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Preface 

During the last decade an impressive development took place in the area of 
semiconductor physics, both technologically and fundamentally. Especially the field 
of compound semiconductors gained much interest. To stimulate the research in the 
Netherlands an investment programme was initiated by both the minister of 
education and science and the minister of economie affairs. In this programme the 
Eindhoven University of Technology took part. The research described in this thesis 
was performed within this perspective. 

The central theme throughout this thesis is High-Resolution Low-Energy Electron 

Diffraction (HR-LEED). Both the basics and the applications of HR-LEED will be 
discussed. It is an experimental technique, which enables one to obtain qualitative 
as well as quantitative information on the morphology of single crystal surfaces. By 
using HR-LEED the morphological characteristics can be obtained on a length scale 
ranging from interatomie distances up to several hundreds of nanometers. 

Due to their technological importance III-V compound semiconductors, such as 
GaAs, are interesting systems to study with HR-LEED. To the best of our 
knowledge, the first HR-LEED measurements on epitaxially grown GaAs (001) 
surfaces are presented in this thesis. Chapter I is ment to be an introduetion to the 
field of HR-LEED studies of surface imperfections. This chapter is foliowed by a 
review of the kinematic theory of LEED. In the third chapter some instrumental 
aspects of the used HR-LEED set-up will be discussed. A comparative study 
between HR-LEED and the scanning tunneling microscope (STM) is presented in 
chapter IV. This comparison was made since STM is an important alternative tool 
to investigate surface morphology. The last two chapters of this thesis contain the 
description of HR-LEED experimentsas performed on epitaxially grown GaAs(OOl) 
surfaces. In chapter V some interesting sputter phenomena. are discussed. 
Chapter VI deals with the surface morphology of the arsenic-rich (lxl) GaAs (001) 
surface. Also described are the diffra.ction features a.s observed in the transition 
region between the two arsenic rich (lxl) and (2x4) surfaces. The thesis is 
concluded by a. summa.ry in dutch and a curriculum vitae of the a.uthor. It is my 
sineere hope that some of the enthusiasm of the author for HR-LEED, will be 
transfered to the reader of this thesis. 

Bert Roosenbrand, 
Helmond, september 1990. 
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Chapterl 

Introduetion 

1.1. The incentive to study surface morphology 

The physical interaction of man with his material surroundings always involves 
surfaces. Despite the daily contact with the boundaries of material objects, the 
evolution of surface science towards a serious branch of physical and chemica! 
material research is rather recent. The reasons for this are the experimental and 
theoretica! complications due to the absence of the half space above the surlace. 
This destroys the translational symmetry that provides a great simplification in the 
treatments of bulk properties of crystals. The atomie structure, which is a known 
input to most theoretica! studies of the bulk, is generally unknown for surfaces. 
Experimentally one is confronted with a. problem of quantity in surface science. The 
amount of atoms in a volume of 1 cm3 is approximately 1022, whereas an area of 
1 cm2 contains only about 1014-1015 atoms. Hence, experimental techniques must he 
very sensitive and surface selective. Since at ambient pressure a monolayer may 
adsorb in only 10-9 s, ultra high vacuum (UHV) conditions are needed for surface 
science experiments. Only in this way the original state of a sample, after a cleaning 
procedure, can he maintained long enough. One of the main reasons for the late 
start of surface science is that vacuum parts guaranteeing UHV -conditions only 
became commercially available in the early 1960's. 

Surfaces do have specific properties. This can he appreciated by considering a 
surface created as aresult of a bulk cleavage: the atoms in the surface disconnected 
from their former neighbours, will exhibit more or less unsaturated valences with a 
strong tendency to rearange in order to lower the energy. This can he achieved by 
chernical bond formation with adsorbing particles, by atomie displacement (i.e. 
reconstructions and relaxa.tions) or by surface segregation. From these exa.mples it 
will he clear that, in order to get an understanding of the specific properties of 
surfaces, it is important tha.t one is able to characterize both the composition and 
the structure of a surface. 

A closer look at the freshly created surface, after cleavage, will learn that besides 
these specific structural and compositional effects, defects also occur in the 
outermost atomie layers or self-edge. Strictly, one could regard the surface itself as 
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a defect in the structure of the bulk materiaL Defects in the bulk material (i.e., 
including the surface) can influence its macroscopie behaviour. Simila.rly, surface 
defects can have a large impact on the physical and chemica! properties of the 
surface under study. 

A great number of phenomena occurring at surfaces can only be described in a 
satisfactory way by consirlering the details of the atomie and electronie structure in 
the surface region. Examples of these phenomena are electron emission, adsorption, 
adhesion, oxidation, friction, nucleation, epitaxial growth and heterogeneons 
catalysis. To obtain an understanding of these phenomena one needs to know, not 
only its chemica! composition and atomie structure, but also the characteristic 
defects, morphology or topology of the surface. No surface sensitive technique 
excists that provides all the neerled information. This is the reason why in surface 
science experimental techniques have to be combined. In this thesis a technique will 
be described whieh is capable of providing both a qualitative and quantitative 
insight in the surface morphology of single crystals: high-resalution low-energy 

electron diffraction (HR-LEED). 

Single crystals play a dominant role in the fundamental understanding of material 
properties, since they provide, in principle, well defined model systems. In this 
respect a single crystal is considered to consist of repeating identical units in space. 
As stated before, a real crystal will exhibit defects, both within the bulk and at its 
surface. Surface defects can be characterized by their dimension. Contaminations 
(i.e. randomly distributed adatoms and interstitials} and vacancies are examples of 
point defects. One-dimensional defects are e.g. atomie steps and domain boundaries. 
In the case of two-dimensional defects the surface is completely changed and may 
be faceted or amorphisezed. 

Fundamental research of the physical and chemica! properties of single crystal 
surfaces has lead to a better understanding of technologieal processes involving solid 
surfaces. These processes occur in fields ranging from heterogeneous cata.lysis to 
semiconductor technology. Heterogeneous catalysis is technologica.lly a fascinating 
field, since surface processes on the atomie scale determine the production of 

impressive amounts of chemica! products on a global scale. Investiga.tions in the 
field of semiconductor technology provide materials with a structure that can be 
manipulated on atomie scale via the mechanism of epitaxial growth. It has been 
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possible to scale down dimensions in IC devices to the submicron region. These 
developments have led to many new and interesting questions concerning the 

physics of small dimensions. From a surface scientist's point of view two aspects are 

important bere. Firstly, the smaller the dimensions of an object the more important 
the specific surface properties will influence its behaviour as a whole. Secondly, the 
technological processof epitaxial growth occurs at the solid-vacuum interface and it 

is actually a surface science problem. These two aspects were the main arguments to 
start the research programme on HR-LEED, as it is described in this thesis. 

1.2. Low-energy electron diffraction 

1.2.1. The history of LEED 

The early history of electron diffraction bas been described by Gebrenbeek [1,2]. In 
hls thesis he reports on the early experiments by C.J. Davisson and C.H. Kunsman 
on the scattering of electrous from metals (Al, Ni, Pt and Mg) at the Western 

Electtic Company in New York city. From these experiments it was learned that 
most of the electrens emitted under an electron bombardment were of very low 
energy. But there were a few electrens having the full energy of primary electrens 
(i.e. elastically seattered electrens ). When reading de BrogUe' s thesis Elsasser 
realized that the experiments of Davisson and Kunsman [3) on platinum (and 
magnesium) might possibly be related to the proposed wave nature of the electron 

[4,5]. Elsasser's attempts to verify this with experiments on electron diffraction were 
disapointing. The main reason for this was the experimental difficulty of producing 

and maintaining clean surfaces [1]. 

In retrospect it is impressive that the experiments of Davisson and Kunsman and 

later by Davisson and Germer were carried out under UHV conditions. These 
experiments were performed in vacuum vessels made out of glass, which broke 
regularly. Due to the persistenee of Davisson the experiments were carried through. 

Onee the vacuum chamber broke, and the heated polycrystalline nickel sample was 
oxidized severely. After repairing the system, the sample was cleaned by a 
high-temperature reduction with hydrogen. This sample treatment lead to an 
extensive recrystalization of the sample into (111) oriented facets, something 

Davisson and Germer did not realize at first. After observing an angular dependenee 

of the elastic electron scattering they inspected the sample and noticed the micro 
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facets. They suddenly realized that these crysta.l effects rather than intra-atomie 

effects, as they had believed previously, were responsible for the experimental 

observations. Unaware of the developments in wave mechanics, Davisson attended 

an Oxford meeting in 1926. There, much to his surprise, Born pointed out the 

possible conneetion between wave mechanics and the experlmental results of 

Davisson and Kunsman. This event led Davisson and Germer to search for 

electron-diffraction. These investigations led to their famous articles [6-8] in which 

they rela.ted the electron diffra.ction effects to the de BrogUe wavelength-momentum 

[9] relationship. Only one month later another artiele appeared revealing the wave 

nature of electrous by G.P. Thompson and A. Reid [9]. In 1937, Davisson and 

Thompson sha.red the Nobel Prize for their experimental work on electron 

diffraction. 

Although, the post-acceleration display (10] improved the set-up noticably little 

experimental work was carried out during the period between the discovery of 

low-energy electron diffraction (LEED) and the ea.rly 1960's. A noteworthy 

exception [16] to the la.ck of experimental activity in LEED, was the work of 

Farnsworth [11-13]. He proved the surface sensitivity of low-energy electron 

diffraction a.nd showed that clean surfaces can be prepared by argon ion 

bombardment followed by annea.ling. Further, Farnsworth et al. discovered the 

reconstruction of the (100) and {111) surfaces of silicon and germanium. 

Renewed interest in LEED was gained in the early 1960's. It was spa.rked in 

particular by Germer [14] and Lauder [15]. This renaissance of LEED was fueled by 

the rise of semiconductor device technology and aerospace industry [16]. Another 

important aspect was the commercial availability of UHV -components [16]. After 

the experimental revival of LEED also its theoretica! developments sta.rted. 

Especially the progress in the late 1960's and early 1970's was impressive. The 

historie development of the LEED-theory has been dèscribed in ref. [16] and will 

not be discussed here. 

1.2.2. Introduetion to the kinematic theory 

In the following some general aspects of LEED will be discussed. A link between the 

reciprocal lattice and the LEED pattem will be made via the Ewald sphere 

construction. Finally, some simple roodels will be described shortly demonstrating 

the effect of surface morphology on the spot profile. 
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A LEED experiment can supply four different types of information. The first and 

best known is the LEED (diffraction)-pattern, from which the geometry of the 

repetition units in the crystalline surface can be obtained. The second type is about 

the structure within a single repetition unit. This structural information can be 

deduced from the absolute spot intensities (I) as a function of the incoming electron 

energy (V). Via theoretica! "trial and error" methods one tries to reproduce these 

I(V) curves by performing model calculations. From the diffuse intensity between 

the diffraction spots in the LEED-pattern, information can be obtained about the 

local structure in the case of disordered adsorption. Finally, one has the analysis of 

diffraction spot profiles. Recent developments show that these profiles, as obtained 

with high-resalution systems, provide a powerful method to obtain quantitative 

information about the surface morphology. 

Fig. 1.1. A conventional LEED set-up as used in many 
surface science laboratories. 
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In a LEED experiment a monochromatic electron beam is scattered by a crystal 

surface. In fig. 1.1. a conventional LEED set-up is shown. Such a system consistsof 

an electron gun with electron opties, an energy-selector acting as a high pass filter 

and a luminescent screen on which the LEED pattem is visualized. The kinetic 

energy of the electrans has a value between 20 eV and 500 eV. The spatial 

distribution of the scattered electrans is very anisotropic. The origin of this effect 

resides in de Broglie's wavelength-momentum relationship [5] 

h 
À=mv' (1.1) 

where >. is the de Broglie wavelength of a partiele with mass m and velocity v, h 

stands for Planck's constant. Substitution of the relevant values for an electron with 

an energy E (in eV) gives in 

Àe = ..A., with A2 = 1.504 eV nm2 
IE 

(1.2) 

In this equation the index e has been used to show that the formula applies for 

electrans only. 

Two important aspects should be mentioned about the energy range of the electrans 

in the LEED-experiment. Firstly, the de Broglie wavelength varies from 0.05 nm to 

0.27 nm in the above mentioned energy range. Hence, Àe has the same order of 

magnitude as the lattice constantsin solids. Analogously with X-ray scattering, one 

can expect int erferenee effects. Secondly, in this energy range electrans have a short 

mean free path within a solid. This aspect makes LEED a surface sensitive 

technique. The surface specificity arises for two reasons. Firstly, the cross-sectien 

for elastic electron scattering from the ion cores of the surface atoms is strong, even 

for backscattering. This means that less electrans reach the successive atom layers 

due to a significant portion being backscattered by the previous layer. Secondly, the 

inelastic scattering is strong. This is the primary cause for the electron beam 

attenuation. Inelastic scattering can occur by excitation of valenee electrous via 

plasman and electron-hole production. Besides these two, the excitation of core 

electrans -important for Auger electron spectroscopy (AES)- reduces the mean free 

path by about 10% (17]. The inelastically scattered electron obtains due to its 

energy loss a different wavelength. Hence, it can no longer contribute to the 
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coherent diffraction process. By applying an energy analyzer the inelastically 

scattered electrans are being filtered out. The surface sensitivity of electrans is 

illustrated in fig. 1.2. It schematically shows the variation of the mean free path. 

