms are very mobile on the
surface. The region of coalescence seems to lam@bm positions.
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FIGURE 5-26: lllustrations for the understanding of the Oswald ripening around a
point. (a) illustrates the casedyine > dea. The gray circle represents the
lateral extension of a point which could contain nao-pits or defects. The
large circle represents the mean atom capture areaf the point which is
divided for three nucleation centers. The clustergrown on them are the
smaller blue circles. The arrows show the materiaéxchange between the
clusters during annealing process. The distributiorof the clusters around
the point determines the strength of the ripening mcess. (b) illustrates
the casedyoint < dea Lines separate the capture areas which determiribe
clusters size. The ripening process occurs not onbt the points but also
between the points.

“Single Cluster Patterns: Ostwald Ripening”

The idea of the annealing process was to tune ltistec pattern by Ostwald-ripening
[146]. Every cluster is releasing and receivingneoat the same time. However atom
positions on the surface of larger clusters areenfiavored than on smaller clusters since
smaller clusters result in a lowering of the birgdienergy per atom due to a lower
contribution of the surface energy for a smallerfaxe to volume ratio. Thus the
probability for atom desorption is higher for snealtlusters. This causes a movement of
lead atoms from smaller clusters to larger clustéhss cluster growth is well visible in
figure 5-25a and b. After metal deposition lead layers gamvn connecting the points.
Also some points are decorated with smaller clgst€hese layers and clusters disappear
after annealing. Only the larger clusters remainictvhare not necessarily exactly
positioned on the point.

The ripening process does not always result imglesicluster per point. The reason for
this can be explained with the illustrations inufig 5-26. If an atom adsorbed on the
surface finds a defect during its diffusion time the surface it can contribute to the
growth process. Otherwise it desorbs to the vaclience, every point can be associated
with a mean capture area which depends on thestfiulength of the lead atoms
(comparable with the capture area gfiblecules as discussed in secto?.1.2).

If the point pitchdyeint is larger than the diameter of the capture dggthe capture area
is only divided between the nucleation centers@toint edges (figurg-26a). The cluster
size depends on the size of its capture area dradand of course on the deposited
coverage of lead atoms). That means a nearly etistaibution of the nucleation centers
around the point would roughly result in equal ttussizes. In the other case the cluster



56 5 Results and Discussion

sizes would be very different. By Ostwald ripenitagger clusters get material from
smaller clusters. So, different cluster sizes aeded for the ripening process. That is not
the case for an equal distribution of the clustegmind the point. In this case the ripening
process does not occur efficiently.

If dooint IS smaller thartl., the nucleation centers would have very differed amaller
capture areas since they are influenced by thenhergd points (figur&-26b). Thus an
equal distribution of nucleation centers at a paouauld not necessarily result in equal
cluster sizes. Equal cluster sizes at a point becaarer. Consequently only the highest
clusters remain on the point. In this case the graf single clusters per point dominates.
However points with more than one cluster or withdusters remain unavoidable. This
effect also results in different cluster sizesratfte ripening process as illustrated in figure
5-26b. In order to produce clusters with uniformesithey have to be positioned exactly in
the center of the points. That is of course an exyantal challenge.

“Single Cluster Patterns: Analysis”

Large scale STM images of areas structured with &t 200 nm pitch and covered
with 0.14 ML lead are shown in figuBe27 after annealing. Ostwald ripening supported by
a reduced point pitch of 100 nm results in a patt#rsingle clusters. In fact not every
point is decorated with one cluster. There aretganith two, three or without clusters but
the number of single clusters is higher. Bgg. = 200 nm there are points with one cluster
but the points with two and more clusters dominkiethis case all points are decorated
with clusters.

The mean cluster/point depending on the point pisclshown in figure5-28. It is
abruptly increased for a pitch of 200 nm and rise=ar for higher point pitches. It shows
that the single cluster patterning can be onlyiabtafor a point pitch of 100 nm. Indeed
the success of the single cluster patterning egofvem a complex combination of a
number of parameters such as ion dose, point pdgltgation temperature, deposition
temperature and annealing process.

Another question is controlling the cluster sizeéwpatterning. The height distribution
of the clusters for two point pitches before anmeglis shown in figure5-29. The
maximum is located at 2 nm. Due to poor statigtizstatements with respect to the pitch
dependence of the cluster height can be made Tkeecluster height distribution for all
point pitches after annealing is shown in fig&&0. The maximum is located between
3.25 and 3.5 nm after annealing (marked with a edine for all histograms). The cluster
heights are clearly enlarged which is an indicatidrthe Ostwald ripening effect. The
cluster heights do not change with the variatiothefpoint pitch. The main reason for this
effect is the increased cluster density (per pdimt)larger point pitches. But the overall
cluster density remains nearly constant which tesalan equal height distribution.

Furthermore the clusters have a narrow heightiigton but not better than clusters
grown on a non-structured sample. This is dueeadiason explained above (discussion of
Ostwald ripening) and due to the deviation fromitteal case with one cluster/point which
causes a non-equal distribution of the depositedemah on clusters resulting in a
broadening of the height distribution. This is bisiin figure5-25b. The clusters on the
top right and bottom are larger than the clustahacenter because it lost material to the
neighbored cluster on the left side.
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FIGURE 5-27: STM images show clusters grown in patterns wiin two areas structured
on SAMPLE 9 after deposition of 0.14 ML lead and subsequergnnealing
at 100°C. The ion dose amounts to 7 x PQAs for both areas and the
point pitch amounts to (a) 100 nm and (b) 200 nm. fie brighter area at
the bottom right of image (a) is a graphite step gk (h = 0.34 nm). Also a
few regions decorated with lead layers are visiblat the bottom. In
contrast the stripe at the top of image (b) is a tge lead monolayer (h =
0.24 nm) connecting the points to each other. Alseimost every point is
decorated with a lead layer.
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FIGURE 5-28: Mean cluster density per point depending on he point pitch for

SamMPLE 9. The higher the point pitch is the more clusterare grown on
the points.
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FIGURE 5-29: Height distribution of lead clusters on 8mPLE 9 before annealing for two
point pitches. The mean cluster height is about 2m.
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FIGURE 5-30: Height distributions of lead clusters for diferent point pitches dyin after
annealing. The corresponding STM images are display in figure 5-27a,
figure 5-27b and figure 5-25d for histograms a, b and c. Most of the
clusters have a height between 3 and 3.5 nm. Thegteed line marks the
same height in all histograms.
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5.3 Patterning with high ion dose

In contrast to the nano-pits which are producedibgle ion events a higher ion dose
can be used to produce deeper pits, called naribesaiWNano-cavities are defined here as
pits deeper than 3.4 nm (this corresponds to 10H@PG). In the following, first the
patterning of nano-cavities and then their applicator the beam characterization will be
discussed. In sectioh.3.2 the growth of metal islands on the nano-@siafter metal
deposition is presented.

5.3.1 Nano-cavities

5.3.1.1 Nano-cavity patterns

“Broad Nano-Cavities”

In the areas on AMPLE 1 which were structured with high ion doses oveé® Q00
ions/point a volcano shape is observed at eacterpafioint before oxidation (figure
5-31a), which is comparable with earlier studieg][The carbon atoms are displaced out
of their crystalline lattice position and incidegéllium ions are incorporated. One can
estimate that 0carbon atoms are located in a volume of (50°nFor the areas with high
ion dose starting at area 8,*16 1¢ gallium ions have impinged on the substrate fa on
point. Hence, more space is needed due to the aletgpsml number of gallium atoms
compared to the carbon atoms. In addition, voidthendefective structure may increase
the volume. Electronic effects in STM imaging atemnot be excluded. Thus a hill shape
of the surface with a height up to 7 nm emergesitt@highest ion doses the sputtering of
atoms in the center of the point results in a wadcshape.

The subsequent oxidation process forms deep brawities (inset in figure>-31a).
Their depth amounts to approximately 50 nm fordhesas 13 to 16. The nano-cavities are
100 to 200 nm wide for the areas 13 to 15 and becasder for area 16 where they
coalesce. Figurg-31b displays representative for these areas an2ige of a hano-cavity
in area 14 after oxidation. It has an unusuallyeptborder. Due to the properties of
graphite one may expect for deep structures oxadae graphite a staircase shape like a
cascade of surface steps. But in contrast the empetal results suggest that the complete
defect filled volume is oxidized. That can be congplato the formation of pits two or
more monolayer deep as observed in other studi@gs fso the bottom of the nano-
cavities is very smooth, probably due to a shamit lfor the penetration depth of the ions
(cf. 5.3.1.2).
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FIGURE 5-31: (a) STM image of area 13 in 8vPLE 1 before oxidation. The irregular

shape of the impact points and the line between twmoints emerge due to
a distorted focus of the ion beam. The rearrangenm¢ of carbon and

gallium atoms around the impact point causes the Yeano shape. For a
better display of the height differences the imagés rendered in a 3D-
shading. The inset shows an STM image of a nano-dgvwithin area 14

after oxidation. (b) A 3D image showing the cavityshape, in particular

the steep walls and the flat bottom. The nano-cawitis 50 nm deep and
100 to 150 nm wide.

“Optimized Nano-Cavities”

A measurement with optimized focus of the ion béaith a diameter of approximately
10 nm and beam blanking between the single poretgals the resolution power of the
FIB tool (figure5-32a). The ion dose was chosen to 1870 ions/pais¢d on the results of
the experiments discussed in sectmi. In this experimental run the ion energy was
reduced to 16 keV. However this does not observalbiinge the results. The STM image
shows an array of nano-cavities with a distance3@® nm which is orientated at
approximately 45° due to the orientation of the glenin the STM. Two natural defects of
the HOPG sample are also visible. The white lingduis to a subsurface defect which is not
oxidized, and the black vertical line results fransurface defect, probably a grain border,
which is oxidized. In the magnified image (figuse32b) nano-pits are visible around the
cavities. They show the distribution of single iomkose origin is not yet known. The
suspect is that, although beam blanking is usey, éine caused by scattered ions or atoms
which are of course unimportant for almost any otaplication. The single ion defects
only become visible after oxidation. The line plkedi show that the nano-cavities are 20 to
30 nm wide and 5 nm deep. The true depth may heralue to the finite STM tip size (cf.
section3.2.4).

We repeated the experiment with the same parantatérsith 35 keV gallium ions and
a reduced point to point distance of 50 nm (figeh&2d). The nano-cavities, with the same
dimensions as above, are clearly separated anchtheyan irregular shape formed by the
oxidation process. The nano-pits around them anee migible than in figuré&-32a and b
due to the smaller image size.
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FIGURE 5-32: (a) STM image of an area structured with an ptimized FIB focus on
SaMPLE 2. Nano-cavities arranged in a lattice with 300 nnpitch. Each
point is at least 5 nm deep and 20 to 30 nm wideb)(Magnified image
showing the patterned nano-cavities and a number obne monolayer
nano-pits around them. (c) Exemplary line profilesof the two nano-
cavities A and B in (b). (d) STM image of an arearoSAMPLE 3 for which
the distance between the nano-cavities was reducer50 nm.

The point area dose for these samples amounts xd 04 ions/cm? (assuming a
defective area with a diameter about 25 nm). Thisomparable to area 12 oaMPLE 1
where indeed up to 10 nm deep cavities were obde@ensidering the size of the ion
focus, which has a diameter of approx. 10 nm, tea dose could be higher and achieve a
value above 10 ions/cm? where the maximal penetration depth cobelgneasured for the
broad ion focus (se&.3.1.2). However it is not possible to make a gtetive statement
for the cavity depth of the samples shown in figbt&2, due to influence of the STM tip
(see figure3-11).