E 10 c 

..r::. ..... 
ro 
Cl.. 

Q) 

~ 
'4--

c 
ro 
Q) 

E 

100 
electron energy (eVJ 

Fig. 1.2. The elastic mean free path of electrons in solids as a function of their 
kinetic energy. The curve depiets the overall behaviour of electrons 
impinging on solids. 

The curve represents an average behaviour as can be obtained from many 

measurements on different materials and that the exact values for the mean free 

path are material dependent, the actual measurements spread around this so called 

universa! curve. This tendency, of all materials to show a behaviour according to 

this universa! curve, can be understood by recalling that the dominant loss 

mechanism in solids is the excitation of valenee band electrons. Since the electron 

density in the valenee band is nearly constant for most materials (i.e., 

250 electrons/nm3). A good correspondence with the experimental values for the 

mean free path of electrans in a solid has been o btained from model calculations [17) 

for electrans in bulk jellium. This model is most applicable to free-electron like 

metals, but to a certain degree also to other materials, semiconductors and 

insulators, provided that the group of electrans considered is not too tightly bound 

and that it is sufficiently separated in energy from the rest of the electrons. In the 

jellium model the inelastic scattering due to the excitation of plasmans occurs only 

above a certain threshold in this energy region the inelastic path increases with 

energy. Below the threshold of about two times the Fermi energy only one-electron 

excitations are possible. Consequently the mean free path increases in this region 
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with decreasing energy. The minimum value for the mean free pathof electrens in a 

solid corresponds to the energy range applied in LEED experiments and is about 

0.5 nm. It can be concluded that electrens with kinetic energies in the appropriate 

range, which escape from a solid without a subsequent energy loss, must originate 

from the surface region. The surface sensitivity of photoelectron spectroscopy and 

AES relies on a similar argument. 

The streng interaction of electrens with matter provides LEED its surface 

sensitivity, on the ether hand it makes the theoretica! description of the scattering 

process very difficult. The main cause for this is the multiple scattering of the 

electrons. It can be divided in intra- and interatomie scattering. The multiple 

scattering within a single atom normally is taken into account by several phase 

factors. The interatomie scattering can be divided as occurring between atoms in 

one plane (parallel to the surface) and between atoms in neighbouring planes. The 

interatomie multiple scattering demands a selfconsistent treatment. This is because 

the contribution to the total scattering of a single atom depends on the incoming 

flux of electrons, to which the atom contributes itself. The complicating multiple 

scattering is described in a so called dynamic scattering theory, whereas single 

scattering is described in a kinematic scattering theory. 

The dynamica! theory of LEED has made an impressive development, which started 

in the late 1960's and early 1970's. It has become a very powerful method for surface 

structure determination. Most of the today's known surface structures have been 

solved by applying this dynamical theory on LEED intensities. A recent review of 

presently known surface structures is given in ref. [18]. 

At first sight the kinematic theory, in which multiple scattering is neglected, seems 

not very useful because it gives an incorrect predietien of the absolute value of spot 

intensities. However, the scattered beam directions are not determined by the 

details of the scattering mechanism, but only by the two-dimensional periodicity of 

the crystallattice. The beam directions are determined solely by the relative phases 

of reflected waves emanating from scattering atoms that are equivalent under the 

periodic translations of the surface. The scattering mechanism only influences the 

absolute phases of the reflected waves. Therefore, LEED spots always have positions 

that can be calculated kinematically. 
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From the diffraction terminology one could get the impression that electrens can 

interfere with one another. This is, however, an incorrect picture of the process of 

electron diffraction. Two electrans cannot extinct one another. The LEED pattem 

arises as the incoherent superposition of intensities, each conesponding to 

individually scattered electrons. The observed pattem can be regarded as the 

visualization of a probability distribution arising from the superposition of great 

numbers of individual steebastic processes. 

Like in X-ray diffraction, Laue conditions describe the situation at which 

constructive interference (i.e., spots) can be expected. Since LEED is a surface 

sensitive technique, only two Laue conditions are important at first instance: 

g, • K = 2?rh 

Q • .K = 2?rk 

(a) 

(b) 

(1.3) 

In these two equations g, and Q are translational unit-cell veetors and .K is the 

scattering vector. The scattering vector .Kis defined by .K = k - k0, in which k and 

ko are the outgoing and incoming wave vector, respectively. Further it should be 

noted that h and k are integers. Each Laue condition describes a set of parallel 

planes perpendicular to g, and Q. The distance between the two sets of parallel 

plan es are 2?r I I g, I and 2?r I I h I , respectively. The intersections of the planes define a 

colleetien of rods. Each rod is located on a point of a so called reciprocallattice net. 

Fig. 1.3. Visualisation of the process that gives rise to the reciprocal lattice rods. 
In general the reciprocal veetors g/ and .Q* are given by: 
g* = 2?r .Q x JJ)(g, .Q x :n) and b* = 2?r n x gj(g, .Q x n) 
respectively. Here n is a vector normal to the sample surface of unit 
length. 
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A translational unit-cell for such a net is given by the redprocal lattice vector ,ê,* 

and .Q*. Fig. 1.3 shows how the int erseetion of the two sets of planes leads to a 

colleetien of redprocal lattice rods. The two-dimensional unit cell in redprocal 

space is assodated with the one in real space and is extremely useful and pertinent 

to LEED. This will become clear after the introduetion of the Ewald (sphere) 

construction. This constructions makes it possible to visualize the determination of 

the directions of the scattered beams. To clarify the Ewald sphere construction we 

represent the incoming electrens by a wave vector ko(lkol = 27r/>.). In fig . 1.4 the 

vector ko is taken to be in the same plane as .ê. * and the redprocal lat tice rods. 

(Ï 0) (f 0) (0 0) ( 1 0) 

Fig. 1.4. Ewaldsphere construction. 

The Laue-conditions are fulfilled if .K defines a point located on one of the rods. The 

angle of inddence a is defined by the incoming wave vector ko· Since only elastically 

scattered electrens are detected, the relation I ko I = Ik I should hold as required by 

energy conservation. Because the scattered wave vector is as long as the incoming 

one, the vector k defines a sphere with a radius I ko I = Ik j . The intersectien of this 

sphere with the redprocal lattice rods determines the possible directions of k. The 

radius of the sphere increases with energy (E) and is proportional to ..[E, i.e. in a 

non relativistic description. In fig . 1.5 it is illustrated how the Ewald sphere 

construction determining the possible scattered beam directions can be linked to the 
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experimental situation. The figure shows that the observed LEED pattem is a direct 

visualization of the redprocal lattice. In two dimensions the maximum number of 

possible Bravais lattices is five, consequently only five distinct types of repetition 

units are possible in redprocal space. 

screen 

(Ï 0) 

window 

e- gun 

~::::::_-.... , 11 0 I 
.................... ' ........ "'!-..'-

'X~ I . 
' 1001 11011 -=-

1 

Fig. 1.5. Schematic overview, illustrating how the Ewaldsphere construction 
determines the direction of the observed scattered beams. 

The analogies between LEED and X-ray diffraction were already mentioned above. 

Since the interaction of X-rays with a solid is very weak as compared to that of 

electrons, X-rays penetrate much deeper into the bulk. Hence, in the case of X-ray 

diffraction a third Laue condition should be added to the two given in eq. (1.3. a-b). 

ç · K = 21rl (c) (1.3) 

The vector ç is a unit cell vector, which brings into account the translation 

periodicity in the third-dimension. The third Laue condition corresponds to a set of 
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parallel planes at mutual distances 27r"/ I~ I in redprocal space. These planes 

interseet the lattice rods creating a three-dimensional redprocal lattice with indices 

(hkt). Despite the fact that in LEED the electrens are only scattered by the 

outermost atomie layers the third Laue condition is important too. Sirree the height 

of atomie steps corresponds to the under laying bulk structure, constructive 

interference occurs between waves scattered from neighbouring terraces, if the third 

Laue condition is fulfilled. 

Moving along a reciprocallattice rod one encounters periodically (211"/ I _ç I) positions 

at which conditions are fulfilled for constructive interference. Between two of such 

positions there is a point at which conditions are fulfilled for which destructive 

interference occurs for waves scattered from neighbouring terraces. The latter 

situation can be recognized as a broadening in an angular diffraction spot profile. 

This broadening is caused by the morphology of the surface under study. The width 

of such a diffuse intensity is roughly proportional to the redprocal of the average 

terrace width. 

For the qualitative and quantitative interpretation of the kinematic theory of LEED 

is used. This theory will be discussed in chapter II of this thesis . The application of 

the kinematic theory for spotprofile analysis of LEED is justified by the fact that 

the distances over which multiple scattering takes place are small as compared to 

distances like terrace lengths. This in combination with the limited penetratien 

depth of the electrons. Consequently, it will be unlikely that an electron will be 

scattered succesively by different terraces. In fact the multiple scattering paths 

crossing domain boundaries (i.e. step edges) are neglected in the kinematic theory. 

The contribution of these paths should be small as compared to the contribution of 

a single domain (terrace). From the abundance of the successful analyses of 

spotprofiles it can be concluded that the kinematic theory is a very powerlul tool in 

the study of surface morphology. 

To illustrate the effect of surface morphology on an observed spotprofile, fig . 1.6 is 

given. It shows some Ewald constructions in the case of a few simple model surfaces. 

In the kinematic theory the intensity of a spot is considered to be proportional to 

the lattice factor G. This lattice factor takes into account the relative phase 

differences between identical scatters arising from path differences. In fig . 1.6( a) the 
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Ewald construction is shown conesponding to the situation of a perfect lattice. The 

lattice factor G in this case is given by 

I 
i~·~ i(N-1)K·~12 

G= l+e + ... +e , 

(1.4) 

The width of a rod is proportional to 1/Na, where Nis the number of scatterers and 

a is the interatomie distance. If N goes to infinity a sequence of ó-function shaped 

peaks will be obtained. This reciprocal character can also be expressed by 

Heisenberg's relation flx· flKx ~ 1. Here, flx is a length on the surface. 

ÏO 00 10 

I I I I I I I I I I I 

a 

Fig. 1.6. 

b 

A serie of Ewald sphere constructions indicating the effect of surface 
morphology. At the bottorn a scematic drawing of the corresponding 
model surface is presented. 

The periodic st aircase as shown in fig. 1.6(b) can be understood by consiclering the 

lattice as being built up out of terraces with a finite width (Na), giving rise to 

broadened rods perpendicular on the terraces, and an infinite periodic array of 

lattice points. The latter corresponds to sharp rods perpendicular to the 

macroscopie surface with mutual distances equal to 27r/{(Na)2+d2, where the 

stepheight is d. Since both lattice factors have to be multiplied with each other, the 
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sharp rods only contribute in the region in which the lattice factor of a single 

terrace has a value significant different from zero. In a si mi lar way fig. 1.6( c) can be 

understood. Now the model surface is considered to be built up out of an infinite 

array in which each unit consists of a low- and a high-level terrace. So, one has to 

consider three lattice factors . 

(1.5) 

The first lattice factor resembles the effect of a single terrace, as described above 

( eq. (1.4)). The second lattice factor describes the high- and low level within a unit 

I 
i(K·N~+K1 d)l 2 

G2 = 1 + e , 

G2 = 2(1 + cos[.K· N~+K 1 d]) (1.6) 

Finally, it is assumed that there are L units with a length of 2Na. If L is large 

enough the third lattice factor gives sharp rods, which have a mutual distance of 

27r/2Na. 

Other interesting examples of model surfaces can be found in monographs on the 

kinematic theory of LEED [18,19,20). 

1.3. Instru.m.entation of HR-LEED experi.ments 

Every LEED set-up contains an electron gun, a sample and an electron detector. It 

will be clear that within the span of time elapsed between the first electron 

diffraction measurements in the 1920's and today the instrumentation of LEED 

experiments has been improved. An important contribution was the luminescent 

screen as introduced by Ehrenberg [10). This contribution makes it possible to view 

the diffraction pattem instantaneously and thus saving much measuring time. The 

concept, however, of the experimental set-up did not change much over the years. 
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This can be illustrated by a quotation of R.L. Park et al. [21]: "It will be noticed 

that, in schematic farm, the system bears a startZing resemblance to that employed by 

Davisson and Germer in 1927. The changes that have taken place can be likened to 

those of the automobile over the same span of years. A number of convenience 

features have been added which are roughly equivalent to the electTic wind shield 

wip er and automatic transmission." 