5.3.1.2 Penetration depth of gallium ions

The measurement of the nano-cavity depth (cf. égb¥31) yields themaximal
penetration depth g« of the gallium ions. Gierak et al. obtained a eahi ca. 25 nm for
the penetration depth by simulation of 30 keV gafliions into graphite [72]. This value is
smaller than the cavity depth of about 50 nm messtiere. The reason for this deviation
is that the needed defect density for oxidatiom gfraphite layer is smaller than the main
ion track area as presented by a usual color carfittge simulation results. Gierak’s group
neglected this small number of vacancies (for ailet discussion see secti@nl.2).
However, the maximal penetration depth is definetkhas the depth of nano-cavities, in
the limit when they do not noticeably get deepereasing the ion dose. The measured
depth of the cavity is increased to a value of atsfunm for an ion dose of about'10
ions/cm? (18 ions/point) and remains nearly constant for a @igion dose (c.f. figure
5-33). At this ion dose all layers down to the mmaai penetration depth are defect-rich
enough to be oxidized and uncover the next layechwvill be oxidized, too.
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FIGURE 5-33: Depth of nano-cavities on 8&1PLE 1 depending on the ion dose. For ion
doses higher than 18 ions/cm? the nano-cavities are oxidized completely
and the depth does not change considerably.

The method of oxidation to measure the penetratepth was used in other studies, e.g.
for size-selected silver clusters [134] or cesiomsi[132]. Bottcher et al. observed a depth
of about 50 nm in SEM images for an ion energy 0fk&V [148]. That shows the
independency of the measured depth on the diffgnemaration and observation methods.
So, it makes sense to establish the maximal peiwetrdepth of 35 keV gallium ions into
HOPG to (50 £ 5) nm. I16.1 the vacancy distribution will be discussed ioyutations.

5.3.1.3 Beam characterization using nano-cavities

The shape of a nano-cavity can be used to invéstipa beam profile of the FIB-tool.
The lateral shape of the nano-cavity representsligtabution of the ions in the beam. In
order to determine the localized ion intensity thepth of the nano-cavity should be
smaller than the maximal penetration degthy, because otherwise the cavity depth is
equal for the whole oxidized volume which wouldulésn the same cavity shape for areas
exposed with different local ion doses. Furthermirdéas to be considered that the
measured profile is influenced not only by the beamofile but also by the ion dose,
oxidation process and measurement method.

The variation of the ion dose fon@8PLE 1 is a good method to find the best parameters
for this measurement. Figufe34 shows two points exposed with different iorsef
Indeed both have the same triangular shape. Hoviegeon beam profile is more visible
in image (b). For image (a) the local ion intensstynot sufficient to build clearly visible
nano-cavities with the chosen oxidation parameteis.possible to discuss details of the
beam profile with image (b). In this case the bessplit into 3 main beams marked with
1 in the image. All cavities are about 50 nm widal & to 8 nm deep caused by a
defocused beam. The real beam profile should beowar than the cavity shape. The
regions marked with 2 consist of many multilayes pihich could be an indication for an
adjustment of the stigmator lenses in one directhaiditionally the region marked with 3,
which also consists of multilayer pits, could beiadication for another beam part with
clearly lower ion intensity than the three mainreaThis knowledge could be used to
identify the critical points of the FIB tool andlpets improvement.

For comparison figuré&-34c shows points exposed with optimized beam Sodine
round shape and the constant distribution of natsoggound them are indications for a
good adjustment of focus and stigmator lenses.
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FIGURE 5-34: (a,b) STM images of two points on 8/PLE 1 (area 11 and 12) exposed
with (a) 3.1 x1d and (b) 6.1 x 10 ions/point. Both structures are
produced at the same conditions. (c) STM image ofomts on S\MPLE 3
exposed with optimized beam focus. The used ion d@os 1870 ions/point.

5.3.1.4 Graphene nano-structures

“Fabrication”

In the last sections the high ion doses were ugeg@dtterning of nano-cavities but the
same process can also be used to fabricate othetuses. The graphite substrate is a stack
of graphene layers. Using the nano-patterning & Al combination with oxidation a
‘mesa-structure’ can be divided from the surrougdynaphite. Thus several free standing
graphene layers can be isolated if they are seggzhmatall lateral directions (figure-35a).
Since the conductivity in the vertical directionwgak a patterning of these layers could
enable nano-electronics based on graphene with@apation of single layers. Other
groups are working on the transfer of graphenertatgeother substrates. This is indeed not
simple. The mean challenge is to find a matchiragngt for which the attraction to
graphene is higher than the interlayer attractiographite and furthermore the attraction
stamp-graphene should be weaker than the substh&ie it is transferring to. Liang et al.
used glue like layers combined with temperaturaatian to manipulate the attraction
ratios [149].

Here two exemplary devices are produced (figi85b and c). Suctvave guide cross
junctionswere investigated by Knop et al. [150,151] but @&As nano-structures. The
idea is to use these structures for the ballistingport of electrons, resulting in so called
ballistic electronic devicesSince graphene layers support ballistic transpioelectrons at
higher temperatures (se&23) it would be the ideal material for this purposn the
following these structures are calling X- or Y-sfiwres for better reading. The ion energy
for this experiment was 30 keV and the ion currgas 13 pA which increased to 14.5 pA
during exposure. The dwell-time for dose factomioants to 0.01 ms. The structures are
exposed in area mode with an area step size ofn20FRour areas containing these
structures are exposed with dose factors 10, Bnd, 7. The sequence represents the
exposure chronology.
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FIGURE 5-35: Schematic illustration for fabrication of free standing graphene layers.
The sputtering and oxidation processes separate thiddle part from the
rest. (b-c) Graphical illustrations from FIB software for two structures (X
and Y-structure) which are used as examples for gmhene nano-
structures. The filled area will be exposed with FB. The width of this
area is 100 nm. The width of the wave guides is 3008n. The squares at
the structure ends are provided for electrical conactions.

“lon Dose Dependence”

The results for two dose factors are displayedguaré 5-36. The biggest difference can
be found between the different ion doses. For coispa the same X-structures exposed
with different ion doses are shown in figuse87. The width of the wave guides for dose
factors 1 and 3 are comparable. It amounts to I4DAM. For dose factor 7 it is decreased
to 10-50 nm. In this case the wave guide is shmn&e carbon wire. That is more visible
in the high resolved SEM image in figuBe38b. It shows untouched regions of the
graphite surface and the etched region within tlnectire with a very high surface
roughness. The very narrow carbon wire is not dobl®wever it shows the possibility of
fabrication of carbon nano-wires.

For dose factor 10 both cases are observed. Foe stmnctures the width amounts to
80-100 nm and for others down to 10 nm. The redsorthis is the change of the ion
current during exposure which was caused by dargagirthe used aperture with high
number of gallium ions. Since this area was expdisgitthe areas exposed with other dose
factors are written with the higher ion current.nSequently the effective dose for dose
factor 7 is higher than for dose factor 10. Howefegrall dose factors the width of the
wave guides are smaller than the programmed onehwkas 300 nm. The width of the
oxidized areas is about 200, 250 and 400 nm foe dastors 3, 4 and 10, respectively.
This is a factor 2-4 more than the programmed wadthOO nm. That can be explained by
a high ion dose and the subsequent oxidation.

“Roughness”

Another interesting aspect is the roughness ofmMéneeguides. That is a very important
point for a possible ballistic transport of eleaisavhich is based on reflections at the side
walls. In the case of a smooth wall more electnwosld be reflected, but in the case of a
rough side wall there will be an increased ratebatkscattered electrons. The edge
dependence of the electronic behavior is investidydty Akola et al. which have shown
that the edge type (zigzag or armchair) or the edgghness changes the DOS of a
graphene layer [152,153].
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(b)
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SEM images of 8mMPLE 12 for both X and Y structures exposed with the
dose factor 1 (a-b) and dose factor 7 (c-d). Therattures are rotated in
5°-steps in order to investigate the dependence othe crystalline

structure of the substrate.

FIGURE 5-36:

(b)
FIGURE 5-37: SEM images of X-structures for the dose facts 1, 3, 7 and 10,
respectively.
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(b)
FIGURE 5-38: (a) SEM image of a Y-structure written with adose factor of 10. (b) is a

high resolution SEM image of the middle part of theimage (a). It shows
the carbon lines in detail.

In the case of the structures produced here asmagll roughness is observed for dose
factor 3 (cf. figures-37). For dose factor 1 the roughness is less batonot as good as for
dose factor 3. The sides of the structures writtegh dose factor 10 are very rough. Hence,
dose factor 3 seems to be the best parameter boicdtion of structures with nearly
smooth side walls.

The roughness is caused by two factors. Firstlydifect distribution at the structure
borders which is caused by the ion distributiothe beam contributes to the roughness.
For a high ion dose also the ions in the tailshefibn focus contribute. These ions do not
exactly follow the pattern of the structure. Sedgrtde oxidation occurs at the defects and
progresses circularly. A high defect density wordgult in a common frontline of the
cycles. Thus the border side would be smoother. roghness of the border sides is a
result of the combination of these two counteracaffects. The dose factor 3 seems to be
a good compromise.

“Substrate Dependence”

The X- and Y-structures in figur&-36 are rotated in 5° steps to investigate the
dependency of the crystalline structure of graploite the etching process. That was
previously reported by Bottcher et al. [154]. Ire thverview SEM images the structures
seem to be equal. But some wave guides are slightigder. As an example one of them
is labeled with *" in figure5-36a. The limb at lower left side is broader thia@ others.
This effect is proceeding to the upper X-structufbe reason for this is the parallel
orientation of the wave guide and the six availatitections of the graphite step edges
figure 2-1). In this case the oxidation probability is Evdue to the more stable bindings.

Furthermore the crystalline structure of graphibéluences the roughness of the
structure side borders. That is visible comparhmgttivo X-structures labeled with (a) and
(b) in figure5-39. The wave guide along the arrow 1 exhibitewgh side border with a
staircase like shape. In contrast the wave guiolegahrrow 3 is smoother. It is also parallel
to the graphite step edges which are visible as whiite lines crossing the image. The
orientation of step edges indicates the orientatbbrone of the six available stable
crystalline orientations.

The step edges themselves are mostly not considetbd etch process, but sometimes
they change the etch behavior. One of these loti® labeled with *" in figure5-39.
The etch process proceeded along the step edgeasndade a convexity in the structure.
The reason for that could be the change of thentaii®n of the step edges which happens
accidentally for this step edge in that region. THaasition orientation may be not a stable
one and promotes the oxidation process.
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FIGURE 5-39: Four X-structures with different orientations. These structures are
exposed with a dose factor of 1.

Furthermore some other defects seem to hindentigatoon process and as result they
make concavities in the structure. Some of theseame concavities are labeled with ‘+’ in
figure 5-39. The origin of these defects is unknown. Pobbéhey are impurities in the
graphite substrate.

In summary graphene nano-structures with steepebaides can be produced using an
inverted patterningand the oxidation method. The production of wauglgs and carbon
nano-wires is demonstrated. It is shown that timediose plays an important role not only
for structure dimension but also for the structwoaighness. Measurements of the
electronic properties of such graphite mesa-strastare planned.

5.3.2 Island growth

In order to investigate the growth of larger stawes in nano-cavities 30 ML gold was
deposited on 8vPLE 1 at a temperature between 300 and 370°C. Thestefé coverage
was estimated to fill the nano-cavities in area THde sample was covered with 0.4 ML
silver for other experiments beforé.2.2.1). However, this small coverage can be
neglected in comparison to the gold coverage.

Figure5-40a shows the island growth on a free area witetects. The same behavior
(figure 5-40b) shows area 5 structured with nano-pits ¢aired with low ion dose, cf.
section5.2.1.1). In both cases large gold islands are grow the sample without any
observable pattern. Figube41 shows that the faceted areas of the clusterdistributed
in a wide range. The height distribution shows shme behavior. Note that the height of
the islands is given in absolute height, whichefireed as difference between the highest
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FIGURE 5-40: STM images of 8mpLE 1 after deposition of 30 ML gold. The images
correspond to (a) free area, (b) area 5, (c) areat1(d) area 15, (e) area 15,
(f) area 16. The corresponding ion doses are listéd table 5-1. They show
the dependence of island growth on the surface strture.

point on the gold island and the deepest poinh@nSTM image. This analysis method is
necessary, because it is not possible to deterthénsurface-level in the images due to few
free spaces between the islands. This causes anmaxinaccuracy of a few nanometers.