Especially during the last decade efforts have been made to increase the resolution 

of LEED systems [22-25]. Four important factors determining the resolution of a 

LEED apparatus have been discussed by Park et al. [21]. These factors are: energy 

spread, souree extension, collector diameter and beam width. The energy spread of 

the primary beam does only influence higher order reflections. The consequence of 

this energy spread is that the Ewald sphere has some thickness . Intersectien of the 

sphere with a reciprocal lattice rod will produce a spacial spread of the diffracted 

beam. Due to the finite size of the electron souree the angle of incidence cannot be 

determined exactly. The finite size of the collector diameter and the beam width at 

the sample cause an uncertainty in the angle of diffraction. The souree extension 

and the aperture diameter are the dominant factors determining the resolution of 

the LEED instrument. 

Using the concept of an instrumental response function T(.K) the recorded intensity 

I(.k)m can be expressed by a convolution of the true intensity I(!9 and T(.K): 

I(.K)m = I(.K) ~ T(.K) (1.6) 

Here, the symbol ~ stands for the convolution operation. As will be shown in 

chapter II, the intensity I(.K) can be written as the Fourier transferm of the auto

correlation function P(.R) (i.e. within the kinematic approximation). Introduetion of 

t(.R) as the Fourier transfarm of T(.K) allows one to state that 

F{I(K)m} = P(.R) · t(.R), (1.7) 

where the symbol F{ } means Fourier transform. From eq. (1.7) it will be clear that 

the transfer function t(R) modulates the autocorrelation function P(.R). Over ranges 

for which t(.R) = 0 no correlations can be detected. Hence, a high-resalution LEED 

(HR-LEED) system must have a transfer function which is as braad as possible. 
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Since T(.K) may often be approximated by a Gaussian, its Fourier transferm (t(R)) 

will be a Gaussian too. The half width of t(R) is called the transfer width (Wt)· 

This width is a length scale in direct space characterizing the distance over which 

correlation effects are suppressed due to instrumentallimitations. Weak interference 

over distances larger than W t is still included in the LEED pattern. As stated by 

Henzier [27), t(R) provides complete and correct information on the instrumental 

limitation. Distances Iarger than the transfer width are detectable. Henzier showed 

[27] that the maximum detectable diameter Dmax> of for example isiands on a 

surface, is given by 

Wt 
Dmax N ~:::;:::;:;;:;:;;:; 

.j2 ó. W/W 
(1.8) 

Here, ó. W /W represents the relative inaccuracy of the FWHM determination of a 

profile taken at an in-phase condition for atomie steps (a so-<:alled sharp 

reflection) . Dmax can be interpreted as a maximum resolvabie distance. 

ELECTROM TRAJECTOR[ES 

SCREEN 

without F[ELO 
with F[ELD 

ELECTROti 
GUN 

Fig. 1. 7. 

ELECTRON 
DETECTOR 

The electrastatic deflection of both the incoming and the scattered 
electron beam intheSPA-LEED apparatus. 
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The high-resalution instrument used for the experiments described in this thesis has 

been developed by Henzier et al. [22,26]. It was produced by Leybold-Heraeus 

GMBH in Cologne. In fig. 1.7 a schematic set-up is given of this so-called 

SPA-LEED system (Spot Profile Analysis of Low-Energy Electron Diffraction). 

Since besides the luminescent screen a channeltron detector has been mounted, the 

system can be operated in t wo modes. In the visual mode an overview of the LEED 

pattem can be obtained. In the other mode the LEED pattem is scanned over a 

collector by means of electrastatic denection. The diameter of the collector is 

100 Jtm, resulting in an angle of acceptance of 0.023°. The channeltron behind this 

aperture has a large dynamic range (1-10 6 counts s-1). Hence, accurate intensity 

measurements are possible of both the spot and the background intensities. Besides 

the two sets of deneetion plates facilitating the scanning without any mechanica! 

movement of the sample or detector, a lens has been mounted in front of the crystal. 

This crystal lens focuses the electron souree with an image ratio of 1:1 onto the 

channeltron aperture. In this way the resolution diminishing effect of a finite beam 

diameter has been circumvented. The electron gun uses a directly heated tungsten 

filament with a tip. Special efforts have been made when designing the Wehnelt and 

anode of the electron gun, in order to obtain a small souree diameter [22]. At typical 

beam currents between 0.1 nA and 50 nA this diameter is less than 0.1 mm [22]. 

It has been shown [27] that a transfer width of 210 nm is obtainable using the 

SP A-LEED system. If the eauesponding half-width is measured with a good 

relative accuracy, distauces up to 500 nm can be resolved [27]. 

The diffraction pattem can be scanned over the channeltron aperture by means of 

applying voltages to the two sets of deneetion plat es (fig. 1. 7). Note that the angle 

between incident and emergent waves remains constant. This constant angle is 

determined by the construction of the SP A-LEED apparatus and equals 7.5o. The 

fact that the angle between the incoming and emerging wave vector remains 

constant during scanning implies a modification of the Ewald sphere construction as 

shown in fig. 1.8. The applied deneetion voltages l:l U are proportional to the shift 

l:l K ll in redprocal space: 

1 
l:lU == C v'E(eV)I:lKII , with C == 0.276 ± 0.005 V nm ev-2 (1.9) 
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!201 !ÏOl !00) {1 0) (20) 

Fig. 1.8. The modified Ewald sphere construction in the case of the SPA-LEED 
apparatus. The angle between electron souree and detection is a. 

This proportionality can be easily verified experimentally by rotating the sample 

over a certain (small) angle along an axis, which virtually runs through the surface, 

followed by a measurement of the new deflection voltages. In the plane determined 

by the incoming electron beam and the diffracted beam hitting the channeltron 

aperture the scanning range runs from a bout -11 o until 19°, as measured relatively 

from the surface normaL Perpendicular to this the plane the corresponding 

deflection angles are -200 to + 200. 

The SP A-LEED as produced by Leybold Heraeus is computer controlled. A data 

acquisition unit (DAU) is used to control the deflection voltages and to read the 

count rates from the channeltron. The backscattered intensity is recorded as a 

function of the deflection voltages. The geometry of the SP A-LEED set-up defines 

a plane, with two orthogonal voltage-axis reading from -150 V to 150 V each. As 

stated before there is a linear relationship between the deflection voltages and the 

distances in K-space. The DAU makes three basic modes of operation possible: 

single spot inspection, profile scan or line scan and area scan. In the first mode the 

count rate can be monitored, at a chosen location in K 
11

-space the back scattered 

intensity is displayed. The second mode makes it possible to define linear scans 

across a diffraction spot, this in fact provides the actual spot profile. In an area scan 

a square raster of points is defined and scanned automatically. The backscattered 
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intensity can be displayed either as a two-dimensional grey-scale image or as a 

three-dimensional image. 

Fig. 1.9. An impression of the experimental system which has been built to realize 
the research described in this thesis. 

By means of an IEEE/IEC interface we have linked the DAU to an external 

computer (HP 9000-300 series). Th is facilitates easy data acquisition and data 

manipulation. For this purpose we have developed a user-fr'iendly menu driven 

programme. This programme has been set up in such a manner that a database of 

experimental data is obtained. One of the routines we have installed makes it 

possible to measure area scans of any size (m x n channels). During measurements 

the pressure in the vacuum vessel is automatically recorded. lts mean value during 

the whole scan is added as a comment. A great advantage of the link between the 

DAU and the HP 9000-300 series computer is the possibility of data manipulation 

and the several ways of data presentation ( colour, grey-scale, contour plots and 
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three-dimensional plots). An example of data manipulation is the simulation of a 

slit shaped detector. This can be done by adding the appropriate channels in an area 

scan. 

In chapter III the experimental set-up will be described in more detail. To get an 

impression of how the experimental system looks like a photograph is shown in 

fig. 1.9. 

1.4. Alternative techniques to study surface morphology 

Besides HR-LEED other experimental methods have been developed to study the 

morphology of surfaces on a scale running from atomie distances up to several 

hundred nm. These techniques can be divided in two groups. The fi rst one consists 

of diffraction techniques such as Reileetion High-Energy Electron Diffraction 

(RHEED), X-ray diffraction and Thermal Energy Atom Scattering (TEAS). The 

other group provides information in direct space, whereas the first one involves the 

concept of the redprocal lattice. The secend group contains for example the 

scanning Tunneling Microscope (STM), the Transmission Electron Microscope 

(TEM), the Reflection Electron Microscope (REM) and the Low-Energy Electron 

Microscope (LEEM). 

All the mentioned techniques are capable of providing more information than just 

surface morphology. For example X-ray diffraction and STM are able to provide an 

insight in the atomie structure within a single unit cell. Common for the mentioned 

methods is the use of UHV-technology. Except RHEED, all the mentioned 

alternative techniques require a more complicated experimental set-up than is 

needed for HR-LEED. Espedally X-ray diffraction techniques involve special 

goniometers and intense foton sourees such as synchrotron radiation. The latter 

because the reflected intensity from the surface is about 7 decades lower than that 

of the incoming beam. The resolutionftransferwidth of the diffraction techniques is 

more or less comparable with HR-LEED instruments, although TEAS tends to have 

a transferwidth which is somewhat smaller than the other methods. The recently 

developed [34] LEEM system is not capable of resolving atomie distances. As stated 

above, the interpretation of measurements obtained with diffraction methods is 

similar. In LEED the relation between a diffraction pattem and the redprocal 

lattice is easily understood, however, in the case of RHEED the patterns are 
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generally not so easy to interpret as the LEED ones. In order to circunlVent these 

probieros a different type of recording of the RHEED pattem has been developed 

[35]. Another disadvantage of RHEED in comparison with the HR-LEED is that 

generally angular beam profiles need to he corrected for the absolute intensity 

variation along the streaks, arising from dynamica! scattering effects. A 

fundamental requirement for the kinematic beam profile analysis is that when 

profiles are recorded along the streak length, Kikuchi or dynamica! processes must 

be eliminated [36]. 

Since TEM requires the use of thin samples, cut normal to the surface, the in-situ 

preparation of the surfaces is very difficult. Nice pictures of surface morphology 

features with a lateral resolution of about 10 nm can be obtained by REM. To 

compare and contrast the possibilities and limitations of both HR-LEED and STM 

we have performed a study, which is described in chapter IV. 

It is emphasized that we think no technique is superior to the other, like most 

methods in surface science they are complementary. A choice between methods 

must depend on what specific type of information on surface morphology is wanted. 

In the case of comparing HR-LEED and STM an important aspect to consider will 

be that STM provides local information in direct space and HR-LEED supplies 

information which is a statistica! average. Another important difference is that in 

HR-LEED experiments instrumental effects can easily be taken into account, 

whereas in tunnel microscopy this is much more difficult to do. The vertical 

resolution of HR-LEED is about 0.001 nm. In the case of STM this value is 

approximately 0.01 nm. 

It is stressed that certainly not all the relevant aspects of the alternative methods 

mentioned have been fully discussed in this section. The only purpose was to sketch 

the position of HR-LEED in respect to the range of available methods which can 

serve as a tool to investigate surface imperfections. 

1.5. A few remarks with regard to HR-LEED experiments on the 

GaAs( 001 )-surfa.ce 

An important subject in this thesis is the application of HR-LEED to the GaAs 
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(001) surlace. This surface is the most widely used gallium arsenide face in 

molecular-beam-epitaxy (MBE) groW!J)l. of device structures. The (001) surface of 

GaAs is of intrinsic interest because it shows a wide range of surface reconstructions 

depending on the surface composition. Although knowledge about the atomie 

structure of this surface is of great technological importance, little progress has been 

made in obtaining a clear picture of the surface structure and its dependenee on 

composition. Recently Biegelsen et al. (28] presented atomie-resalution images, 

obtained with scanning tunneling microscopy (STM), of c(4x4), c(2x8), (2x6) and 

c(8x2) reconstructions of smooth, in situ grown GaAs (001) surfaces. Pashley et al. 

(29] have also performed experiments on GaAs (001) using STM. However, they 

used a surface grown by MBE that subsequently was covered by an amorphous As

layer. From these STM (28,29] observations the condusion can be drawn that the 

(2x4) reconstruction unit cell contains two or three As--dimers. The (1x6) surface 

seen in LEED has a (2x6) unit cell containing two As--dimers. The c(8x2) is made 

up of two Ga--dimers and two missing dimers per ( 4x2) cell . The outermost layer of 

the c( 4x4) reeons tructien consists of three As-As ad atom dimers. These dimers are 

aligned perpendicular to the As--dimers on the (2x4) or c(2x8) structures. The latter 

two reconstructions are related by a surface disorder effect (33]. 
~ !t.~ · 

An arsenic film or cap as applied in ref. (29] is used as a passivating layer to proteet 

the grown surface during transport through air to the UHV environment of the 

applied surface sensitive technique. The methad introduced by Kowalczyk et al. (30] 

has been used for the GaAs (001) surfaces studies reported in this thesis. The 

amorphous arsenic layer is typically a few J.Lm thick. After the growth of a GaAs 

film at about 600°C the Ga shutter was closed, while the As flux remains on the 

sample. At typical MBE growth temperatures (550°--6500C), no condensation of As 

occurs because of the low sticking coefficient to itself at these temperatures. Cooling 

down the sample to slightly below room temperature, while the As flux remains 

directed on the sample, provides a condition for which a sufficiently thick cap can 

be grown. The cap can be removed by heating the sample at about 350°C for a few 

minutes. 

All III-V semiconductors have a sphalerite structure. Such a structure can be 

eonsidered to be build up out of two fee lattiees shifted over one quarter of the body 

diagonal. Eaeh of the fee sublattiees eontains one speeifie group lil or V element. 

Another way of looking at this strueture is to eonsider it as an fee lattiee with a 
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basis. This basis consists of two different atoms at a mutual distance of one quarter 

of the body diagonal of the fee lattice. If one bas molecular steps on a GaAs (001) 

surface the scatterers distributed over different surface levels belang to one and the 

same fee lattice. In this case the terraces are called equivalent. Atomie steps, 

however, separate terraces from one another belonging to two different fee 

sublattices. The presence of atomie steps would mean that terraces are inequivalent. 

Inequivalent terraces liaving As in the toplayer can occur on GaAs(OOl) when the 

substrate material is Si (001) [37). GaAs(OOl) surfaces epitaxially grown on a GaAs 

substrate show according to several authors only molecular steps [29,31). The 

presence of inequivalent terraces has consequences for the spot profile analyses of 

LEED [32), due to a generally djfferent behaviour of these terraces with respect to 

multiple scattering. A formula will be derived which facilitates the calculation of 

so-<:alled "sharp" and "unsharp" electron energies. An unsharp energy refers to an 

out-of-phase condition whereas a sharp energy corresponds to in-phase scattering. 

Due to the extinction law of fee Bravais lattices only indices with hkl= even or 

hkl = odd are allowed. The square bulk truncated unit cell will be used as a 

reference tbraughout this thesis and has a lattice unit a = 0.3997 nm; aften the 

value 0.4 nm will be taken. The lattice unit (a0 ) of the fee sublattices for GaAs 

equals 0.565315 nm [38). 

The nomendature used in this thesis to indicate a (001)-(mxn) reconstruction is 

such that the surface primitive veetors are m- and n-times larger than analog 

veetors in a bulk plane, pointing in the [liD) and [110) direction, respectively. For 

example a (2x4) reconstruction has As-<iimers in the [1 Io) direct ion. 

Finally, by using the concept of the Ewald sphere construction some experimental 

conditions -which can be of much practical interest- will be derived. The radius R 

of the modified Ewaldsphere for the HR-LEED instrument used in this thesis 

equals: 

R(nm-1) = 47r.cos( 7 ·50L v'E(eV)::: 10.22 v'E(eV) 
[1.504 

(1.10) 

A modified Ewaldsphere construction is necessary because the angle between the 

incoming wave vector ko and the diffracted wave vector k is fixed at 7.5° [22). At 

the other hand the sphere has to interseet the lattice rods. The sphere intersects 
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when 

(1.11) 

Combining the latter two equations yields 

(1.12) 

where E is in eV. In table II some values for sharp arid unsharp energies are given 

which are of much practical use. 

Table II 

kld 
--

27f 
(00) 

hkl E(eV) 

3 006 42.5 
3.5 007 57.9 

4 008 75.6 
4.5 009 95.7 

5 0010 118.2 
5.5 0011 143.0 

6 0012 170.2 
6.5 0013 199.7 

where 

LEED spot index 

(10) 

s u hkl E(eV) s u 
d a 116 44.9 d 

d 117 60.3 d 
d,a 118 78.0 d 

d 119 98.1 d 
d a 1110 120.5 d 

d 1111 145.3 d 
d,a 1112 172.5 d 

d 1113 202.1 d 

a =atomie step (a0 /4 = 0.14 nm), 
d = molecular step (a0 /2 = 0.28 nm), 
S = Sharp or in-phase condition, 

hkl 

026 
027 
028 
029 
0210 
0211 
0212 
0213 

U= Unsharp or out-<>f-phase condition. 

(11) 

E(eV) s 
47.3 d,a 
62.6 
80.4 d 

100.4 
122.9 d,a 
147.7 
174.9 d 
204.4 

From this table it will be clear that when a line scan is made though the (00) and 

the (10) spot, one encounters diffraction conditions which are almost half a period 

out-of-phase for the two spots. The possibility to measure this in a single line scan 

arises from the rather large radius (R) of the modified Ewaldsphere. 

u 

d 
a 
d 

d 
a 
d 
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Chapter2 

The kinematic theory 

Summary 

The kinematic theory of low-energy electron diffraction is presented here. Bath its 
merits and its limitations are discussed. In the first part of this chapter the basic 

equations of the kinematic theory are derived. It is meant as a general introduction, 

in which the physicallimits - due to the assumptions and approximations made - of 
this description will be pointed out. In the last part of this chapter the power of the 

kinematic theory with regard to the explanation of the effect of surface topology on 

the observed diffraction spot pro files, will be demonstrated . . 

2.1. General introduetion of the kinematic theory 

The total wave function "!f!t(I) of a low-energy electron scattered by the periadie 

potential due to the crystal surface has to obey the time independent Schödinger 

wave equation 

(2.1.1) 

Where h is Dirac's constant, mand e stand for respectively the mass and the charge 

of the electron, k0 represents the wave number of the incident electron in free space 

with energy E and V(r) is the potential field. The wave function of the incident 

electron in freespace is given (i.e., non relativistic) by 

( ) -ik · r 1i'ï I = e - 0 
-, with k0 = -./2m E/il.. (2.1.2) 

It should be noted that only the elastically scattered electrans are considered here, 

since these produce almost all the structure in the diffraction pattem (1]. 

Experimentally this assumption is justified by the use of a high-pass energy filter in 

front of the detection unit. 

Eq. (2.1.1) can be solved by using Green's theorem. At this stage the Green's 

function pertaining to eq. (2.1.1) is introduced 
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-iklr-r' I 
G(r,r') = e 41!"1 .!:_-!.'I 

chapter 2 

(2.1.3) 

This function represents the amplitude at !: of a spherical wave with a wave vector 

k, due to a point of unity scattering strength at r'. One obtains the following 

equivalent integral equation 

(2.1.4) 

In order to solve eq. (2.1.4) the first order Born approximation is used. This means 

that in the integral of eq. (2.1.4) vJt(I) is replaced by vJi(I) + 'lr(r) 

. -iklr-r'l . , 
·'·() _ -1~·!:+ 2meJd .e -- V(') -1~·!: rt !: - e n,2 4 1l" !: I !-r'l . !: e (2.1.5) 

The expression for the outgoing part of the total wave function w(r) can be written 

in terms of a convolution 

-ik·r 
•T•(r) = 2m e [v(r)e-i~ · rJ e - -
'i! - n,2. 41!" - ~lil 0 

(2.1.6) 

The symbol ~ stands for the convolution operation. The first function represents the 

incident wave modified by the potential field. The second function is the amplitude 

caused by a point souree situated at the origin. 

Since the point of observation !: = .R is far away from the centre of the scattering 

field and its distance IR I is large compared to the dimensions of this field, one may 

replace I r-r' I by I .RI in the nominator of eq. (2.1.5). Only the phase factor 

containing k I r-r' I needs to be handled with some care. Therefore the following 

expansion is made 

(2.1. 7) 
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The Fraunhofer approximation applies if the third and higher order terms in 

eq. (2.1. 7) are negligible compared to unity [3] . The length scale d charact erizing 

the size of the diffracting system, is in our case"' 100 nm. So d/r«l. Also kd2/r is 

much smaller than unity ("'10-3). Hence the Fraunhofer diffraction approximation is 

fully justified and exp [ik I!.-.!:.' IJ can safely be replaced by exp [i(kr-!: !.' )]. 

Using the Fraunhofer approximation, denoting K = k - ko with k the direction of 

observation and grouping all constant factors in C eq. (2.1.6.) can be rewritten as 

IV (.K) = C j V(I) eiK.~!.· (2.1.8.) 

From this equation it can be seen that in the Bom and Fraunhofer approximation, 

the amplitude of diffraction is proportional to the Fourier transfarm of the 

scattering potential. This result is well-known in X-ray diffraction, where the 

scattering potential is replaced by the electron density function. If the scattering 

object, such as a crystal, consists of a regular repetition of scattering units the 

potential field can be written as a convolution. 

V(!)= L Vn(r) * 8 (I- In) (2.1.9) 
n 

Here, V nÜ) is the scattering potential at I = In and * stands for the convolution 

operation. Substitution of eq. (2.1.9) in eq. (2.1.8) yields 

IV(.K) = L fn (!0 i!~: !.n (2.1.10) 
n 

with 

( U\ (T\ iK·r fn ~ = CJV n !J e- !.d!:, (2.1.11) 

The interpretation of eq. (2.1.10) is generally straightforward. Each scattering unit 

n has a scattering factor fn(.K) . The phase factor exp [i.K ·In] accounts for the phase 

shift due to the pathlength difference between the position In of the unit and the 

origin. In principle, the validity of the first order Born appoximation only applies 
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for very weak scattering objects, such as is the case in X-ray- and neutron 

diffraction. However, the elastic scattering cross section of electrens with an energy 

of about 100 eV as in LEED is of the same order of magnitude as the geometrie 

cross section of the atoms constituting a solid. Hence, multiple scattering effects are 

very important [1] and are even essential for the surface sensitivity of LEED. The 

price one has to pay for this, is the necessity to account for multiple scattering when 

calculating intensities. The strengths of the kinematic theory are its simplicity 

compared to the full dynamica! theory including multiple scattering, its ability to 

predict correctly the diffraction pattem and its power in descrihing quantitatively 

the effects of defects on the observed angular profiles of the intensities. This derives 

from the fact that the scattering mechanism does not affect the directions of the 

diffracted beams [4]. These directions are uniquely determined by the two

dimensional periodicity of the scattering potential and the wavelength of the 

incident electron. This periodicity gives rise to phase differences of reflected waves 

emanating from scattering atoms equivalent under the periodic translation of the 

crystal lattice. However, contrary to what is generally expected the kinematica! 

expression eq. (2 .1.10) remains valid for a much larger range of experimental 

situations such as for spotprofile measurements in LEED, provided that the 

scattering factor is adapted [5]. This will be shown below. Analog to Kirchhoff's 

theory, the surface of the crystal is considered as a two-dimensional scattering 

object, consisting of Huygens' sources . The amplitude (object function) for electron 

scattering is the electron wave function IV(!:) at the surface. Within the Fraunhofer 

approximation, the amplitude IV(I) of diffraction in the direction k = ko + .K, is 

given by the Fourier transferm of IV(I), i.e., 

) ( ) iK· r 
IV(.K = C I IV I e- ~I, (2.1.12) 

or, if the surface consistsof units one obtains similar to eq. (2.1.10) 

IV(K) =I: fn (.K) eiK· !iJ. (2.1.13) 
n 

Here, the scattering factor fn(.K) of a unit is given by 

(2 .1.14) 
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The integration in eq. (2.1.12) extends over the area of the two-<iimensional unit n. 

Thus the kinematica! expression (2.1.13) is still valid for a crystal surface, which is 

considered as a two-<iimensional grating of scattering units provided that the 

scattering factors are defined as the Fourier transferm of the electron wavefunction 

1I'n(!:) of the units. A quantitative calculation of this wave amplitude requires a 

complete full dynamical theory [9, 12]. However, if one wants to study surface 

morphology, at a scale which is larger than the scattering units, it can be assumed 

that the dynamica! scattering within a unit is such a local process that it is not 

affected by the long range surface structure. This means that the wave function of a 

particular unit is always the same, irrespective of the locations of such a unit at the 

surface. This is equivalent to the statement that the dynamica! scattering factor is 

constant over the whole profile area of a particular spot. Hence, spot profile analysis 

of low-energy electron diffraction does not require knowledge of the dynamica! 

scattering factor and can fully exploit the simple kinematica! approximation as 

expressed in eq. (2.1.13). The principal argument for the application of the 

kinematica! theory to the description of the spot profile, in the case of LEED with 

its backscasttering geometry, is that multiple scattering is relatively short ranged 

[7] (i.e., in the order of a single lattice constant) as compared to the separation of 

features -like atomie steps- causing the morphology of a given surface. Therefore, in 

most cases the renormalized scattering amplitude can be considered to have a 

constant value in the region over which the spotprofile extends in redprocal 

space [5]. 

2.2. Application of the kinematica! theory on the effects of surface roughness 

The scattered intensity of a single reflection arising from a surface structure 

containing some disorder can be divided into a sharp reflection and a diffuse 

intensity. The sharp reflection or Bragg peak corresponds to the ordered lattice and 

will be observed when long range order is present at the surface. The shape of the 

Bragg peak is determined by the instrumental resolution and the size of the 

scattering area. The diffuse part of the scattered intensity originates from 

fluctuations of the scattering amplitudes along the crystal surface. This fluctuation 

may be caused for example by a variatien in scattering properties due to changes in 

composition or structure, by height differences between terraces separated by atomie 

steps or by a combination of these two phenomena. 
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According to eq. (2.1.9) the scattering amplitude 1/J at a position B,, far from the 

crystal surface as compared to the interatomie distances, can be expressed by 

1/l(ko,k,B) = L fn.<ko,k) e+iK·!!_ · (2.2.1) 
n 

For convenience the almost constant factor exp [ikiBJ/1!!:1 in eq. (2.1.9) has been 

skipped in eq (2.2.1) . 