Figure 5-40c shows the island growth on nano-cavitiesrgad4, which is structured
with Dpoint = 2.5 X 10 ions/point. In this area a pattern of gold islasds be observed.
With increasing ion dose this pattern becomes etedigure 5-40d-f). Every point in the
pattern consists of several islands. As showngar&5-31 the nano-cavities do not have a
perfect shape. They consist of a main large canty a smaller one on the upper left side.
The gold islands have the same pattern. The lastgerds (labeled with A) are neighbored
with smaller islands on the upper left side (ladetdth B). Comparing the position of
islands A relative to islands B with the correspogdhano-cavities it can be deduced that
the islands are directly grown on the nano-cavities

With this the island growth can be imagined asofe#i. First gold islands grow on the
cavity edges and then they coalesce over the camiybuild a common island. Below this
island a hollow could exist. An indication for thsspposition is that, in comparison with
the deposited gold coverage, the islands are lag@&xpected. That can be explained by
comparison of the deposited gold coverage withgihld coverage needed to fill all nano-
cavities up to the surface level. The latter valae be estimated from the oxidized volume
of a nano-cavity. It yields a coverage of 35 MLayfbr area 14. The calculated effective
gold coverage for the islands yields 12 ML. Thu$ydi8 ML gold is located inside the
nano-cavities assuming a sticking probability of 1.
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With increasing ion dose the faceted area becomedles and more uniform. This is
visible in STM images and in the correspondingdgsams in figures-41la. The trend of
the distribution width can be extracted from stadd#eviation as shown in figufe42a.
The standard deviation decreases for low ion detsewb10® ions/cm2. For a higher ion
dose it does not change distinctly. Furthermore wigth of the height distribution is
smaller for the higher ion dose (figuse41b). The mean island height is about 30 nm for
area 12 to 16 (dashed line).

These results clearly show that the patterningiarftes the size of the islands.

5.4 Cluster properties

An important aspect for structuring of nano-paescis the deposited material and its
special properties. They influence the particlewdglo Important aspects are surface
diffusion, temperature dependence, desorption tesiye and surface energy. These
result in different particle properties, e.g. shaparticle mobility, stability in respect of
temperature, air contact or a measuring probe dikeéSTM tip, facet building or height
distribution. A few of these points will be discadsin the next sections. The material
investigated most extensively in this work is legitich will be discussed in more detail.
The lead clusters are investigated concerning ¢ghh distribution, facet formation and
their stability. Additionally silver clusters arenvestigated concerning the height
distribution, facet formation and reactivity. Galllisters will be discussed, too, but in less
detail.

5.4.1 Gold clusters

Gold clusters were investigated in other studigds][11t is a material which is very
comfortable to handle. It is inert and does notlizd. A sample covered with gold can be
transferred in air without a great damage of theonstructures. Furthermore the grown
clusters are stable concerning their interactioth whe STM tip which results in a stable
imaging.

Due to the high desorption temperatures of golchatdhe deposition can be performed
at higher temperatures leading to a larger diffusemgth before desorption. That means a
large range of temperatures is available to turee diuster growth. Gold atoms form
hexagonal faceted clusters. The cluster facet essefgr clusters higher than 1 nm.
Standing waves were observed on these facets inr8d[% [155]. Gold is especially
suitable for production of larger particles as ukedhe experiments presentedir3.1.4.
In order to forcegold atoms into nano-cavities the sample can beaad at temperatures
up to 600°C.

5.4.2 Silver clusters

Silver is a very interesting material with respgxits electronic structure. It is a good
approximation for a free electron metal. In manydsts the electronic structure of silver
clusters was investigated concerning their sizte6ihas also very interesting optical
properties. Therefore the patterning of silver natractures offers interesting perspectives
for future applications.
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FIGURE 5-43: Height distribution of silver clusters after deposition of (a) 0.07 ML, (b)
0.27 ML and (c) 1.05 ML silver on 3mMpPLE Al at 56 °C. The height
distributions indicate peaks in the histograms. Thepeak distance is
evaluated from the peaks marked with an arrow.

A sample structured with argon ions (without patiteg) is used to investigate the
growth properties of silver clusters. The silveoras were deposited omafpPLE Al at
56 °C. The silver material was deposited in threps as listed in tablé-3. The total
coverage is 0.07, 0.27 and 1.05 ML, respectivelgdifionally the results are compared
with the results of &vwPLE 1 which was patterned with FIB and covered withML silver
at room temperature. As mentioned before, this gamps transferred to the LT-System
for STM measurements after a short air contacttems$port in a desiccator.

5.4.2.1 Cluster height

The height distribution of silver clusters grown &mMpPLE Al is shown in figureés-43.
The silver deposition and the investigation witke BTM were performed in UHV. The
heights have a Gaussian distribution as a glolmdeshThe mean cluster height amounts to
2, 4.3 and 6.2 nm for the corresponding depostieps. At a closer look many peaks are
visible in the distributions. Indeed the peaks nyoate not much higher than the noise of
the Gaussian distribution, but they can be idesdtifis periodical peaks. To distinguish the
peaks from the statistical noise the peak counts l@abe abouRo = 2N higher than the
bins beside the peak, e.g. a peak with 40 courstschbe 13 counts higher. Thus the peak
exists with a probability of 95.45%. The most proemt peaks are marked with an arrow
in the histograms. They can be used to determm@elak pitchul,eacusing the formula 15.



72 5 Results and Discussion

_ hlast - hfirst
d peak — ﬁ (15)

peaks_

For example, in figure&-43a there are 5 peaks between 1.425 and 2.525That.
results in a mean peak distance of 0.28 nm. The satsalation results in 0.27 nm and
0.23 nm for histograms in figufe43b and c, respectively.

5.4.2.2 Cluster facet

The shape of the silver clusters is observed irSiid images shown in figurg-44a-c.
To measure the cluster facet, the cluster is catlaight 0.143 nm below the cluster top.
This value is estimated to be smaller than the heifjlone monolayer silver and high
enough to get the whole faceted area. Thus onliateatom layer on the top of the cluster
contributes to the measured area. This area comdspto the cluster facet. The
corresponding histograms are shown in figbw#4d-f.

After deposition of 0.07 ML silver, clusters areogn on nano-pits or at step edges
(figure 5-44a). Many nano-pits are covered with silver ipke$ with a height of a few
monolayers. No cluster facet can be observed mithage. Hence, the facet distribution
exhibits a large peak around 0 nm2,

99% of the facets are smaller than 10 nm2. Thisevaa result of the tip influence on
the cluster shape. It indicates that the compudedtfarea is only relevant for values higher
than thesmallest facet detectabbg,, = 10 nm>.

A deposited silver coverage of 0.27 ML results ighler clusters but mostly without a
facet. The fraction of cluster facet%xin is 3%. Only for a silver coverage of 1.05 ML the
clusters are truly faceted with areas up to 80 (figére 5-44f). They have a hexagonal
shape which is typical for a (111)-facet. The fractof cluster facets Anmin reaches 50%.

In figure 5-45 the mean faceted area is calculated in depeeden the cluster height
for all silver clusters. In this image only faceeas overA, are relevant. This value is
reached for a height of about 5 nm. The maximumnets/éen 6 and 7 nm, which equals to
the maximum in the height distribution for 1.05 Mig. Then the cluster facet becomes
smaller since the clusters with a height largentBanm do not have enough material to
build a large facet.
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FIGURE 5-44: STM images on the top show the shape of théver clusters after room
temperature deposition of (a) 0.07 ML, (b) 0.27 MLand (c) 1.05 ML
silver. The histograms on the bottom show the facdlistribution of the
silver clusters for (d) 0.07 ML, (e) 0.27 ML and (f 1.05 ML silver.
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FIGURE 5-45:. Dependence of the mean faceted area on theuster height for all
deposition steps. The faceted area increases wittetheight up to a height
between 6 and 7 nm. Then it decreases for higherustters. The dashed
line marks the smallest facet detectabl@ .
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5.4.2.3 Cluster stability
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FIGURE 5-46: Height distribution of silver clusters after deposition of 0.4 ML silver at
room temperature on \MPLE 1. The sample was transferred to the LT-
system for STM measurements after a short air conta and transport in
a desiccator. The histogram indicates prominent péa. The statistically
relevant peaks are marked with arrows.

The silver clusters grown om8pPLE 1 which were transferred in air after depositién o
0.4 ML silver can be compared to the results ofitisé sections. This can be used to figure
out whether the clusters were contaminated by ket @ir contact. The cluster heights
globally exhibit a Gaussian distribution (figuse46). The maximum is about 4.3 nm. The
same height was observed for clean silver clustetr$or a coverage of 0.27 ML.

The temperature difference is not large enough @ose this difference. Another
explanation is the change of the cluster compasitiche clusters may be contaminated,
e.g. with oxygen or sulphur. Thus the cluster shapekits dimensions have been changed.
In this case the measured cluster heights becorakbesm

Similar to clean silver clusters the height disitibn of these clusters exhibits a peak
fine-structure. The most prominent peaks selectild tive same assumption as explained
in 5.4.2.1 are marked with arrows. The peak pitchuatadd with equation 15 amounts to
0.48 nm. This value equals to about 2 ML of bulkesi That may be another indication
for the contamination of the silver clusters.

5.4.3 Lead clusters

Lead is a very reactive metal with a melting p@n827 °C [115]. At low temperatures
superconductivity is observdd56]. The deposition at various conditions esgdbciat
different temperatures leads to very different leddictures. In the present study the
morphology of lead clusters is in the center oklest. The relative strong interaction
between graphite and lead clusters simplifies toelyction of patterned nano-structures.
To understand the growth behavior of these clusheng are investigated in respect of their
height and facet. The change of the cluster shlagescussed in the following subsections.
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5.4.3.1 Cluster height
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FIGURE 5-47: (a) Cluster height distribution after depositon of 0.28 ML lead on
SampLE A2 for two different gap voltages. The change ofoltage causes a
shift in the cluster height. This is visible in thepeaks, especially for the
2.1 nm peak. It is shifted about 0.14 nm. (b) Thehange in the cluster
heights results in a peak splitting as shown in thapper histogram. As a
result of the correction of peak positions well segrated narrow peaks are
obtained as shown in the bottom histogram.

“Height Corrections”

In order to get acceptable STM results it is undable to change the tunneling
parameters, especially the gap voltage and the lfaeld current. This is often necessary
because the tip shape changes during the STM nesasnot and only with other
parameters the measurement becomes possible.rEaperiments have shown that the
measurement of cluster heights in STM depends engtp voltage between tip and
sample. In reference [157] the cluster heightswaf individual clusters were measured for
different gap voltages. A systematic decrease efdhster height by about 0.4 nm was
observed for gap voltages up to 4 V. For a highuazy in the distribution it is therefore
necessary to have the same tunneling parametes ! foreasurements. Often this is not
possible.

However, sometimes it is possible to correct the \galtage induced shift. This is only
feasible if the shift can be clearly identified @agonsequence of the voltage change. For
example the height distribution of one sample mshin figure5-47a. For a gap voltage
of 1.608 V a peak can be identified at 2.19 nm,cihshifts to 2.05 nm for 1.018 V. The
whole distribution is shown in the upper histogranfigure 5-47b. A correction of the
cluster heights measured with 1.608 V results @archarrow peaks (lower histogram in
figure 5-47b). This correction method is used for thedgsams in figure$-48b, 5-48c
and5-49a.
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FIGURE 5-48: Height distribution of lead clusters grown on SaMPLE A2. The total
deposition coverage of lead amounts to approximatel(a) 0.14 ML, (b)
0.28 ML, (c) 0.42 ML and (d) 0.56 ML. The depositio temperature is
about 40° C. Different bin sizes are chosen due thfferent measurement
qualities.

One may assume that all histograms can be correctedt way but some requirements
have to be complied. For this, well identifiablatieres have to exist which can be used as
reference. That is fulfilled for lead clusters whiexhibit a clearly visible peak structure in
the height distribution. But often a correctionnist possible because the peaks are not
visible due to poor statistics. Furthermore a systéc dependence of the cluster height on
the gap voltage was not visible in all STM imagE&sat indicates that also the tip shape
influences the height measurement. That meanscltlster height can be shifted at the
same gap voltage if the tip shape has been chaeggedafter tip-preparation or collision
with a surface structure.