Again, K is the scattering vector defined by K = k- .k0 , in which ko and .k denote 

the incoming and outgoing wave vector, respectively. In eq. (2.2.1) f.o.(k 0 ,.k) is the 

renormalized structure amplitude at lattice site n = n 1~ 1 + n~2 , with ~ 1 and ~2 
veetors descrihing the repetition unit and n1 and n2 integers. 

Within the framewerk of the kinematic approximation two terraces separated by an 

atomie step g_ have the structure amplitude f.a. and fn. · i~·&. Here it is assumed 

that the scattering amplitude is related only by a phase factor to the level of the 

terrace from which it originates. At an in phase condition the exponential phase 

factor equals unity and one. observes a flat surface with two structure amplitudes fa. 

and fn.· If the scattering properties of the terraces are equal (I fc.l = I fn.l ), which is 

the case for so called equivalent terraces, a periodic 5-function will be observed 

according to eq. (2.2.1) . In general the vector g_, denoting an atomie step, will have 

a lateral component p~ 1 + p2~2 = g_ ll and a normal part g 1 = dg 1 . Here, dis the 

stepheight and g 1 is a vector perpendicular to the surface of length unity. 

At detection point B the intensity I(k0 ,k,R) is observed and not the wavefunction 

'll(ko,k,.R), SO 

= ~ ~ f (k k) l (k k) e+i~:(!!.-!!0. '-- '-- n. -O>- m -O>-

(2.2.2) 

nm 

Since it is not possible to insert in this equation the structure amplitudes and 

positions of all atoms in the specimen, it is necessary to evaluate the observed 

intensity in terros of statistica! relationships [2]. For this reasen the summatien in 
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eq. (2.2.2) over m will be replaced by a summation over m' = m - n. One obtains, 

after slcipping the prime for convenience 

N 

I= L 
n=O 

N-n 
-"'"'- ( ) • ( ) -iK· m 

i.J Ïn ko,k fn•m ko,k e - - · (2.2.3) 
m=-n 

Here, all pairs separated by a vector m are represented by the m-dependent phase 

factor. As a consequence, an average may be formed. In doing so one has to consider 

the contributing number of pairs. If in a direction .!l.i (i = 1,2) the number of cells is 

Ni> the number of pairs in eq. (2.2.3) equals N1·N2 if m = Q. This number decreases 

linearly with m. Rewriting eq. (2.2.3) yields 

N 

I(k,ko) = E (Nt-lmd)(N2-Im21) < fn(ko.k) f:,m(ko,k)> e-iK·!!!, 
m=-N 

(2.2.4) 

the brackets < > denote averaging over n of the expression in bet ween. 

Following ref. [6] ai is introduced as the a priori-probability of a cell being of type i 

and the a posteriori-probability Pij(ID) that a cell at distance m from i is of type j. 

In other words, ai can be considered as a coverage (i.e., the fraction of surface 

scatterers on a given level). In this interpretation of ai one has a multi level system, 

in which each layer has a probability of occurrence (i.e., the coverage of that level). 

Then CtiPij(m) is the probability that a given pair of cells at a distance m has the 

occupation i in the original cell and j at the reference cell. The reformulation of 

eq. {2.2.4) yields 

E (Nel md )(N2-I m2l) [.E. etiPij(m)fi(k0 ,k)f; (k0 ,k)l e-iK· m. 
!!! I,J 

(2.2.5) 

Note that the following expressions hold: 
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L ai= 1' (a) ~ aiP!j(m) = ai, (b) 
i J 

~ai Pij(-m) = aj, (c) a·p··(m) = a·p··(-m). 1 lJ - J lJ - (d) (2.2.6) 
1 

In eq. (2.2.5) Pij(!!!) is replaced by Pi/(m) = Pij(m)- aj 

I(!,!o) = L (Nt-lmd)(N2-Im2l)" 
m 

(2.2.7) 

aiP1/(m) expresses the probability of fluctuations of the type of cell from its mean 

value at two points separated by m. 

If long range order is missing the a posteriori - probability Pij (m) can be replaced 

by the a priori- probability aj for large ffi. Thus 

1 i m Pij'(m) = 0. 
lm 1-+oo 

(2.2.8) 

Owing to this convergence of p'(m) for large m the quantities I mil may be 

neglected compared to Ni· Since a 1aj is independent of .m, the summation over m in 

eq. (2.2.7) may be carried out for this term by reversing the transformations, so 

(2.2.9) 

The first expression at the righthandside is the Bragg peak 15, the last expression in 

eq. (2.2.9) describes the diffuse part (ID)· For the sharp reileetion the following 

expression holds: 

) I ( ) 1
2 ~ ~ iK·(n-!!!) Is = Is(k0 ,.k = <f .k0 ,.k > '-' '-' e- - , (2.2.10) 

nm 
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in which 

<f(ko,k)> = L ai f!(ko,k) · 
i 

Introducing f(k0 ,k) = <f(k0 ,k)> + t.f(k0 ,k) and realizing that 

one obtains for the diffuse part of the intensity 

35 

(2.2.11) 

(2.2.12) 

(2.2.13) 

To simplify this expression it is assumed that the structure amplitudes are slowely 

varying functions of the diffraction angle [7]. It may further be assumed that in the 

case of LEED the multiple scattering effects at the edges of terraces can be 

neglected, since the area of multiple scattering is relatively small. The diffuse 

intensity can now be written in the convenient form 

(2.2.14) 

Here P(K) is the Fourier transfarm of the pair-correlation function and describes 

actually the angular bearn profile. In deriving eq. (2.2.14) from eq. (2.2.13) the 

following steps and approx.imations have been made 

= N ,N 2 L Mï(ko,k)M/(ko,k) P ij(K) 
ij 

::! N,N2 [<1f(k0 ,k)l
2

> -l<f(k0 ,k)>1
2
]P(K), with P(!i) = ~. P1j(!9. 

1 J 
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If Gp(.K ll ) is the lattice factor for a perfect smooth surface one finally obtains 

I(~,~o) = <I f(ko,]~) I2>Gp(.K 11) + N 1N2 [<I f(ko,k) 12> -I <f(~o,k)> 12] P(.K). 

(2.2.15) 

It should be emphasized that eq. (2.2 .15) is not an exact and general description of 

the observed intensity, since in deriving this e.xpression all multiple scattering 

effects between different terraces or islands have been neglected. It corresponds to 

the column approximation used in high energy electron diffraction [7,8) . 

A general multiple scattering formulation has to include, besides the pair 

correlation, all multi-site correlations [7] . The applicability of eq. (2.2.15) is 

justified by the fact that for an exponential decay of the pair correlations, all 

multiple correlation functions will exhibit the same exponential decay. 

As long as no sharp interlerences in the scattering factor occur, the beam profiles 

will therefore keep a Lorentzian farm as in the kinematic case. Analytically this has 

been shown for one dirneusion [9] . To the best of our knowledge such has not been 

proven for two dimensions. Due to the successful application of eq. (2.2.15) in 

descrihing experimentally obtained diffraction spot profiles, it is to be expected such 

a proof can be made for the two dimensional case. In the one dimensional case 

Hendricks and Teller [13) have shown that the problem of propagation of order with 

nearest neighbour interactions can be solved by calculating the mth power of the 

correlation matrix p(1). They state that Pik(m) = {p(l)mhk· Finding the mth power 

is simple if p(1) can be diagonalized. Using the transfer matrix A, one can 

diagonalize p(1). From this it follows that 

(2 .2.16) 

The eigenvalues can be written as 

(2.2.17) 

The beamprofile can be considered as the Fourier transfarm of the pair correlations 

( eq. (2.2.5)) given by 



The kinematic theory 37 

(2.2.18) 

substitution of eq. (2.2.16) yields 

(2.2.19) 

In which R denotes the number of different types of cell occupation or the number 

of contributing surface levels. Defining the quantities Bk(~) and Dk(!) by 

(2.2.20) 

the beam profile is finally given by [7] 

(2.2.21) 

The first term of the above formula describes a symmetrie profile, whereas the 

second term describes an assymmetric correction. For a so called reversible surface 

the latter contribution vanishes. A reversible surface is one in which the pair 

correlation function over the surface is symmetrie with respect to positive and 

negative directions. In this case p( 1) is symmetrie and consequently its eigenvalues 

are real. For vicinal surfaces the probabilities for steps going up or down are not 

equal in both directions and consequently the beam profiles will be asymmetrie. 

Since for a vicinal surface p(1) is no longer symmetrie, its eigenvalues are complex. 

This renders the analysis of irreversible surfaces more difficult . An other origin for 

profile asymmetry can be multiple scattering. 

The possible eigenvalues >.i are determined by physical restrictions. If 

m-+ oo Pij(m) = aj (according to eq. (2.2.6)). Since aj can be considered as a 



38 chapter 2 

coverage, for large m the trace of p(1)m is unity. Further, since the similarity 

transform preserves the trace, this also implies that 

R m E À . = 1 if m --> oo. 
. 1 
1 

Therefore all the À's have absolute values less than or equal to unity and that there 

is exactly one À which equals unity [22]. For a multilevel system the central spike 

disappears the more rapid away from in-phase conditions the greater the number of 

contributing levels. If this number goes in infinity the sharp reflection will only be 

observed at an exact in-phase condition. 

Jagodzinski has shown [14] that the former method is also applicable for the case 

that the a posteriori probability depends on s foregoing sites (the range of the 

interaction equals s). 

In the remainder part of this section equations will be derived that are of much 

practical use for quantitative spot profile analysis. For this, a rough surface is 

considered to consist of (N +1) equivalent levels (i.e. identical scattering units) . The 

probability of finding a terrace at level n is Pn· Steps causing this roughness are 

described by 

(2.2 .22) 

In which g ll is the lateral component and d~ 1 is the normal part of the vector g, as 

stated before. The average structure factor is given by 

iK· g ll N iK .l dn 
<f(.k0 ,k)> = f(k 0 ,k) e E Pn e · (2 .2.23) 

n=O 

Here f(k 0 ,k) is the generalized structure amplitude of a single scattering unit. 

From eq. (2.2.23) it follows that: 

2 2 N N iK 1 d(n-m) 
I <f(ko,k)> I = I f(ko,k) I E E PnPm e 

n=om=o 
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N 
= I f(k0 ,1~) 12 E C(h) cos(K 1 dh). 

h=N 

Here C(m) = <PnPn+m>· Using Eq. (2.2.24) G(!1 ) is defined as follows: 

or: 

I <f(!o,!D> 1
2 

G(K 1) = -~ f-(k-o,-k)-1=2-

N N iK 1 d(n-m) N [N-h l 
G(K 1 ) = L E PnPm e = L L PePl+h cos(K 1 dh) 

n m h=-N l=O 

N 
= E Chcos(K 1 dh). 

h=-N 

Another useful expression, which holds on a homogeneaus surface, is: 

2 2 iK 1 dn 2 2 
<lf(ko,k)l > = lf(ko,k)l L Pn Ie I = lf(ko,k)l · 

n 
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(2.2.24) 

(2.2.25) 

(2.2.26) 

(2.2.27) 

Combining eq. (2.2.15, 25, 27) and defining ~step(K) = N 1N2 P(K) yields the 

important result 

1(!0 ,!0 · 
1 f(!o ,kJ j2 = G(K) = Gp(K 11) G(K 1) + ~step(K) (1-G(K 1 )). (2.2.28) 

Both ~step(K) and G(K 1 ) are experimentally obtainable [5,10,11], since In, 

I Isd!ll, I Ind!u and I Id~ll are measurable quantities. 
BZ BZ BZ 

~step(K) 
= I I D (~ 11 J K 1 ) dK 11 

(2.2.29) 

BZ 
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G(K ..L) 

i~ sC~n = K ..L)d~ll 

= I~(!~·ll = K ..L)d~ll 

chapter 2 

(2.2.30) 

These two equations demonstrate the need for a high resolution system, since one 

has to be able to separate the sharp reileetion and the diffuse part of the intensity. 

Note that by normalizing by the integral intensities taken over the Brioullin Zone 

(BZ) in eq. (2.2.29 and 30), all dynamicaleffects have been excluded. 

To characterize the surface roughness, Wollschläger et al. [10] introduced the 

asperity height (t.). This is the root mean square height of the terraces constituting 

the whole surface. Fora homogeneaus surface it has been derived in eq. (2 .2.28) that 

the Bragg reileetion ls(k0 ,k) may be written as 

(2.2.31) 

Using eq. (2.2.24) and (2.2.25) one finds 

2 iK ..L d(n-m) 
ls(ko,k) = I f(!o,!D I L L PnPm e · Gp(.K 11 ). 

nm 
(2.2.32) 

In general an unambiguous determination of the probabilities Pn of eq. (2.2.32) is 

not possible, because the Fourier transfarm of the experimentally obtained G(K 1 ) 

only provides the correlation coefficients Ch and not the probabilities. These 

probabilities can only be found when additional information is available. lt has been 

shown [30] that a salution is possible if for example the total amount 0 deposited 

onto an initially flat surface may be measured independently and determined from 

the probabilities Pn· 

At a position along the reciprocal lattice rod were K 1 = 2d71" l + óK ..L ( lEll) and 

óK 1 ( 271"/d (close to an in-phase condition), one can reformulate (2.2.32) 

(2.2.33) 



The kinematic theory 41 

The experimental phase factor will now be expanded in a Taylor's series: 

27r [i( óK 1 ) d (n-m)t 
G(-d l+óK1)=LLPnPmL V • 

nm v · 
(2.2.34) 

If óK 1 ( 2; eq. (2.2.34) may beapproximated by 

(2.2.35) 

Here is made use of the fact that the moments with v odd in eq. (2.2.34) vanish. So 

now one may write 

\ L L PnPm (n2 + m2) -2E L PnPm nm 
(óK )2d2 [ l 

nm nm 

(2.2.36) 

In which the asperity height!:::.. has been introduced, defined by: 

(2.2.37) 

The following approximation in eq. (2.2.36) is useful: 

(2.2.38) 

This is a Gaussian with a FWHM of 2..ffD.2/ !:::... So if W 1 is the FWHM in G(K 1 ), 

the asperity height will be given by: 
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1\ - 2fTI12 
L1- w 

1 
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(2.2.39) 

In this sectien it has been shown that for a geometrie distribution of steps among a 

fini te number (N) of layers, the diffracted beam profile consists of a sharp spike and 

a sum of (N-1) Lorentzians . The sharp spike corresponds to an eigenvalue of the 

correlation matrix of magnitude unity. The remairring (N -1) eigenvalues of this 

NxN matrix have an absolute value smaller than unity. For general distribution of 

steps Lent and Cohen [22] have shown that the general features of the spotprofiles 

will be similar to the case of the geometrie distribution, although the line shape is 

not in general Lorentzian. Like in chapter I it is stated, that the redprocal relation 

between the asperity height and W 1 is also expressed by Heisenberg's relation: 

/j.z. fj,K 1 ~ 1. 

In the daily practice of spot profile analysis of low-energy electron diffraction it is 

very useful to determine the asperity height first . From its value one can estimate 

the number of contributing Lorentzians in the observed profile. Implicitly it is 

assumed that for each surface level the geometrie distribution holds. It should be 

noted that the width of a single Lorentzian does not change as a function of K 1 , 

only the height or amplitude of the Lorentzians will vary along the reciprocallattice 

rods. 

If the number (N) of levels contributing to the profile is infinite, the sharp spike can 

only be observed at an exact in-phase-condition. For a geometrie distribution it has 

been shown [24,25] that a closed form salution can be obtained for the angular beam 

profile. Pukite et al. [23] have shown that closed form expressions for many ether 

distributions of terrace lengths can be obtained. 

2.3. Random phase fluctuations 

In this sectien it will be shown that the influence of random phase fluctuations can 

bedescribed by a transfer function Ta(k) . These random phase fluctuations are due 

to deviations of atoms from their equilibrium positions. For example, this may be 

caused by thermal vibrations. To model the effect of random phase fluctuations an 

extra phase factor is included in eq. (2.2.3): 
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N N-n 'K ( ) 'K * 1 • u -u -1 ·m 
I = ~ ~ f (k k' f (k k' - -~ -~+m - -I..J I..J n _o,~ n+m _o,~e e . (2.3.1) 

n=Om=-n- --

In this equation .Yn is the displacement from an equilibrium position n. If the 

entities possessing different scattering amplitudes do not correlate with the phase 

fluctuations, one may reformulate eq. (2.3.1) in a similar way as eq (2.2.3) has been 

replaced by eq (2.2.4). So, for the intensity one finds 

I= (2.3.2) 

In deriving this expression the quantities I mil (as denoted in eq. (2.2.4)) have been 

neglected against N 11 this on the analogy of the derivation of eq. (2.2.9). Note that 

eq. (2.3.2) can be written as a convolution of two functions: one contains the 

product of the scattering amplitudes, the other can be regarded as a transfer 

function. The latter takes into account the random phase fluctuations by an average 

phase factor. This average phase factor is a sum of a large number of independent 

random variables, according to the central limit theorem, it may be assumed that 

this sum has a normal probability distribution. It is supposed that the joint 

statistics for the phase at two points n and n+.m, solely depends on their separation 

m. Further, it is reasonable to suppose that the mean deviation from the 

equilibrium position is zero: 

(2.3.3) 

Since u and u + may be dependent, the Gaussian bivariate has to be used: -n -n m - --
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1 [ - 1 !Iu -<u >1
2 

-n -n 
p(~n'~n+m) = · exp -- · + 

- - - 2u u b-p2 2(1-p2) u2 
!!. !!_+m !!. 

2 
I~!!.+!!!.-<.!!..!!.+!!!.> I 

u !!_+m 

2p(~!!-<~n>). (.!!,.~ +!!!-<~!!.+!!!.> )]] 

unun+m ---
(2 .3.4) 

with standard deviations defined by: 

(2 .3.5) 

and a correlation coefficient given by: 

(2 .3.6) 

Since the joint statistics for phase at two points separated by m are independent of 

their absolute position at the surface, one can state: 

(2.3. 7) 

By making use of eqs . (2.3.3-7) the average phase factor can be written as: 

(2.3.8) 

Here we have used the concept of the so called characteristic function for a random 

variabie as is known from probability theory. 

After substitution of eq. (2.3.8) in eq. (2.3.2) the obtained equation can be written 

as a convolution of the ideal pattem and a transfer-junetion TR(!S), which is given 

by 

(2 .3.9) 
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To illustrate the effect of TR(k), the situation will be considered that p(m) = 0 if 

m f: Q and p(Q) = 1. The combination of eqs (2.3.3) and (2.3.5) plus performing the 

Fourier transferm of unity allows one to write down the following expression for this 

case: 

[ 
+~ -i~:m -iK·<I!!nl>l E e -1 + e -

m=-N 

-1 K 12< 1!!n12> 
=e -

+~ iK·m [ -IKI 2<Iu 12>] '\' e-- - -n '- + 1-e - . 

m=-N 

(2.3.11) 

Here a2 has been replaced by <I !!n.l 2> since it is assumed that <!!n,> = 0 

If TR(!D is convolved with the undisturbed part of eq. (2.3.2.), one finds the 

following expression for the scattered intensity: 

(2.3.12) 

This expression is closely related to the one that describes the effect of thermal 

vibrations in the surface on the spot intensity. In that case the prefactor 

exp[-1~1 2< l!!n.l 2>] is called the Debye-Waller factor. 

The derived formula expresses that for increasing <I !!n.l2> the spot intensity 

decreases exponentially, whereas simultaneously the background intensity is 

increasing by the same amount. lt can also be seen from e.g. (2.3.12) that the 

decrease in intensity is strenger for smaller wavelengths. Notice that the intensity 

scattered in the forward direction, that is for K = .Q, will not be affected by this 

kind of "surface roughness". In the back scattering direction the effect on the 

intensity is the largest for the specular reflection in which I~~ is maximaL 
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From eq. (2.3.9), however, it can be concluded that if there is some degree of 

correlation, that is p = p( m), there will be a spot broadening. 

The result for G(K 1 ) as given in eq. (2.2.30) can be obtained in a similar way as 

eq.(2.3.9). For this one has to assume that the random variables only can take 

integer values. Similar to eq.(2.2.26) one can state that: 

00 

= ~ J dhg_ dhg_+m p(h~-' hn+m) · 
-oo 

iK d(h -h ~\ 
E ó(h -p) ó(h -q) e 1 !!. g+~) = 

p' q n ~+_!!! 

J 
00 

ik 1 d(h -h + ) 
E dhn dhn+m p(hn, hn+m)e ~ g m 
m - -- -
-00 

p,q 

iK 1 d(p-q) 
e 

(2 .3.13) 

This equation expresses that exp [-1 K 1 dl 2a2(1-p(!!!))] has to be convoluted with 

an array of 8-functions expressing the periodicity along the redprocal lattice rods. 

It should be noted that eq.(2.3 .13) is valid along the full length of the redprocal 

lattice rods and thus it is more general than eq.(2.2.30), which only holds in the 

neighbourhood of an in phase condition. 

2.4. Spot profile simulation and some practical notes on spot profile analysis. 

It is difficult to describe a generally valid method for the correct simulation of a 

diffraction spotprofile, which can be used in the daily practice of spotprofile analysis 

of low-energy electron diffraction. Most problems are solved on the basis of an ad 

hoc kinematic analysis . The most serieus problems to tackle in a general analysis 
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are how to take into account correctly dynamica} scattering effects, the validity of 

one dimensional roodels and the uniqueness of the solutions found. 

In general a full multiple scattering methad is needed when one wants to calculate 

the diffracted intensities. This methad is widely used to solve the structure of single 

crystalline surfaces. Surface roughness, however, complicates much a calculation due 

to its statistica! character. Earlier in this chapter the reasans have been mentioned 

why the kinematic approximation gives good quantitative description of the effect of 

surface morphology on the diffraction spotprofile. What is looked for is a kinematic 

theory, which can be extended if necessary in a simplistic way to take into account 

multiple scattering effects. Such a quasi-kinematic theory has been given by Moritz 

[7]. His description can be used for non-equivalent terraces. In solving this problem 

a link has been made bet ween the occurrence of an atomie step and of finding a 

particular terrace with specific scattering properties. The salution of the problem is 

close to that of the multi level system with a limited number of levels. Here the 

profile also consists of a number of profiles. This number corresponds to the number 

of non-equivalent terraces or in the multilevel problem to the number of surface 

levels involved. Each profile corresponds to an eigenvalue of a correlation matrix. 

In other situations - such as when facets occur - where dynamica! effects can be 

important it is far more difficult to give a correct quantitative predietien of the 

spotprofile. The problem how to combine statistically distributed facets and terraces 

in a way that dynamica! effects are modeled in a correct way has not been solved 

yet. In the remainder of this sectien only some basic concepts will be highlighted, 

which are important for the simuiatien of a spotprofile. Also some remarks will be 

made about the important extension to two dimensions. 

In sectien 2.2. it has been shown that the observed intensity profile can be 

considered as the Fourier transfarm of the autocorrelation function P(BJ. This 

function may be regarded as a mapping of the weighted probability that two specific 

lattice sites will be found to be occupied a distance B: apart. An other way of saying 

is that P(BJ gives the probability that if any specific site is taken as origin, there 

will be another such a site at a vector distance B: from it. P(BJ is made up of peaks 

conesponding to all inter-lattice-point veetors present. The above definition has 

been adopted from Cowley [2] and corresponds also to the one given by Hosemann 

and Baggchi [15] . From a more formal statistica} point of view [16] the auto 

correlation P(B:,B:0 ) of a stochastic process f(B:;~ is defined as 
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(2.4.1.) 

It is therefore the average, over random variables ~~ of f at some arbitrary point B:o 
times f* at a distance B: away. The statistica! process f is called strict-senee 

stationary if it is independent of the position &, <f(B:_,~> is a constant and the 

joint statistics of the involved number of processes depends only on the initia! 

separations. The problem to solve is to evaluate the autocorrelation function for a 

statistically rough surface. Since this is extremely difficult for two dimensions, 

almost all simulations are one dimensional ones. 

The way that could be foliowed to extend the one dimensional kinematic theory to 

two dimensions has been pointed out by Lent & Cohen [22) . They showed that this 

extension must take the route of Markov random fields and roodels like that of the 

two-dimensional Ising model. For two-dimensions and several surface levels, the 

Markov random field generalizes the geometrie distribution and can be compared to 

a Heisenberg model. Unfortunately, the correlation functions for the latter model 

are not known. The only model for which an exact salution is known in 

two-dimensions is the Ising model. It can be compared to a generalization of the 

geometrie distribution for a two level system in two-dimensions [22]. The emphasize 

on the geometrie distribution has two important reasons. Firstly, it describes the 

important physical situation of no interaction between steps. Secondly, this specific 

distribution is closely related to the theory of Markov chains [22,26]. A Markov 

chain is a sequence of probability vectors . The jth component of such a vector is for 

example the probability of finding a surface scatterer at j lattice displacements in 

the vertical direction. These veetors have the property that the (n+l)th vector is 

determined by its immediate "past", the nth vector. The relation between these two 

probability veetors is given by a transition matrix, e.g. the correlation matrix. A 

method to analyse profiles, under the assumption of a geometrie distribution is 

given insection 2.2. 

Pimbley and Lu [17,18] have developed a scheme to evaluate the autocorrelation 

function - or as they say the atomie pair correlation function - exactly in one 

dimension for stepped surfaces. They define the surface autocorrelation function as 

P(B:) = E E P(I,J) ó(R- (Ia,Jt)), 
I J -

(2.4.2) 
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where t and a are, respectively, the lattice displacements perpendicular and parallel 

to the surface. P(I,J) is defined as the probability that a surface atom exists at 

displacement .R = (Ia,Jt) from a given surface atom. This model can be extended to 

include the possibility of a lateral displacement at a step edge [17]. Allowing only 

monoatomie steps P(I,J) can be derived by a combinatcric argument. Implicitly it is 

assumed that the terrace lengtbs are statistically independent from one another. 