“Clusters on Ar Sputtered Samples”

Figure 5-48 shows height distributions of lead clustemsagr on a sample, which was
structured with argon ions and oxidized. Each lgiston corresponds to a certain coverage
of lead. The mean cluster heights amount to 2.089,2.43 and 2.55 nm for 0.14, 0.28,
0.42 and 0.56 ML lead, respectively. Note that ¢hester heights in histogram (c) are
shifted about 0.12 nm to higher values. Two mostpnent peaks are observable in all
histograms at approximately 2.05 and 2.71 nm. Thantrate at 2.05 nm is larger than at
2.71 nm for the first deposition steps but becoasmesller for the last deposition steps.
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FIGURE 5-49: Height distribution of lead clusters on @&wmpLE 10 after room
temperature deposition of (a) 0.14 ML and (b) 1.36/AL (total coverage of
1.5 ML) lead. The sample is annealed at 100°C fobaut one hour.

Another interesting feature in the histograms & tiwo peaks are shifted independently
from other peaks. They are labeled with A and Bhim histograms in figurB-48. Peak A
is located at 1.49 nm in histogram a and at 1.37mhistogram b. The difference is equal
to the correction value of 0.14 nm. Peak B is ledat 3.05 nm in the histograms ¢ and d
although other peaks in these histograms are dhiftke shifts in the height distribution
seem to depend on the cluster height. In this oasecan distinguish between two groups
of cluster heights. This effect contributes to adalening of the peaks especially in the
summarized histograms.

“Clusters on FIB Structured Samples”

Two other samples are investigated in respect ef#iight distribution. Both samples
were pre-structured with FIB. The coverage for bsdmples is 0.14 ML lead. That is
comparable to the first deposition step of the dardiscussed above.

The cluster height distribution fom8pPLE 10 is shown in figur®-49a. The sample was
annealed at 100° C after the deposition. The méasiec height is 2.49 nm. This is
comparable with the highest coverage famBLE A2 (0.58 ML). That may be caused by a
lower deposition temperature and by the annealiraggss. The subsequent annealing
seems not to cause a noticeable desorption okttkrhaterial. The Gaussian distribution
of the clusters is here clearer observable. Thig arginate from Ostwald ripening (see
page 55).

The height distribution of the lead clusters ammB8LE 11 is shown in figur&-50. This
time the lead atoms were evaporated at 55 °C amddmple was not annealed after the
deposition. The mean cluster height is 2.18 nm.sTki comparable to a deposition
coverage of 0.28 ML for 81PLE A2 despite the nearly identical preparation. Thaly be
caused by a higher nano-pit density. Four peaks mearly equal counts can be identified
which are similar to the most prominent peaks fam&e A2 and 3wmPLE 10 (with an
overall shift of 0.04 nm). The height distributi@eems to deviate from a Gaussian
distribution. That is unusual for self organizatgmowth processes.

To observe the peak evolution for higher clustdre total coverage of lead on
SampLE 10 was enhanced to 1.5 ML (figuBe49b). The sample was annealed again at
100°C. The result is a mean cluster height abck® Bm. The most prominent peak is
located at 3.45 nm. The counts of most of the paa&$oo small for a detailed analysis but
one can see that the peak structure continuesgbehclusters.



78 5 Results and Discussion

100+

counts

05 10 15 20 25 30 35 40
cluster height [nm]

FIGURE 5-50: Height distribution of lead clusters grown onSAMPLE 11. The deposition
coverage is 0.14 ML and the deposition temperaturis 55°C. 4 peaks with
nearly equal counts are visible between 1.5 and 3m The mean peak
pitch is 0.35 nm.

“Summarized Histograms”

The histograms are summarized fem8LE A2 and 3MPLE 10 in figure5-51a and b.
The single histograms are shifted in such a way tthe& most prominent peaks have the
same position. The histogram in figuset8d is left out due to the broadened distribution
Since the total cluster count in each histogramifierent, the mean cluster height in the
summarized histograms is not relevant.

The most obvious feature is the missing peak & @8 in figure5-51a. The deposition
conditions such as equipment, temperature or deposate are always the same. Thus it
can be concluded that it is a special propertyhef HOPG sample or the preparation
procedure of the nano-pits. The specification & HOPG substrate properties is not
simple and very time consuming. All substratescatfrom a large HOPG sheet. However
the HOPG surface for each tape-cleaving can berdiit.

Another possible reason is the nature of the predunano-pits. 8wPLE A2 exhibited a
high nano-pit density and the nano-pits had a marsze distribution. In contrast the
samples structured with FIB exhibited a broad dtistron of nano-pit width and depth (c.f.
figure 5-3, page 33). In these samples a lot of weak-ooroxidized defects were also
observed. This growth behavior is caused by theriloigion of the defects with a high
local ion intensity. Also the interaction crosstsat of the argon and gallium ions may be
different. That may influence the cluster growthrtRermore the role of the gallium atoms
which remain in the inner layers are not clear.

The sum of all histograms for all three samplesiltesn the histogram shown in figure
5-51c. Every second peak between 1.6 and 3 nmelnas {more) counts primarily caused
by SamMpLE A2. However the other two samples exhibit weakiyilar effects. In figure
5-50 the peaks at 1.71 and 2.39 nm have fewer sdhah the peaks at 2.09 and 2.75 nm.
For S\mPLE 10 this effect is not visible because of the ahngaprocess. A similar
behavior can be observed in figurel9b for larger clusters and was also observedhar
studies for lead layers [158]. The peaks betweénahd 3.5 nm are more relevant for a
detailed analysis here.
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FIGURE 5-51: (a) Height distribution of lead clusters on 8vPLE A2 for the first three
deposition steps. (b) Height distribution of lead lusters on wpPLE 10 for
both deposition steps. (¢) The total height distribtion of all three samples
(SaMPLE A2, SamMPLE 10 and WPLE 11)

“Odd-Even Effect”

The cluster height values of the mentioned pealpktted versus the peak number in
figure 5-52a. The fitted line has a slope of 0.345 nm.iMtaresting point is the deviation
of the measured data from the fitted line whichrespnts the cluster heights for equal peak
pitch. In most of the histograms the peak pitchas exactly equal. That effect is clarified
in figure 5-52b where the fitted line is subtracted from ple@k position. It shows a zigzag
progression. Every second peak is higher (smatear) the fitted line.

This odd-even oscillatiocan be explained with quantum well states (QW 8js €ffect
is treated in detail in reference [159] for thirdstanding Pb(111) layers. The energy
distances of the QW-states decrease for thicker legers (figures-53). The distance of
the highest occupied state to the Fermi level tsalways equal; it oscillates with counts of
atomic layers (odd-even oscillation). This behavsoalso reflected to surface energy and
work function. In contact to the surface this bebaghanges slightly but the oscillation is
always present (see reference [160] for Pb layerSip The progression of the quantum
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FIGURE 5-52: (a) Cluster height versus peak index for fivenost prominent peaks which
are marked in figure 5-51c. The fitted line yields a slope of 0.345 nm
which is equal to the peak pitch. The offset is nely equal to 4 x 0.345 nm
(1.38 nm). (b) The difference between the measuréebights and the fitted
line exhibits a zigzag evolution.
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FIGURE 5-53: Quantum well-states of a thin Pb(111) film as function of thickness
(taken from [159]). The energy at the Fermi leveld set to zero.

well states with the thickness of lead layers iafices the tunneling current in the STM
measurement. Altfeder et al. have investigatead layer on silicon step edges with STM
and STS [161]. They observed in an STM measurethanthe surface of a lead island is
structured in a sequence of bands depending dodhkisland thickness.

In our STM measurements a positive sample biasasl,u.e. electrons tunnel from the
occupied states of the STM tip into the unoccusides of the sample (cf. figuBel2a).
In a simple model the tunneling into states which aearer to the vacuum levE|
involves a smaller barrier. Hence, the smallereghergy distance between an unoccupied
state of the sample and the Fermi level of thastifwith E < Erip = Ersample + €V) the
higher is the probability of the tunneling effedhiah results in a higher tunneling current.
Thus the odd-even oscillation is reflected in tnaneling current.
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The odd-even oscillation is also correlated witle tfavored cluster heights. As
mentioned above the odd-even oscillation also appfeat surface energy. The clusters
with lower surface energy should be more stable #d more favored. Thus every
second cluster height is more present, which iemable in the histograms as peak with
more counts.

5.4.3.2 Cluster facet

“Clusters on Ar Sputtered Samples”

The formation of facets on lead clusters is obsEome most of the samples. But they do
not always have the same facet shape. FigtFé shows the formation of cluster facets for
four equal deposition steps. The deposition tentperawas 40 °C (close to room
temperature). Many clusters have already a smaktfat the first evaporation step.
Histogram (e) indicates that 47% have a largertf@ Anmin which is defined irb.4.2.2
as ‘smallest facet detectable’. This is visible time histogram as well as in the
corresponding STM image. The cut 0.135 nm fromhilgbest point of clusters with facets
> Amin indicates a hexagonal shape. For 0.28 ML lead 88@ofor 0.42 ML lead 93% of
the clusters are faceted.

For the highest lead coverage of 0.56 ML 73% oyette valueAni, although in the
STM image all clusters seem to be faceted. Thheuse many clusters are not imaged
well in this measurement run. The interaction wiite STM tip caused a motion or damage
of the clusters and their facet. As result sometehs are not imaged completely. That
effect appears in histogram (h) in the form of akpbetween 0 and 5 nm2. However the
cluster facets indicate a clear hexagonal shapei®rcoverage.

“Clusters on FIB Structured Samples”

In another experiment the clusters were grown amrtemperature but the sample was
annealed at 100°C, afterwards. The correspondsigtseare shown in figurg-55 for 0.14
and 1.36 ML lead. In the first deposition step thesters do not form facets, although in
histogram (c) there are many clusters with a fac@,,. Actually in this case the facet
measurement is modified by the tip influence. Thp bf each cluster has a double
structure in a very small distance which together erroneously identified as one facet.
This effect can be observed for all clusters, bwan not be corrected in the analysis. It
doubles the value of the faceted area if the arsalygthod in sectio3.2.4 is used. Thus
the valueAnmin has to be increased to 20 nm2 for this measurerttieat effect is not
observed for the higher coverage). With this ortly 8f the clusters indicate a small facet
although the clusters are on average higher thanltisters in figur®-54a.

For the higher coverage the clusters predomindoti;n a triangular facet after the
annealing process. This shape can be explainedhégriystalline structure. In a model
which proceeds on a truncated octahedron for fdadtesters the side facets are (111) and
(100) alternately (cf. [105]). Since the clustezdhis a (111) facet and the transition from
(111) to (111) is more favored than from (111) 16Q), every second side is larger in the
equilibrium case. Thus the facet shape seems toidregular. In the histogram in figure
5-55d 99% of the clusters have face®.
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FIGURE 5-54: (a-d) STM images for 0.14 ML, 0.28 ML, 0.42 M and 0.56 ML lead on
SAaMPLE A2. The images show the successive formation ofister facets.
The corresponding distribution is shown in histograns (e-h). For the first
deposition steps small cluster facets are alreadybservable. For the
highest coverage large hexagonal facets are formed.

“Height Dependence”

In figure 5-56 the dependence of cluster facet on the climgight is shown for both
samples. The facet of lead clusters is formed ligsters higher than 0.5 nm. For annealed
clusters the facet is not formed below 1 nm. Therekse of facets for higher clusters is
caused by the limitation of the deposited matefialus the facet of the highest clusters can
not grow. The facets of clusters with a height leetw0.5 and 2.5 nm are larger for the not
annealed sample.



5.4 Cluster properties

83

6004

500

counts
counts

T T T T T
80 120 160 200 240 0 40 80 120 160 200 240

cluster facet [nm?] cluster facet [nm?]
(©) (d)

FIGURE 5-55: (a-b) STM images after deposition of 0.14 andl.36 ML lead on
SampLE 10 and the subsequent annealing. In the first degdion case the
clusters are mostly not faceted. After the second egosition large
triangular like facets are formed. The correspondimgy facet distributions
are shown in histograms (c-d).
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FIGURE 5-56: Dependence of the mean faceted area on theuster height for all
deposition steps on (a) 8vPLE A2 and (b) S\mMPLE 10. The faceted area
increases with the height. The dashed line marks ¢ smallest facet
detectable Ani,. In contrast to silver the lead clusters form faces very
early.
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5.4.3.3 STS measurements
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FIGURE 5-57: (a) STM images of lead clusters grown onaBIPLE 3. The heights of
clusters 1 to 4 are 3.5, 2.7, 2.1 and 4.9 nm, resfieely. Clusters 1 and 4
have a large facet whereas clusters 2 and 3 are nodiearly faceted. (b)
Corresponding STS-spectra for the labeled clustersThe set point is
=26 pAatU=1V.