This bas also been assumed by others [20-23]. 

3 [I-J/2]m { n l+1-J-2n l+2-J-2n 
P(I,J) - (J[_g_] E a (3+2n] E E 

- l+a n=O (l+a) 2n n i 1=1 i 2 =i t+1 

(2.4.3) 

Where "[ ]~ denotes the modulus of the quantity inside. And P(N) is the 

probability that an arbitrary chosen terrace has exactly N surface atoms, i.e. has a 

length of (N-1)a. The specific form of P(N) depends on the type and range of 

step-step interactions. When N=O and J=1, there exists only the summatien over 

i1. In this case, there are no terms of the form P(ix-ix_1) in the i1 summatien of eq. 

(2.4.3). The ratio of the probabilities of an "up" or "down" step is a. So, the 

probability of a step being "up11 is a/(1 + a) and for a step down this is 1/(1 + a). 
The redprocal of the average terrace length is (J. Further it is stated that 

P(I, -J) = a-JP(I, J), (2.4.4) 

and 

P(I, J) = P(- I, -J). (2.4.5) 

A close look at eq. (2.4.3) Jearns that this equation depends on a in such a way that 

it gives the same result for both a and its redprocal value 1/ a. Th is means that also 

in the case of vicinal surfaces (a :f 1) eq. (2.4.5) still holds. The validity of 

eq. (2.4.3.) has been questioned by Moritz [32]. He noted that eq. (2.4.3.) only holds 

if eq. (2.4.5.) is fulfilled. The consequence of this would be that eq. (2.4.3) is not 
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valid for vicinal surfaces in genera!, but only at specific diffraction conditions, i.e. in 

phase and out of phase. 

As stated before the intensity I(.K) is the Fourier transfarm of the pair correlation 

function in the kinematic approximation 

I(.K) = f gR P (.R) exp [i.K · R]. (2.4.6) 

To evaluate this expression a programme in C has been written. The correctness of 

this programme can be demonstrated in the case of a geometrie terrace length 

distribution 

P(N) = 'Y (1- 'Y)N-t, (2.4.7) 

where 'Y is the probability of encountering a step, when going from one lattice site to 

the next one. It has been shown [24, 25] that for this type of distribution function a 

closed form salution can be obtained for the diffraction spot profile, when the 

number of contributing surface levels goes to infinity. 

I(.K) = ( l+o-)/(1-o-) 

1 + ( 1 :~ ) 2 ( 1 - cos (!~: ~)) 
(2.4.8) 

If K-~ = 21r(n + ó), where ó << 1 and n is an integer. It is easy to see that 

eq. (2.4.7) is close to a Lorentzian. For a simple AAA stacking sequence and 

monoatomie steps, the boundary structure factor (a-) is given by 

o- = 1- 'Y (1- cos(k· i)). For an ABAB stacking the broadening of the even order 

beams is described by the same formula for o-. The odd-order beams are shifted in 

phase by 1r and one finds o- (odd-order) = 1-7 (1 +cos (k·i)). 

For clearity it is remarked, here, that as well eq. (2.4.3) as eq. (2.4.8) are derived 

under the assumption of an infinite number of contributing surface levels. For this, 

of course, the summation over I has to be extended to infinity, since only 

monoatomie steps are allowed. For multilevel systems of this type the sharp 

reflection can only be observed at an exact in phase conduction. 

The argument used in deriving eq. (2.4.3) can be succesfully applied to evaluate the 

autocorrelation function analytically and exactly for the combined overlayer and 

substrate system (two layer model) [18, 27].This model can be applied in the case of 
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a study of the first stages of epitaxy. In addition Pimbley and Lu [27] exploited the 

equivalence [22] of the Ising model to the model in which both the distribution of 

the adatom island size and the substrate terrace width is geometrie, to construct 

and solve a one-dimensional, thermadynamie equilibrium lattice gas model. 

In a one--dimensional model the profile does not depend of the correlations in the 

direction perpendicular to the plane in which the profile lays. If in a so-called area 

scan one integrates the two-dimensional diffracted intensity in a certain direction 

over one Brillouin zone, i.e. as would be measured when using a slit detector. It 

corresponds to the profile that would be measured from an effective 

one-dimensional array of overlayer islands separated by substrate "islands" [28]. In 

fact one can state that the correlations have been integrated out of the 

two-dimensional profile. In this case the profile can be "fitted" by the ones obtained 

from one-dimensional models. This underlines the values and the importance of 

one-dimensional model calculations. 

If in two-dimensions the surface is isotropie (i.e., no azimuthal dependenee of the 

surface roughness ), the exponentially decaying correlation characteristic for a 

geometrie distribution can be written as 

p(r) = exp[- rb], (2.4.9) 

where 1/b is a characteristic length. Inserting eq. (2.4.9) into eq. (2.4.6.) yields [29] 

00 21!" 

G(K ll ) = J J dr d~ rexp[-rb] exp[i~ ll ·!] 

= 

0 0 

2 3/2 
(1 + I !in ·~I ) 

b2 

(2.4.10) 

Note that eq. (2.4.10) is a Besseltransformation. Often this profile is referred to as a 

Lorentzian-3 / 2 function. The FWHM of this Lorentzian is approximately 1.5b, 

whereas this value is 2b for a true Lorentzian. The mean terrace width in the latter 

case equals b [22]. The Lorentzian like profile in eq. (2.4.10) will become Gaussian if 

the correlation is Gaussian too, then 
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p(r) = exp [-r21u2] (2.4.11) 

and according to ref. [29] 

(2.4.12) 

As shown in section 2 of this chapter two--dimensional profiles are needed to 

perform the integration over the whole Billouin zone in generaL In the daily 

practice, however, it is often more convenient to measure line scans, for they take 

less time to obtain. If the profile is rotational symmetrie all quantitative 

Wormation can be derived from a single line scan. Assuming a Gaussian 

instrumental profile one can estimate the total intensity (i.e. the volume) from a 

line scan 

(2.4.13) 

Where hg is the height of the Gaussian and u is a characteristic length, like u in 

eq (2.4.11) . Note, however, that the instrumental profile should be rotational 

symmetrie in this case. 

When the diffuse broadening in a line scan can be fitted by a Lorentzian - 3 I 2 in the 

case of a rotational symmetrie two-dimensional profile, one obtains for the total 

diffuse intensity 

(2.4.14) 

where hl is the height of the Lorentzian 3 I 2 and b is characterized by eq (2.4.9). 

From eq (2.4.13, 14) and eq (2.2.30) one obtains for G(K 1 ) at K 1 = K 1 

1 
G(K 1 = Kj_) = --,....h..:;...l~[~-,-] 2 

1 + 2 hg V 

(2.4.15) 



The kinematic theory 53 

Here, a prime has been used to stress the fact one is dealing with quantities derived 

from a single specific line profile at K 1 = K _i. 

When, for instance, the two--dimensional profile is elliptic, one should measure two 

line profiles. These profiles should be taken in the directions of the two 

perpendicular extreme diameters. In fact, one has 

(2.4.16) 

In section 2 of this chapter the question was raised whether an unambiguous 

solution exists of the probabilities Pn in eq. (2.2.32). It was concluded that extra 

information is needed to obtain a unique solution. The problem emanates from the 

fact that only intensities can be recorded and not the amplitudes of the waves. 

Hence, information on phases of the diffracted beams is lost. In literature this is 

often called the phase problem. The maximum amount of information to be drawn 

out of a diffraction pattern is the autocorrelation function. Extra information is 

needed to obtain a one to one correspondence between this correlation and the 

atomie arrangement in real space. In X-ray diffraction direct methods have been 

developed to obtain the structure of a crystal. This is done by making use of 

mathematica! phase relations with a statistica! character and by defining 

normalized structures. Since in X-ray diffraction the scattering is very weak, the 

kinematic theory holds very well. 

Hence the result is that, if enough information on the phase of scattered intensities 

is known, one can find the atom positions directly by Fourier transformation. 

However, in a LEED experiment matters are more complex due to multiple 

scattering and by the fact that the phase is not known. This dilemma is solved by a 

new dynamica! theory of LEED which has proved to be highly accurate and flexible, 

the theory of Tensor LEED [31]. In the case of spot profile analysis of LEED similar 

problems can occur as sketched above for the structural determination of crystal 

structures using X-rays or low-€nergy electrons. Often the route of trial and error 

has to be followed to produce a model that reproduces the recorded profiles. Bush 

and Henzier presented [30] closed-form transformations · for the calculation of 

terrace width distributions from spot profile measurements. These transformations 

hold for spot profiles taken at an out of phase conditions, in the case when only 

single atomie steps are present at the surface. 
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This rather complicated direct method, however, will not be applied to the profiles 

presented in this thesis. 
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Chapter3 

Improvements of the set-up for high-resalution 
low-energy electron diffraction experiments 

Snmmary 

57 

In this chapter the description of the HR-LEED equipment is presented. The he art of 

the set-up is a Leybold-Hereaus apparatus. The UHV measuring chamber is home 

made. It contains a novel and stable sample manipulator with Jive degrees of 

freedom: two rotations and three translations. The stability of this manipulator is 

such that transferwidths higher than 100 nm have been reached. User friendly 

programs have been written for the computer control of the measurements. 

3.1 Introduetion 

Surface defects can have a dominant influence on the physical and chemica! 

properties of a crystal surface. Atomie steps form an important class of such defects. 

The density of steps plays a crudal role in epitaxy and heterogeneaus catalysis. 

Hence, it is important to be able to quantify the number and identify the character 

of structural defects at a surface. Valuable information on surface morphology can 

be obtained from angular intensity profiles of reflected beams in a high-resalution 

low-energy electron diffraction (HR-LEED) experiment. For this purpose several 

HR-LEED systems have been developed in recent years [1-4]. 

Besides the experimental findings based on HR- LEED the results provided by the 

scanning tunneling microscope (STM) acted as an eye opener for many 

experimentalists. It became clear that even so-called well prepared samples have a 

far from perfect surface morphology. The most important difference between the 

two techniques is that HR-LEED gives a statistica! average over the sample area 

illuminated by the electron beam, while STM provides local information in direct 

space. Recent research (5) has shown that the results of HR-LEED and STM are 

com plemen tary. 

The aim of this paper is to describe the experimental arrangement built up around 

the Leybold-Heraeus HR-LEED instrument. This experimental arrangement is 
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specially designed and constructed in order to get the maximum benefit from the 

HR-LEED instrument . 

In a LEED experiment the electron intensity backscattered from a disordered 

structure consistsof a sharp reflection and diffuse intensity (6). The presence of long 

range order in the crystal surface causes the sharp reflection. The diffuse intensity 

results from the fluctuations of the scattering amplitudes along the surface. In the 

kinematic approximation these fluctuations are considered to be due to "optica!" 

path differences arising from the surface roughness (e.g. atomie steps). A recent 

review of this kinematic theory is given by Wollschläger et al. (7). For a correct 

spot profile analysis it is necessary to be able to separate the sharp reflection from 

the diffuse broadening. Therefore, a high resolution system is needed. The 

instrumental reponse function determines the shape of the sharp reflection. Often 

this function is approximated by a Gaussian (8). lts Fourier transfarm is called the 

transfer function. This function provides complete and correct information on the 

instrumental limitation [14]. The braader the transferfunction the better is the 

resolution of the LEED system. The length scale characterizing this broadness, and 

at the same time expressing the quality of a HR-LEED system, is called 

transferwidth (t). lts value can be obtained from the reciprocal value of the FWHM 

of a diffraction spot profile recorded at an in-phase condition for atomie steps. It 

has been shown [14] that the maximum "resolvable" distance is determined by both 

the transferwidth and the accuracy in measuring 

contributions to the transferwidth are (8) : 

i) The energy spread (t.E) of the electron beam, 

i i) The uncertainty in the angle of incidence ( due 

source), 

this width. Important 

to fini te size of electron 

iii) The uncertainty in the angle of detection ( due to fini te size of detector 

aperture), and finite beam diameter. 

The influence of the energy spread can be neglected for the direct reflection, but not 

for higher order reflections. Thermal electron sourees have an energy spread of a few 

tenths of an eV. The HR-LEED system we use has been developed by Henzier 

et.al. (1). The high resolution of this system (100 nm < t < 200 nm) is obtained by 

limiting both the souree extension and the aperture of the collector. The influence of 

the beam diameter is limited by the use of a lens located just in front of the sample 

and not by decreasing its size, as is incorrectly concluded in ( 4). This extra 
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electrastatic lens focuses the electron souree with an image ratio 1:1 onto the 

detector orifice. Further the larger sample to detector distance, about a factor of 

three larger than that in conventional LEED instrurnents, results in a higher spatial 

resolution. An other unique feature of this HR-LEED system is the recording of the 

diffraction features. This is done by scanning the diffracted beam over the collector 

via electrastatic deflection. The latter has an angle of acceptance of about 0.023°. 

An important aspect in designing and constructing the experimental arrangement 

for HR-LEED measurements is the mechanica! stability of the experimental set-up. 