In references [159-161] the effect of quantum w&dltes is investigated for lead layers
with various thicknesses. The quantum well statescanfined in one dimension between
layer surface and substrate. The question ariseshehthis effect is also observable for
lead clusters. In this case the problem is extenddtree dimensions. Thus the quantum
well states can also appear between the side fac@tamany other variations. However in
practice two directions can be investigated: thdica direction given by the cluster
height and the lateral direction given by the @uswidth. The cluster width in STM
measurements can only be evaluated from the cliztet.

A first set of STS measurements should reveal thentym well states and their
dependence on the cluster size. In figh¥87 STS measurements for four clusters with
different heights are displayed. The STS measurenta&ve been performed at 77 K. Only
the unoccupied states can be observed clearly.p€hks indl/dV spectra represent the
energies of the quantum well states. The influeridbe cluster facet is not visible in these
spectra. But the cluster height influences the pee&tion. The clusters 1, 2 and 4 will be
discussed in the following. The first peak in pesitrange is located at about +0.5 V and is
equal for all clusters even though very weak farstdr 4. In contrast the second peak
appears at different voltages (marked with arrowfigure 5-57b). For higher clusters it
appears at lower voltages. The peak about 2.2 \tlister 4 belongs to the third state
above the Fermi level. The peaks in the spectrurduster 3 can not be allocated. The
peak at 2.7 V may belong to the second unoccupétd.s

These spectra yield a first indication for heigiftuenced quantum well states. In order
to get an idea of this dependency 43 clusters weestigated with STS. In figurg-58a
the peak locations are plotted versus the clugigihlh In this figure two states can clearly
be identified for clusters higher than 3 nm. Thwstfstate exhibits a horizontal trend at
0.5V and the second state a linear decrease framl2/. One may identify a third state
which also exhibits a linear decrease from 3 to.2C\usters smaller than 3 nm do not
exhibit a visible trend in the peak structure.
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FIGURE 5-58: Peak positions of lead clusters onABIPLE 3 are plotted (a) versus the
cluster height and (b) versus the cluster facet. Teh doted lines in (a)
indicate the trend of the peak positions versus chter height. The
horizontal line in (b) correspond to the mean pealpositions in (a) and the
dashed vertical line marks the smallest facet detable Ain.

In figure 5-58b the dependency on the cluster facet is disdlarhe peaks do not show
any dependency on the facet size. That is notwasilgle for the first QWS but also for the
second one. The distribution around the dotedineaused by the height dependence of
the states. The third state is not really visildeeh This independency does not mean that
there are no quantum well states in the lateraction but rather that they can not be
measured with STS. That may originate from the m@gsent configuration in which the
gap voltage is applied in vertical direction ané tanneling current flows in the same
direction. Behind the dashed vertical line Aaf,) the two QWS can not be identified. The
existence of cluster facets seems to be essentidhé measurement of quantum well
states.

5.4.3.4 Cluster stability

“Scanning & Tunneling”

The influence of the tunneling process on the elushape is presented for one single
cluster observed in STM. The faceted lead clustas ¥ormed after room temperature
deposition of 0.8 ML (figuré-59a). On the top of the cluster STM measuremeeie
performed with tunneling parameters typical for STiMeasurements with atomic
resolution. The gap voltage was decreased to 0&hd/ the feedback was set at about
100 pA. Thus the gap between the STM tip and dlusts decreased and the interaction
increased. The result is shown in figls&9b. The cluster becomes higher while other
structures on the surface do not change. The linélgs in figure5-59¢ show that the
cluster height is increased from 3.5 to 6.5 nm.

Since no material from the surroundings was trarieddo the cluster the width should
be decreased correspondingly. That can roughlybserged in the line profiles but the tip
influence does not allow a detailed analysis. Tih@nged cluster does not exhibit a facet.
Furthermore in the STM images an enhancement ofntiage quality can be observed.
That indicates that tip and cluster exchanged natetich led to a sharpening of the
STM tip. However it is supposed that not enoughemait was exchanged to cause the
cluster enlargement.
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FIGURE 5-59: (a) A lead cluster on 8mPLE 3 exhibiting a large hexagonal facet. (b) The
same cluster which has changed its shape after scang on the facet with
a gap voltage of 0.3 V and a feedback set of 100 ng&) Line profiles of
both clusters. The cluster height is increased fror8.5 nm to 6.5 nm after
scanning with the mentioned parameters.

“Annealing & UPS”

In another experiment the sample was annealed GC1Higure 5-60a). The height
distribution shows an increase of the mean clustaght about 1 nm. In contrast the cluster
density did not obviously change. It amounts toSI@mh? before annealing and 95042
after it. That corresponds to a decrease of thetaludensity of 10%, neglecting the
statistical error. But the height increase is al@®®fo. Also the cluster facets obviously
shrunk. That is comparable with the results inrggat54a (not annealed) and figuseb5a
(annealed) and in the corresponding facet disinbst This behavior is comparable with
the change of the cluster shape after tip intevacti

During UPS measurements a typical operating presisubetween I0and 10 mbar
(mostly helium). It might be higher close to thengde. The height distributions (before
and after UPS measurement) show that this is notigihto change the cluster shape
(figure 5-60Db).

“Air Contact”

Additionally the lead clusters are investigatedhwrespect to stability in ambient
conditions. The STM image in figuke61 shows lead clusters after storage for 7.5hwur
a nitrogen atmosphere in the load-lock of the L$teyn. The STM measurement could
only be performed at high gap voltages. The clsstee contaminated and seem to have no
metallic character anymore. The clusters exhihihee a facet nor a spherical shape. It is
rather jagged. The clusters may have reacted wigigem or sulfur contaminations in the
nitrogen atmosphere. Hence, the lead clusters @inba transferred in a nitrogen
atmosphere.
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FIGURE 5-60: (a) Distribution of cluster heights shows the&hange of the cluster heights
after annealing the sample at 150°C. The mean clwst height is shifted
about 1 nm to higher values. (b) Height distributims before and after
measurement with UPS, which is performed in a helim atmosphere with
a pressure between 10 and 10° mbar. No changes in the height
distribution are observable. The sample used isa#1PLE A2.

FIGURE 5-61: Contaminated lead clusters on @1PLE A2. The sample was transferred

into a nitrogen atmosphere for 7.5 hours before STMmeasurement. The
gap voltage was 3.8 V and the feedback set 25 pA.
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5.4.4 Discussion

The investigation of silver and lead clusters Hasas1 several differences in respect of
the cluster height, cluster facet and their stgbilFor a quantitative comparison of the
cluster heights with the height of the atomic layerbulk we have to use an exact
calibration on a nm scale considering errors causgdhe calibration of the STM
apparatus [162]. The calibration was performed toywing G multilayers on HOPG at
LN, temperature (77 K). The expected theoretical meyesl height of g can be
evaluated from the lattice constami,= 1.405 nm [163]. It leads td., = 0.81 nm for the
(111)-orientation. The experimental value is evidddrom a height histogram of an STM
image with a good image quality as presented ioréi¢-62. The peak distances were
0.91 nm. Thus the structures are imaged 11% higher.
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FIGURE 5-62: Histogram (left) and STM image (right) of Gy islands on HOPG.

With this calibration the mean peak distances aarcdrrected which leads for silver
clusters to 0.231 nm and for lead clusters to 0r8@7 The theoretical thickness of an
atomic layer in (111)-orientation in bulk can beakenated from the fcc-structure and the
lattice constant. The lattice-constant for Ag i40® nm and for Pb 0.495 nm [6,115]. So
the theoretical thickness of a (111) atomic lage®.236 nm for Ag and 0.286 nm for Pb.
The measured peak distances correspond with tievalles of the layer thickness within
the measurement inaccuracy of about 5% relativar §62] or 0.05 nm as absolute error
of the histogram (bin size). Considering this oaa say that all clusters have grown layer
by layer but the lead clusters indicate that es&rgond atomic layer is more stable. This
behavior is associated with the odd-even-oscillasie discussed above.

The reason that this effect occurs for Pb and oroAg is the different growth behavior
of Ag and Pb clusters. The diffusion of Pb atomsuos at lower temperatures and Pb
forms facets more easily. Thus the Pb atoms camgae@e within the clusters and
between them and form clusters with smaller surtatergies, which is influenced by the
odd-even-oscillation. In contrast the Ag atoms dbreorganize and the cluster shape does
not change its original form. In this case the eddn-oscillation of the QWS is not
reflected in the height distribution.
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FIGURE 5-63: Plots of the diameter of the cluster facetsevsus the cluster height for (a)
silver and (b) lead clusters. It is also plotted foannealed clusters in the
case of lead (red circles). The plots are evaluatddom figure 5-45 and
figure 5-56. The black line marks the smallest detectabfacet of 10 nmz2.

For lead clusters the smallest cluster height withcet is about 1 nm whereas it is 5 nm
for silver clusters. In figur®-63 the ratio facet diameter height is shown fitves, lead
and annealed lead clusters evaluated from:

VAA T

h

d

. (16)
whereA is the faceted area. For the smallest facet ddikcofAnyi, = 10 nm2 (see page
5.4.2.2) the d/h-curve is drawn in figuf®63. In the case of silver clusters the
measurement data points are below this curve fetets smaller than 5 nm and close to
the curve for higher clusters (figure63a). That means the cluster shape is nearly
spherical even for faceted clusters. In contrast/dad clusters the measured d/h is higher
than the curve (figuré-63b black squares). For higher clusters the nieamnt data
points approach to the curve. This emerges bedhestacets are not completely formed
due to the limitation of the deposited lead materia

The annealing process moves the data points dioslee curve for clusters smaller than
3 nm (figure5-63b red circles). In this case the clusters leawearly spherical shape. But
for higher clusters the distance to the curve ssintitly larger. The facets of these clusters
are probably more stable.

The difference between the shapes of silver and ébasters can be explained by the
different interaction strength between the clusied the graphite surface. The silver
clusters exhibit a small interaction with the swdigt That is noticeable during STM
measurements where the silver clusters can be nmea&ly by the STM tip. As a result of
the weak interaction the clusters are quasi freecam build a spherical shape which has
the smallest possible surface energy. In conthestidad clusters seem to have a stronger
interaction with the substrate. Thus they do naimfaa spherical shape. Only after
annealing or tip interaction the clusters are uestired to the spherical shape.
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Another difference is the stability concerning ansfer in nitrogen or air. Lead clusters
are contaminated already for a storage in a nitr@amosphere. With this the lead clusters
can not be examined in ex-situ experiments. Sithesters are contaminated, too, but the
contamination is smaller even for a transfer at iantbair for longer time. For silver
clusters the contamination only becomes visibléhanheight distribution where the layer
height is increased to 0.42 nm (including the calibn correction). The higher reactivity
of the lead clusters is comparable to the bulk biehaf silver and lead.
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Many phenomena observed in experiments can be stoder
either by theoretical treatments or by simulatioBspecially the
Monte Carlomethod (MC) is a statistical method for simulataifn
problems which are too complex for a detailed treatdt. In this
method the real variables or processes are repegsby random
numbers. The name Monte Carlo, coming from the ddarlo
Casino in Monaco, was used first by Metropolis irexp by interest
of his coauthor Ulam in poker [164]. Actually theethod of
random numbers was used before by Enrico Fermi9B0 Ifor
calculation of neutron diffusion processes. It wae central
method for simulations within the Manhattan Projéat World
War Il). The MC method is especially suitable famslation of
dynamic events in physics, such as diffusion preegsn fluids or
solids ¢andom wall. It is used here to simulate first the impact of
gallium ions and then the oxidation process.

6.1 lon impact

The measurements have shown that the exposedusesiere wider than the resolution
of the FIB tool. The origin of this effect is mamithe creation of defect cascades. Most
important for broadening in the oxidation process defects on the surface which are
caused by atom recoils. That results in defectthésurroundings of the main pattern
structure for lower ion doses or in broadeninghef éxposed structure for higher ion doses.
To understand these effects simulations of theingpacts into the surface are required.
Furthermore the penetration depth of the ions whghliscussed irb.3.1.2 can be
understood in connection with the corresponding utations. The simulations are
performed with the program TRIMI(ansport Range of lons in Mat)ewhich is often
used for Monte Carlo simulations of ion impact®iatmodifiable target [165].
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6.1.1 About TRIM

The super-program of TRIM is called SRIMhe Stopping and Range of lons in
Matter) which provides other tools for ion implementagorA full description of the
calculation method used in TRIM is in referencegldn the TRIM input window the
parameters of the simulation, the target and tnespecifications can be modified. The
simulation provides results about the ion pathha target, target damage, sputtering,
ionization and phonon production in a three dimemsi distribution. During the
simulation all atom cascades are saved into diftefiles which can be used for a detailed
analysis. The ion is specified by its atomic masgrgy and the angle of incidence. The
atoms in the target are specified by their atomassn density, displacement enekgy
lattice binding energ¥y,, and surface binding ener@y. Additionally the ions lose energy
by interaction with the electron shells of the &rgtoms. That is given by tlstopping
power which depends on the ion, target atoms and iomggn&he stopping power is
investigated in many studies for different mater{dl67].

After collision the incident atom 1 has eneigyand the stationary atom 2 has energy
E.. A displacement occurs i, > Eq and a vacancy occurs if algg > E4. A vacancyis the
hole left behind when a recoil atom moves fronotiginal site. If a moving atom strikes a
target atom and has not enough energy to move odswamreplaces the target atom. After
collision the energ¥; is reduced b¥y,. If E; < Eq then atom 2 has not enough energy and
it vibrates back to its original site, releasiggas phonons. If atom 2 leave the surface and
E. > Es then atom 2 is sputtered. These are the main guoes occurring during a
collision. For more details about the ugedichin-Pease analytic methagke references
[168,169]. The occurrence of a collision is based @ Monte Carlo simulation. The
crystalline structure of the target is not consedein the collision process. However these
simulations provide very good estimations.

6.1.2 Simulation results

“Energy Dependence”

The simulations presented here are comparable @ighak’s study [72]. They were
performed for 3000 gallium ions striking on a grig@hsurface at the same position
x=y=0. The graphite target is predefined in TRIM.eTélensity is 2.253 g/cinthe
atomic weight is 12 u and the energies Bge= 28 eV,E, = 3 eV, Es= 7.47 eV.
Additionally TRIM provides a special ‘bond corremti about 0.868 for graphite [167].

The results of the simulations for five ion enesgage displayed in figuré-1. The ion
traces are colored red. The bright green color m#rk trace of recoil atoms and the dark
green the collision position. Since the TRIM softevatacks the ion tracks in the image the
red lines are not clearly visible. The recoils agp#own to 15 nm for 5 keV and 70 nm for
35 keV. The lateral extension of this region isragp 20 nm for an ion energy of 5 keV
and approx. 60 nm for 35 keV. It is remarkable ttn&t shape of this region is roughly
shaped like a rectangle for all ion energies. Thdume will completely oxidize.
Consequently, the measured STM image shows roubhklghape of the defected volume
like a cylinder (excepting the broadening causedhaytip shape). In other experimental
setups the ion implantation could also cause argpha@efected volume which is narrow
on the surface (e.g. cf. figu2). The STM image of these samples would alsoltresa
cylinder like shape, too, different to the realshécf. figure3-11). The simulations show
that this is not the case for impingement of gatlion on graphite.
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FIGURE 6-1: Calculated results from TRIM for five ion energies. The red dots are
collisions between the ions and target atoms. Theagen dots are collisions
between recoiling atoms and other target atoms.
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FIGURE 6-2: Calculated results from TRIM for 1000 helium bns with an energy of
35 keV into a graphite substrate.
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FIGURE 6-3: Total target vacancy per ion is plotted versughe ion energy.

The number of target vacancies increases roughéali dependent on the ion energy
(figure 6-3). The ions with higher energy can transfer mamergy to the recoiling atom
and initiate a larger cascade.

The histograms in figuré-4 display the vacancy distribution versus thgaadepth in
the graphite substrate for two energies. The mamxirtays at 4.5 nm for 5 keV and shifts
to 18 nm for 35 keV. The FWHM amounts to 6 nm foké/ and becomes wider to a
value of 26 nm for 35 keV.

“Influence of the Beam Diameter”

The lateral distribution of the target vacanciedlisplayed in figure6-5 for 30 and
35 keV. This time the TRIM simulation was performimat a Gaussian distribution of
gallium ions. The Gaussian distribution is desdafitnéth:

f(xy)= 2]7102 exp(—[—(x_” *);(zy_” V)ZD (17)

where g is the standard deviation apgthe mean value of the variable i which is set to
zero. The FWHM is fixed at 8 nm to have a comparignGierak’s study. With the values
of x andy the impact position of every gallium ion is caltield and forwarded to TRIM.

In figure 6-5 the vacancies are distributed within a deptltaaf 30nm. Gierak et al.
have achieved a mean in-depth free path of 22.7an87200 gallium ions with an ion
energy of 30 keV [72]. These values are appreciabigller than the experimental result
for the pit depth which was about 50 nm. In ordeunderstand the correlation between
simulation and experiment the limit of the vacarasnsity should be defined in the
following with respect to the oxidation process.
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FIGURE 6-5: Density of target vacancies for (a) 30 keV an(b) 35 keV. Red regions are
the regions with the highest vacancy density. The hite region in the
middle is a result of poor statistics.

“Prediction of the Cavity Depth”

To compare the TRIM simulations with the experinaémesults for the oxidation of
nano-cavities it has to be estimated which defecisity is needed to oxidize a complete
graphite layer. In a simple approximation a nartagpregarded as a cuboid with the side
length ofa and the depth af...c = 0.335 nm (the graphite layer distance). If thelimed
layer is imagined as a matrix of these cuboid ngitethe density of the nano-pits is given
by:

_ 1
Pimt = 35

2
dHOPG

(18)
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This value is equal to the density of defects whglmeeded to oxidize the complete
layer if one nano-pit emerges for one defect. Maisie has to be compared to the defect
density normalized with the ion counts and the ldegifference as used in the TRIM
software:

1 « AN, (19)
N. Az

ion

lonorm =

whereNy,. is the number of vacancies anthe target depth. Correspondingby,; has to
be normalized as follows:

X .
,Onorm - phmnN- A}Jomt (20)

where Apoint IS the impact area for the incident ions. It ipraximately 14500 nm? for
SampPLE 1 [103]. Nion represents the number of incident ions, it is £qaa3000. The
highest uncertainly in this model is made&dgndApin. In table6-1 the value ofnom for
different reasonable values afandApin is calculated. The depth for which the vacancy
distribution is equal to the vacancy densityoafim corresponds to the maximal depth of
the nano-cavity which would emerge after oxidatjoh figure 6-4). It is obvious that the
resulting depth corresponds to a very low vacanegysdy in the tail of the vacancy
distribution. In figure6-5 no vacancies are visible at this depth dubéassed color scale.

The cavity depth for 5 representative valuegigin in dependence on the ion energy is
displayed in figures-6. It rises roughly linearly with the ion energgd onom defines the
slope. However the cavity depth is not very sewsito g,om due to the exponential decay
of the vacancy density in the tail of the distribnt For a value about 0.025*Athe
simulated depth is near to the measured deptheoSWM experiments (cb.3.1.2). This
value is marked in tabkg-1 with a dashed blue line.

a [nm] Apoint [nmz]

10000 13000 16000 19000Q]
3 0.109 0.142 0.174 0.207
4 0.061 0.080 0.098 0.116
5 0.039 0.051 0.063 0.075
6 | 0027 [ 0.035 0.044 0.052
7 0.020 | 0.026 | 0.032 0.038
8 0.015 0.020 | _ 0.025 0.029
9 0.012 0.016 0.019 1 _ 0.023
10 0.010 0.013 0.016 0.019

TABLE 6-1: Calculated values ofg,om given in 1/A using formula 20 for a vacancy

density which is needed for a complete layer oxidiin. It is calculated for
different values ofa and Aggint.
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FIGURE 6-7: Density of target vacancies for 35 keV (cf.dure 6-5b). The color range is
extended with gray which represents the areas witta low vacancy
density.

For comparison of the lateral dimension of thewith experiments the color range in
the figure 6-5b is extended for lower vacancy densities (Bgb«7). It shows that the
lateral distribution amounts to 20 nm at the swefand to 40 nm in a depth between 10 and
30 nm. The experimental result for the pit diamgeteith optimal focus (cf. figur&-32)
was 20-30 nm and therefore comparable with thekeesaAlso the shape of the defected
volume becomes more visible. It deviates more feoractangle. With this the STM image
would not exactly show the real shape of the gitf(gure 3-11).
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6.2 Oxidation

The oxidation process was simulated in severaliestuoefore. Stevens et al. performed
simulations for single pits to investigate the griowf hexagonal and circular pits [125].
Another group simulated the growth of multilayetspj124]. In this study they could
create nano-pits and simulate their growth withetim

However these simulations do not describe the dxidgrocess for defects in a given
pattern. That is performed here with a program temitin C++ for windows operated
systems. The algorithm is explained in sect®®2.1. The correlation of the used
parameters to the experimental parameters is tréatectiors.2.2. The physical meaning
of the simulation parameters is discussed in se&id.3. Finally some results with focus
on nano-pit groups are presented in se®@i@.

6.2.1 Algorithm

The basic algorithm is the following. An oxygenmatadsorbs on a random position on
the surface and performs a random walk. If it hitdefect, e.g. a vacancy on the surface
the oxidation happens with thexidation probability pox. If the oxidation is not
accomplished the random walk continues until is l@tdefect again or its path length is
equal thediffusion length before desorptiog diven in nm. In the latter case the oxygen
atom will desorb. With this the simulation procesainly depends on three parametgrs
Pox @and the density of the adsorbed O-atgmgiven in 1/nm? (calle@tom densityn the
following).

The flow chart of the simulation program is showrfigure 6-8. At program start a two
dimensional graphene sheet is created. The gragtarsture is converted to a Cartesian
coordinate system with the method depicted in Bgtt9a. Then the initial defects are
created. In this step the program provides mangddfypes like single defects, defect
lattices, random defects, Gaussian distributedotieetc. Afterwards the oxidation process
begins forN, oxygen atoms calculated fropm and the sheet sizZ&qe: In this process the
oxygen atom starts at a random position and moves the graphite atomic bonds as
illustrated in figure6-9a with arrows. The direction of the movementadculated from
random numbers. Thus the oxygen atom performs @omanwalk as illustrated in figure
6-9b. In the next step the program checks whetmeratom arrived at a step between a
vacancy and a surface atom. In this case the progeaforms the oxidation process with
the given probability for the mentioned surfacenat@®therwise it will go on with the
random walk. This process cycle runs until the @rareacts or the diffusion length is
achieved. Thus the program uses three random nsmbegse are the start position of the
oxygen atom, the movement direction and the oxdgbrobability test number.
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FIGURE 6-8: Schematic illustration of the program structure for simulation of the
oxidation process.
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FIGURE 6-9: (a) The HOPG lattice is transformed to a lattte of two types of triangles
representing the two atomic basis. This reflects déctly the HOPG lattice.
The white circle represents the start point of theD-atom. It moves along
the carbon bonds. That is shown with arrows. (b) Th simulated random
walk for 5 oxygen atoms with a diffusion length of, = 500 nm.

(b)

6.2.2 Characterization

The parameter$, pox and g, create a three dimensional parameter space. nbtis
simple to find the matching parameters which cquoes to the oxidation process in the
experiments. Hence in this section the parameterstested for their influence on the
oxidation process. At the end the matching parammdte the sample oxidation as used in
the experiments should be estimated.

In order to visualize the influence of the oxidatiprobability p.x, lo and g, are hold
constant ang. is varied. The simulation results are shown imrfé6-10. Forpex < 0.05
the pit is more or less round. Ray > 0.05 the pit begins to build a dendritic shajeciv
becomes clearly visible f@ix = 0.2. This shape of growth is similar to struetiobserved
for metal atoms deposited at low temperatures [1¥B¢ oxidized area and its perimeter
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FIGURE 6-10: Simulated pit shape for different oxidation pobabilities. The simulation
parameters are: g, = 5/nm2,l, = 6.7 UM, Agheet= 100 nm x 100 nm. Image
sizes are 50 nm x 50 nm.

are plotted in figureés-11. The value of the oxidized area reflects tbmliper of reacted
oxygen atoms. The saturation is reachefy,at 1 where 34% of the oxygen atoms have
reacted with the surface. The perimeter of thenpiteases linearly.

In figure 6-12 the perimeteP is plotted versus the arda The simulation results exhibit
an overall deviation from the curve for an ideatley(described with equation 21 for
n=1). This is caused by the pit borders whichraresmooth. It exhibits a zigzag structure
which results in a larger pit perimeter (describgdhe equation 21). It is evaluated from a
fit for simulations with two oxidation probabilisg,x = 0.003 and 0.03 which both yielded
pits with nearly round shapes (see fig@d3) and result both in a correction factor
n=2.3. The corrected curve is added in figbr&2 with a doted red line. It fits very well
the simulation results foA < 250 nmz2. At this point the deviation from theind shape
begins. The corresponding oxidation probabilitypis= 0.05. That is the limit value for
the growth of dendritic structures. All pits withhx < 0.05 have a round shape which
corresponds to the experimental results. For mdsthe following simulations the
oxidation probability is set tp,x = 0.03 (see next section for a detailed discu$sion

A=n2JmrP (22)
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probability for the simulations shown in figure 6-10.
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102 6 Monte Carlo Simulations

700 - . . . . . . . . . .
= simulation p_ = 0.03 .
600 e simulation p, = 0.003 TR
e
——circle R

5004 L fit -
€ o
. 400 - .
P .- -
L
[} e
£ 300 L -
P .
5 .
o
‘S 200

100 +

O _—r T T T T T T T T T T T =
0 1000 2000 3000 4000 5000 6000
oxidized area [nm?]
@) (b)

FIGURE 6-13: (a) A nearly round pit with a perimeter of 45 nm. The white circle has a
perimeter of 193 nm. (b) The pit diameter is plottd versus the oxidized
area for simulations with two oxidation probabilities of 0.03 and 0.003
which lead to nearly circular pits. The black solid line represents a
perfectly circular pit shape based on formula 21 fon = 1. The doted red
line is the fit with the formula 21. It yields a carection factor of n = 2.3.
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FIGURE 6-14: Simulated pit shape for different values of @m density and diffusion
length. Other simulation parameters are: Agpeet= 100 nm x 100 nm,
Pox = 0.03
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In figure 6-14 different simulation results are shown forfetént values of, and p,.
The main effect is the change of the pit size. Thape of the pits is round for all
parameter sets. It is well visible that the santespape and size can be achieved with
different values of these two parameters. The piofgyure 6-15 and figureés-16 show the
increase of the pit area withandg,. The curve shape can be described by:

of 1,
Al,,p.)=A x{p, xnm? o 22
(0.0,)= A %o, )(nmj (22)
Fits with this function yield the following values:
A, =200°nn?
a =161+ 004 (23)
L =176+ 007

They describe the growth behavior best for shadind largeo, for a constant oxidation
probability ofpox = 0.03. With this function the pit diameter canrbeghly predicted.

In order to find the matching parameters for ardation process as performed in the
experiments the properties of the oxidized samples considered in the following.
Experiments which exhibited a reasonable shapedandity of the nano-pits have shown
that the mean pit diameter should be between 51@8ndanometers. The mean distance
between the nano-pits for a reasonable pit dersapout 20 nm. A first estimation for the
simulation parameters could be achieved by forr@dla

Since the defect oxidation is influenced by neigkbodefects the best parameters
should be estimated with a pattern of defects witbitch of 20 nm as shown in figure
6-17a and b for two different parameter pairs,icglparameter set Andparameter set B
(table 6-2). In the first case the diffusion length of tveygen atom is very large, in the
other case the density of the oxygen atoms is kigly. Both parameter sets result in the
same pit shape with diameters about 10 nm.

parameter set

A B
Pox 0.03 0.03

lo 10000 nm 50 nm

Oo 5/nm2 100 / nm?

TABLE 6-2: Oxidation parameters for parameter set A and B

For comparison the same simulation is performedifogle defects. They represent the
case of a very low defect density. For parameteAsthe nano-pit is larger than in the
lattice pattern (figuré&-17c). In contrast for parameter set B there iglifference between
the single pit and the pit pattern concerning thitespape (figure6-17d). That is an
important effect which noticeably influences thadation process. This becomes visible
by comparison with an STM image as shown in figg#E8a. In this image there are about
107 nano-pits. Assuming that every nano-pit is edusy a single defect the defect density
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FIGURE 6-17: Simulation results for oxidation of a defectpattern with distances of
20 nm and of a single defect. The oxidation probality is pox = 0.03. Other
simulation parameters are (a,c), = 10000 nm,g, = 5/nm? (parameter set
A), (b,d) I, =50 nm, g, = 100/nm? (parameter set B). The image sizes are
equal to Agheet= 100 Nnm x 100 nm.
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FIGURE 6-18: (a) STM measurement of nano-pits grown onAMPLE A2. There are 107
pits on an area of 300 x 300 nm?2. That results in defect density of

1190um2. (b) Simulation results with parameter set A. (f Simulation
results with parameter set B.

would be about 119Qm2. With this defect density two simulations wersfprmed with
parameter sets A and B. The defects are distribatecandom positions to hold the
simulation comparable with the STM measuremenu(éd-18b and c). The distribution
of the diameters of the grown nano-pits is showiguare 6-19. The STM image exhibits a
pit distribution with a maximum between 5 and 10.miiso the simulation with the
parameter set A exhibits a pit distribution buthngt maximum about 10 nm. In contrast
the simulation with parameter set B does not reaMlyibit a size distribution of the pits.
The pit diameter is sharply defined. This would cbange even if the defect density
varies. The simulation with the parameter set Arasponds better to the experiment.
These parameters are used as standard parametenrs following simulations.
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FIGURE 6-19: Distribution of the pit diameters in the images in figure5-16.

6.2.3 The physical background

The parameterk, pox and o, used for the simulation process are not physieéles.
Furthermore the oxidation process is strongly sifiegl. In the simulation oxygen atoms
(O) are first physisorped on the surface. In realtygen molecules (£ are adsorbed on
the surface with the sticking probabilityas discussed in secti@¥. Since carbon atoms
can react only with one oxygen atom the oxygen mudehas to be dissociated into two
oxygen atoms. This process is explained in secidnwith two types of the carbon
oxidation. There is a certain difference betweena@sorption and O diffusion. The, O
molecule has a weak interaction with the surfaceca®pared to O atoms. The, O
molecule adsorbs on the surface but it does nébnpera large diffusion. If it does not find
a reaction partner it desorbs after a few diffusteps. In this process the oxidation mainly
occurs by the large number of the adsorbed oxygaraules. In contrast the rate of the O
atoms is very low because it occurs only afteratiggion of the @ molecules. However
the binding energy of an oxygen atom with the grapbubstrate is very high [54,171].
Consequently the oxygen atoms remain and diffusa fong time on the surface.

The diffusion process is determined by thi#usion timet,; and thediffusion velocity
Vair. But the simulation process is time independehtisTthe diffusion lengthy; (differs
from the simulation variablg) represents both parameters in the simulationgsocThey
are linked with the equation:

lyir = Vi X tain (24)
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In the simulation the diffusion process is a randeatk of the O atoms. In real process
the atom jumps between discrete positions detednime the lattice structure of the
substrate (e.g. between the surface atoms). Thisnais interrupted by vibration of the
adatom at these positions [172]. Thus the diffugiore contains also the vibration time.
Experimentally the diffusion process is describéthwhe diffusivity Dgiven in cm2s (for
oxygen diffusion see references [173,174]):

E.
D = D, exg —— (25)
kg T

where Egi¢t is the activation energy. However the estimatibithe diffusion length from
this value is very difficult.

The number of the incident,@an be evaluated from:

==n,, <voz> (26)

No; IS the density and&v.> the mean velocity of the oxygen molecules which ba
described by the Maxwell-Boltzmann-distribution:

O @n

whereks = 1.38 x 10° J/K is the Boltzmann constant and, the mass of the oxygen
molecule. With the equation of state for an idesd:g

poz = noz kBT (28)
follows:
) Po
=2 29
Po, = o T kT (29)
pO2 = pOZ X Atox (30)

With the oxygen pressum, = 0.02 bar (2% x 1 bar), oxidation temperatiire Tox =
540 °C andm, = 2 x 16u (1u = 1.66 x FOkg) one gets p, = 330 nfs™. That
results forAto, = 200 minutes i, = 4 x 16 nm’.

In order to estimate the oxidation probability anogit with the diameter of 10 nm is
assumed. To oxidize an area of 100 nmz2 approxim@&dp O atoms are needed. For a pit
distance of 20 nm the density of reacted atoms atsdo 10/nm2. With the estimatgd a
reaction rate of @of ca. 5 x 10 can be calculated. This value contains the sticking
probability of Q molecules and the reaction probability of O atomith carbon atoms.
Compared to the simulation parameter set A thisieséd very small and the value of,
very high. However the density of oxygen atoms Whiontribute to the oxidation process
could be much smaller tham.. On the other hand a higher reaction rate witloveet
number of oxygen atoms may reflect nearly the @rpant situation since most of the O
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molecules would desorb at such low reaction ratégh this assumption these molecules
are neglected at the simulation start which nobtedecreases duration of the simulation.

Therefore the oxidation parameters have the foligwmeanings. The density of
adsorbed oxygen atoms is proportional to the oxygen pressure and oxuhatime (cf.
equation 29 and 30). At a constant pressure itvalae for oxidation time. The diffusion
lengthl, is defined by interaction between the oxygen aso the surface carbon atoms
which is a function of the temperature. The diftuslength is kept fixed df = 10 um, as
obtained from the comparison with the experimerit (@ge 104). The oxidation
probability pox is assumed to be dependent on the oxidation textyser This correlation is
unknown. It is supposed that it is not a linearction. However the range of the oxidation
probability is limited, because at higher tempeardithe oxidation of graphite would not
only occur at defects and step edges but alsotljiraicthe surface. Hence, such dendritic
structures as shown in figuéel0 probably can not be realized in experimemtsrtB the
oxidation parameters can be described with these flormulas:

0, OAL,, (31)
|, = const (32)
p,, = f(T) (33)

For simplicity o, andpox are identified in parts of the following sectiomedttly with the
oxidation time and temperature, respectively.

6.2.4 Simulation results

6.2.4.1 Oxidation process

With the simulation of the oxidation process sonemegal trends of the oxidation
process can be visualized. Some effects are alrebslyjussed in sectio®.2.2 as
temperature influence and oxidation time (includimg@o.x or o, respectively).

A question is which area the oxygen atom can rdmciis random walk. In order to
describe this, the capture diameter is definedhasrtean value between maximal position
differences in horizontal and vertical directiofts.dependence on the diffusion length is
shown in figure6-20. It is proportional to the square rootl@fForl, = 10000 nm as used
in parameter set A the diameter of the random wedkild be about 70 nm. Thus the
maximal capture diameter of a defect is about 1#0 That is comparable with the value
determined from experiments (s&2.1.2).

Another interesting aspect is the oxidation timecétding to formula 9 the diameter of
the nano-pits should grow linear with time. On ttker hand formula 22 deduced from
simulations says that this dependency is not exdicttar. The dependence of the pit
diameter (determined by formula 34) on the oxidatione is visualized in figuré-21.
The dependency is only linear for a long oxidatimne, which is much higher than the
time used in parameter set A which representsxperenent (doted vertical line in figure
6-21b). Within this shorter oxidation time the gitowth is not linear with regard to the
time. This could be caused by the ratio of theuditin length and the pit diameter.
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FIGURE 6-21: Time dependence of the oxidation process. (Bdr a long time and (b) for
a shorter time (inset of (a)). The doted verticalihe marks the value used
in parameter set A.

d= |2A (34)

T

For a short time scale the pit diameter can bedfitt .- which roughly corresponds
to the area ,"°°(cf. figure 6-16). However this effect is not easy to studgxperiment
since other effects like thermalization time afteserting of the sample into the oven play
a more important role.
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6.2.4.2 Random defects

500 fum? 2000 fim? 5000 pim?2

FIGURE 6-22: Simulation results for oxidation of defects dtributed at random
positions for different defect densities. Parameteset A and Agheet= 300
nm x 300 nm are used for these simulations.
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FIGURE 6-23: The mean pit size versus the defect densitg a result of simulations.

Nano-pits produced by sputtering with argon ioresdistributed at random positions on
the surface. For comparison the defects in thevielig simulations are also put at random
positions. Some selected simulation results argvsho figure6-22. A low defect density
would result in growth of pits which are unaffecteg other defects (cf. figuré-17c).
Hence, they would grow to a maximal size.

For higher defect densities the defects would aritte each other. The higher the defect
density is the smaller are the pits. This is visiinl figure6-23. Note that the abscissa is
logarithmic. For nano-pits with a diameter betwé&eand 10 nm a defect density about
1000/um? is reasonable. This is of course not altred the simulation, since the
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estimation of parameter set A is based on thisaiiefensity. However this diagram can be
used to produce nano-pits with other sizes by dngrie defect density.

An aspect neglected in the simulations is the didaof multilayer pits which grow
faster. Especially for a high defect density thewgh of multilayer pits becomes more
probable. Therefore the pit size would become hafgea high defect density in figure
6-23 due to the formation of multilayer pits.

In section 5.2.1.2 the capture diametal,; was determined from experiments
(= 150 nm). That can be compared with the simulatesults in figure6-23. For high pit
distances the oxidized area/defect remains constahtbecomes for distances < 100 nm
smaller. This value correspondsdg. It is roughly comparable with the value obtained
from experiment considering the high inaccuracy.

6.2.4.3 Defect groups

For samples prepared with FIB the defects are mpedlas a pattern of points. Every
point contains a group of defects. The number ¢éals is determined by the ion dose. It
can be determined froma8PLE 9 which is oxidized at a lower temperature. Thius t
defects become visible but do not coalesce to @ES0STM measurements for two defect
groups structured with different ion doses are shanvfigure 6-24. For simulations a
Gaussian distribution of defects is assumed. Thithwof the distribution is determined
from the STM measurements. It is fixed at 30 nmtierfollowing simulations.

(b)

FIGURE 6-24: Two defect groups (points) on 8uPLE 9 (a) exposed with a dot dose of
1.4 x 10° pAs, including 30 defects and (b) exposed with aotl dose of
7 x 10° pAs, including 120 defects.
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10 defects/point 30 defects/point 50 defects/point

100 defects/point 120 defects/point 200 defectstpoi

FIGURE 6-25: Simulation results for a lattice of defect goups with different defect
densities. The point distance is 100 nm. The imaggze shown here is
200 nm x 200 nm. The simulation area iSAgheet= 350 nm x 350 nm
including more defect groups at the borders.

“lon Dose Dependence”

The influence of the ion dose on the pit struciarghown in figures-25. In the case of

a low defect intensity the defects are comparale tive random positioned nano-pits. For
higher defect densities the nano-pits are sepanatedwo types. The first type is localized
in the inner region of the defect group. These dsfare only weakly oxidized. In the STM
images the defects would not really be visible its put as bright spots. The second type
is localized at the border region of the defectugtoThese defects are well oxidized and
build a ring around the defect group. These distiim of nano-pits make the production
of single patterned clusters (grown at the nang}piifficult.

“Temperature Dependence”

The oxidation process can be tuned with the oadatemperature. For the following
simulation the defect density was fixed at 120 dsfpoint since the corresponding ion
dose (cf. figure6-24b) was used for most of the experiments. Thaulsition results are
shown in figure6-26. One can see that the shape of the defecpgroanges from the
‘flower shape’ (with large pits surrounding small@nes) to equally sized nano-pits at
Pox = 0.003. For smallgp, the main mechanism for nano-pit formation is thalescence
of smaller pits in the inner region. Thus the emdrgano-pits are localized in the center of
the spot. However the oxidation rate is too lowtfar production of larger pits. In order to
obtain larger pits the oxidation time has been tenibThe simulation result is shown in
figure 6-27. In this image the coalescence shows somistital variations. In the case of
the point at the bottom left side the smaller @k®w less coalescence and are more
equally distributed than for the other three.
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FIGURE 6-26: Simulation results of the oxidation of defectgroups with different
oxidation probabilities p,«x which represents the oxidation temperature.

FIGURE 6-27: Simulation result for a reduced oxidation prdbability of py,, = 0.001 and a
higher oxidation time with g, = 10/nm?2.

This method was used for growth of single clustitgrns on SvpPLE 9. With the help
of Ostwald ripening single clusters were producedairegular pattern in distances of
100 nm from each other. However one may tune thelase and temperature at the same
time to reduce the distance even more.
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150 nm 300 nm

FIGURE 6-28: Simulation results for different point to point distances. The distance in
the vertical direction is kept constant. The whitelines should detach the
influence in the horizontal direction for better visualization. The
simulation parameters are the same as the parameteset A. The sheet
size in the horizontal direction is 1000 nm and ivertical direction chosen
in a way that 4 points fit into the simulation shee The images are cut out
of the simulated area with a size of 400 nm in harontal direction.

“Distance Dependence”

The influence of the capture diametky and the Gaussian distribution of defects on
each point can be also visualized in simulatioms.tkis the point to point distance in the
horizontal direction is kept constant at 300 nm #redvertical distance is varied. Thus the
simulation can be compared with the experimentectien5.2.1.2 (in particular figure
5-5a). Some selected results are shown in figu28. The effect becomes visible if only
the influence in the vertical direction is consiti(within the white lines). For a distance
of 50 nm the points are coalesced and there asedwmiects within the white line. For a
distance of 100 nm small nano-pits emerge in thggon. They become larger for higher
point distances. In the case of 300 nm there areseery large pits at the border regions.

The neglected multilayer oxidation would change image. A high defect density
benefits the emergence of multilayer pits in thatee of the defect distribution, which
oxidize faster. This leads to larger pits in thatee, so the ‘flower shape’ does not appear
in experiments.
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“Nano-pits & Clusters”

In the present work the localized defect productiothh FIB on an HOPG surface has
been combined with an oxidation process. The sbafiee structure by variation of the ion
dose was examined in a first experiment. The reguitructures were divided into three
groups (cf. [1]).

For thefirst group structured with low ion doses (< ®lidns/point) ‘nano-pits’ with a
depth of 1 HOPG layer were observed. These nascepiild be produced in rows and in a
square lattice of points. In another experiment there arranged in a coded pattern
(finding pattern). After metal deposition clusterere produced in a pattern of rows with a
width about 50 nm. With optimized oxidation paraenstsingle clusters were produced in
a square pattern with a 100 nm pitch. To our kndggethis is the first example for the
fabrication of single metal clusters in a giventg@at by nano-structuring of a surface and
Ostwald ripening. Furthermore the nano-pits weetsr fabrication of lead layers with a
thickness of one atomic layer.

The second group(10*-10° ions/point) indicated the transition from nancsgiv nano-
cavities. In these dose regions the structuresbéerdi a hill shape including multilayer
pits.

“Nano-Cavities & Islands”

The third group structured with high ion doses (>°lidns/point) exhibited ‘nano-
cavities’ with a depth of several 10 nm. These neenaties have a nearly constant depth
independent from the ion dose. This depth corredpdo the penetration depth of the
gallium ions into the HOPG substrate. It amountsapproximately 50 nm for an ion
energy of 35 keV. The depth was measured by expagilin a defocused ion beam for the
production of broad structures. With an optimizedrn focus nano-cavities with diameters
down to 20 nm were produced in a square patterh ™t nm pitch. An interesting
application of nano-cavities is the fabricationgpdphene devices. That was demonstrated
in a first experiment for two exemplary structuresrthermore it was demonstrated that
larger metal islands grow in a pattern given byrtaro-cavities.
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“Simulations”

The measurements were compared with the corresppsdnulations. A simulation of
the impingement of gallium ions into a graphite sttdte was performed with the TRIM-
software. The penetration depth of the gallium ier@s estimated evaluating the defect
density. With this the penetration depth for diéier ion energies was predicted to be
roughly a linear function of the ion energy. FoGaussian distribution a width of the
oxidized nano-cavities about 20 nm was evaluatechparable with the experiment.

The oxidation process of nano-pits was simulate@ iself-developed program. This
program can be used in future to test the pattachthe preparation parameters before
performing the real experiment. The program wasl dee random defects as well as for
patterns of defects. It yields an explanation far inodified nano-pit production at reduced
temperatures. The results are comparable with erpat. Furthermore the nano-pit
growth could be simulated for different temperasyuoint distances and defect densities.

“Cluster Properties”

The observed features in the STM measurements ©ongehe clusters were treated in
a separate section. A first feature was the pealctste in the height distribution. The
analysis showed that the peaks are induced byatyex by layer growth of the clusters.
The lead clusters exhibited an odd-even oscillaticime height distribution. That could be
explained with quantum well states in lead laydiise facet analysis showed that lead
clusters form a facet at a height about 1 nm wisesdaer clusters form a facet for cluster
heights larger than 5 nm. Silver as well as leadters are modified after air contact but
the modification is more severe for lead clustéemntfor silver. Changes of the shape of
lead clusters were also observed during anneafidgaéier STM tip interaction.
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During the experiments in the present study a nurabaew perspectives arose which
could be the matter for further investigations.

“Clusters & Nano-wires”

One point in the present study was the fabricatibtiinding patterns’. In future these
patterns may be used to investigate the same @uwhteing different preparation steps. For
example the growth of the clusters can be obsebyedividing the metal deposition into
several steps and performing STM measurements bettfem. Another application are
before-after investigations, for example to explaihat happens to the lead clusters by
annealing. That experiment could answer whetheclisters restructure or coalesce.

Another application of nano-pits is the productminnanometer sized metallic wires
(nano-wire$. Two possible ways are based on nano-pits pattieim rows. One way is to
vary the nano-pit density and evaporate metal ersthbstrate. The question is whether the
growing nano-particles can build a coherent stmechy using the (adhesive) influence of
the nano-pits. Another way is to proceed the oxaaprocess until the nano-pits coalesce
and an elongated pit emerges. The nano-wires n@ay githin thesenano-groovesfter
metal deposition. Further experiments should retreaproducibility of these structures.

“Nano-cavities & Graphene Structures”

The depth of the nano-cavities was investigatedaforon energy of 35 keV. For other
energies the depth was predicted with simulationsfuture the depth should be also
obtained from experiments and compared with thellsition results.

There are a lot of possible applications for naaatees. One application is the
fabrication of nano-particles within the nano-ceat Another application as demonstrated
in this work is the fabrication of graphene devic&pen questions are, e.g., the
conductivity of these structures, the developmdna anethod for transfer of a layer to
other substrates and possibly the investigatidmadistic transport phenomena.
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“Orther Substrates”

The HOPG-substrate is experimentally simple to hgrlout no versatile material for
industrial applications because it is soft and easily be deformed and it exhibits a non-
negligible conductivity. A substrate often usedtive industry is silicon. For this the
oxidation process has to be replaced by anothéingtprocess, e.g. chemical etching or
plasma etching (cf. [175-177]). For production aiho-pits with atomic depth substrates
with lamellar structure are needed such as micaatybdenum disulfide (cf. [178-180]).

“The Simulation Program”

The simulation program can be developed furthee ptesent simulations considered
only one graphene layer. It should be extendeddrergraphene layers since the oxidation
of multilayer pits differs from the monolayer pitsor this purpose the defects should be
produced in a separate program for a three dimeakisubstrate. Another possible
extension is the simulation of the metal deposipoocess (including Ostwald ripening) to
predict the best parameters for growth process asebn dose or temperature. This would
be helpful, e.g., for production of single clustgra pattern.
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