Since vibrations of the sample under investigation cause an extra uncertainty in 

determining the scattered beam direction a smaller transfer width will be obtained. 

To circumvent this problem a very stable specimen manipulator is needed. 

3.2 Design and Engineering 

In order to get the maximum benefit from the HR-LEED apparatus, one can 

formulate the following special demands for the manipulator system. 

i) It should be stable enough against mechanica! vibrations coming from the 

environment and it should enable sample positioning within the desired 

accuracy. 

ii) It should contain five degrees of freedom of motion, i.e. three translations (x, 

y and z) and two rotations. The first rotatien axis, which runs virtually 

through the sample surface, allows an increase of the detection range in 

reciprocal space. On the other hand it enables one to use lower deflection 

voltages. The second rotatien axis is directed normally to the sample surface. 

It enables one to aline specific crystal directions within the surface with 

respect to the experimentally fixed diffraction gonioroetry (i.e. e-gurn and 

detector location. The latter can be important in the case were camparabie 

experimental conditions on so-<alled non~quivalent terraces are required. 

The latter occurs for example on Si (001). 

iii) The whole system should be bakable at 200°C. This in order to obtain a base 

pressure within the ultra high vacuum (UHV) range. 

iv) Only UHV compatible materials are allowed for the mechanica! construction. 

Any mechanica! system as well as its constituent parts do have their characteristic 
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oscillatory movements in terros of amplitudes and frequencies. The stiffnes of any 

mechanica! construction plays a dominant role in its dynamic behaviour. This can 

be appreciated by consiclering a simple rnass-spring system. When clearences and 

frictions are excluded in this model, it only can provide a qualitative insight . From 

the model it is readily seen that the mechanical construction under consideration 

has a resonance frequency (f) proportional to the square root of the ratio of the 

elastic constant or stifness ( c) and the mass (m) of the system: 

f N -./cfm. 

To obtain a construction which is rather insensitive to mechanical disturbances its 

resonance frequency should be high as compared to the frequency of the 

disturbances from environmental crigin (building, floers, pumps, etc.). Normally 

these disturbances have frequencies in the range of 8-10 Hz. A stiff but light design 

provides a high resonance frequency. In this way one uses the concept of a 

mechanical filter, similar to the idea of electronic filtering. 

One should realize, however, that a high value of theelastic constant (c) implies a 

large sensitivity with respect to impetuses on the system. When an impetus is given 

to the mass (m) in our model system the kinetic energy (! mv2) will be transferred 

in to potential energy (~ cu2). So, the amplitude (u) and the maximum occurring 

force (F) will be given by u = v .fffi{ë and F = v .fffic respectively. Since clearances 

in general have the property of increasing the velocity (v) upon impact, one should 

get rid of them. Hence, a light and stiff design should be combined with clearance 

free design. 

To minimize the uncertainty in the determination of the scattered beam direction, 

the vibration of the sample should be limited. From the angle of acceptance of 

about 0.023° of HR-LEED apparatus, it can be estimated that the amplitude of 

rotations associated with these vibrations must be smaller than 2 Jtm. 

Generally, if the number of p0ssibilities - i.e. the complexity - of a manipulator 

increases, the total stiffness will decrease. The mechanical components of such a 

construction can be compared with a number of springs in series. Besides this 

decrease of stiffness, the mass of the total system will increase. To limit these effects 

we designed two independent, and less complicated manipulators. Tagether they 



Improvements of the set-up 61 

form the manipulator system. These two independent and less complicated systems 

can provide a system being more stiff than one in which all movements have been 

integrated. This differentiated manipulator system, which is discussed here, is 

shown in fig. 3.1. 

Fig. 9.1. A cross section of the manipulator system. The two rotation axes are 
indicated by a and (J. The drives for the two rotary movements are a' and 
(J'. K represents the canting disk drive. The leverage around axis B is 
controlled by B'. A' indicates one of the two micrometer gauges 
facilitating the displacement of the electronbeam over the sample surface 
S. The virtualleverpoint is indicated by A. 

From fig. 3.1 it can beseen that the HR- LEED apparatus is coupled via bellows to 

the vacuum vessel. This construction makes it possible to lever the apparatus 
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around two axes. These two axes have been chosen perpendicular to one another and 

are located by means of two micrometer gauges (one of themA' is shown in fig. 3.1) 

and a virtual lever point (A). Effectively, in this way two perpendicular 

"translational" movements of the electron beam over the sample surface can be 

realized of about ± 5 mm. The angle between the surface normal and the line from 

sample centre to the collector changes a little during "translation". This can be 

fully compensated by adapting the deflection voltages. The electrastatic deflection 

simulates a mechanica! tilt of the sample (1). So one may conclude that in this case 

there is no principal objection to approximate a translation along the surface by a 

less complicated rotation around a relatively distant axis. 

Fig. 3.2. 

VACUUM 

M 

--------

c 

The principle of operation of the canting disc drive. The membrane M 
keeps the canting disc C in its radial position. For a further explanation 
is referred to the text. 
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The other part of the specimen manipulator is connected with bellows to the top 

flange of the vacuum vessel in the same way as the LEED apparatus. This coupling 

makes it possible to elispiace the specimen in a direction along the virtual axis 

through the centre of the LEED system. Again, the same reasoning as held above 

applies for the approximation of a translation by a leverage around a distant axis. 

This virtual axis runs through the centre of the bellow in the top flange, as can be 

seen in fig. 3.1. The leverage around this axis (B) is controlled by a micrometer 

gauge (B'). 

The broad base of the manipulator inside the vacuum vessel contributes to the 

desired solid construction. The feedthrough (K) of axis a, as shown in fig. 3.1, is of a 

special type: the canting disc drive. These mechanisms (9) make it possible to avoid 

the drawbacks of conventional rotary motion drives, such as a dead band, 

tolerances, irregularities due to geometrie differences and a limited transmission 

solidness. The canting disc is held by a membrane. Its hearings are located on a 

tilted crutch (fig. 3.2). This crutch is situated at the incoming axis. The canting disc 

drive runs along another disc, which is in a permanent contact with it. In this way a 

substantial reduction is obtained. The incoming and outcoming rotatien axis, rotate 

in opposite directions. To have an absolute read out with an accuracy of 0.1° for the 

sample rotation a scale has been installed in the vacuum chamber. 

Fig. 3.3. The rotation around the surface normal (IJ). The worm-gear {W} 
facilitates a rotation around the surface normal of ±1800. S is a sample 
hol der. 
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A rotatien around the normal of the sample surface has also been constructed. In 

fig. 3.1 this rotatien axis has been indicated by {3. Again, for reasens of stability and 

stiffness we have chosen for a relatively large diameter of the hearings. In fig. 3.3 a 

sketch of this part of the manipulator system is given. The rotatien feedthrough for 

the axis around the surface normal is located on the top flange and is commercially 

available (Panmure Instruments, type RM34). 

We have applied elastic hinges in the constructions, since they are very well suited 

to obtain mechanica! constructions containing low tolerances and being truly 

bakable at 200°C. 

To reduce the effect of stray magnetic fields a tt-metal shielding has been installed 

inside the stainless steel vacuum vessel. Measurements at the location of the 

specimen indicated that the remaining field was smaller than 10 nT. 

To provide a sample introduetion without the necessity of venting the complete 

vacuum system, an airloek has been installed. The airloek is pumped by a 

turbomolecular pump (50 1/s). The vacuum vessel itself is kept vacuum by an ion 

getter pump (270 1/s) and a titan sublimatien pump including a cold trap (150 1/s). 

The base pressure after system bake out is in the 10-u mbar region. 

If the HR-LEED system is used as a stand alone system, a data acquisition unit 

controls the experiment. For easy data acquisition and data manipulation a link has 

been made to a werkstation (HP 9000-300 series). We have developed for this 

purpose a user - friendly menu driven programme. This programme has been 

written in C and controls via the data acquisition unit the measurements and data 

transport. The computer programme has been set up in such a manner that a data 

base of experimental data is obtained. One of the routines added makes it possible 

to measure area scans of any size (m x n channels). By adding the appropriate 

channels in such an area scan, one can also simulate any desired detector shape, 

such as a slit. 
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3.3 Results 

The experiments have been performed on GaAs(001) samples grown by molecular 

beam epitaxy (MBE) . After the growth of a 1JLm thick layer of GaAs on the 

subtrate material, an amorphous As cap of about 1JLm has been grown on top of it 

[10]. This protective cap can be removed by heating the sample at 320°C. The 

deèapping procedure used has been described in literature [11]. After decapping an 

As- rich (1x1) structure is observed. In fig. 3.4 an angular profile is shown from a 

GaAs(001) surface, taken at an in phase condition for molecular steps (i.e., 170eV). 

The spotprofile bas been measured while the experimental arrangement was subject 

to mechanica! vibrations emanating from the environment. For example, a 

turbomolecular pump - directly coupled to the airloek system- was running during 

the measurements. It had no detectable influence on the observed profile. Even firm 

knocking on the vacuum vessel during the measurements did not affect the obtained 

profile. The profile shown in fig. 3.4 can be fitted by a homogeneaus background, a 

Gaussian and a Lorentzian. The latter two having a FWHH of 140 nm and 67 nm, 
respectively. 

30~----------~------------~ 

Fig. 3.4. 
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Angular profile corresponding with the transfer function. Taken at an 
in-phase condition ( 170 e V} for molecular steps at a GaAs{001} 
surjace. 
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In fig. 3.5 an area scan (512 x 512 channels)is shown of the direct reflection taken 

from GaAs{OOl) at an in-,phase condition (170 eV). In fig . 3.6a so-called slit scan is 

shown. It has been obtained from the area scan in fig. 3. 5 by summing all the 

channels in the y-direction. 

Fig. 3.5. 

0 

Three-dimensional plot of a high definition area scan of 512 x 512 
channels taken at 170 e V from a GaAs{001} surface. The range along 
both axes is ± 5% of the Brillouin zone . 
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Fig. 9. 6. Slit scan obtained by summing all the channels in the y direction from 
fig. 5. 

3.4 Discussion and conclusions 

We have successfully designed and constructed a very stabie and accurate sample 

manipulator system for HR-LEED measurements. Also, a computer programme has 

been developed which facilitates the measurements appreciably. 

The anisotropy that can be seen in the area scan as shown in fig. 3.5 is ascribed to 

the curvature of the sample surface. This curvature is a serieus problem for the 

correct determination of a transfer width, especially in the case of this HR-LEED 

system [1] withits relatively large beam diameter. 
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This macroscopie curvature of the sample has been verified with an other technique 

consisting of a digital measuring probe (MT12, Heidenhain). A height variatien of 

2,um could be detected on a length scale of about 1 mm on the sample surface. 

In principle the effect of the sample curvature on the spot profile can be limited by 

decreasing the beam diameter. Since the beam diameter decreases with increasing 

beam energy, the broadening due to curvature of the sample is less important at 

higher energies. 

The observation of the As rich GaAs(001) (1x1) structure has also been observed by 

other authors [10-12] . 

From our measurements as shown in fig . 3.4, it can be concluded that the 

instrumental profile consists of a combination of a Gaussian and a Lorentzian. This 

has also been concluded by ethers (13]. This observation is important when one tries 

to fit measured data to theoretica! models .. When a geometrie terrace distribution is 

present, the diffuse broadening at out-of-phase conditions is fitted by a number of 

Lorentzians. When N surface layers are present, (N-1) Lorentzians are needed. The 

central spike, due to long range order, should be fitted not only by a Gaussian but 

by a combination of a Gaussian and a Lorentzian. The latter statement is important 

in cases where one wants to quantify the diffuse broadening at an in-phase 

condition. This type of broadening can be observed when non-equivalent terraces 

are present (6) or when inhomogeneities are present at the sample surface (7). 
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Chapter4 

Surface topography of pyrolytic graphite 1 

Summary 

Measurements on highly oriented pyrolitic graphite {HOPG) have been performed 

with a high resolution spot profile low-energy electron diffraction system {SPA

LEED). It is demonstrated that HOPG samples show a wide spread in out of plane 

orientations of the crystallites at the surface. This may cause asymmetrie features in 

scanning tunneling microscope images. These misorientations and not the crystallite 

sizes determine the widths of the observed diffraction rings. The results of 

SPA-LEED and STM are found to be complementary. 

4.1. Introduetion 

Defects at solid surfaces can influence many properties such as nucleation, 

adsorption, density of states, catalytic activity and Hall mobility. Surface 

topography describes the imperfections at the solid vacuum interface. Examples of 

topological phenomena are facets, steps and terraces, islands, domains, mosaic 

structures, surface roughening and surface melting. Several techniques can be used 

to study such surface defects. One of them is the scanning tunneling microscope 

(STM). This technique provides information about the local (in space and energy) 

density of states [1] . The area scanned by a tunneling microscope is approximately 

100 x 100 nm2. Another methad suitable for the study of surface defects is the 

recently developed [2] high resolution spot profile analysis low-energy electron 

diffraction (SP A-LEED) system. In diffraction experiments one operates in 

redprocal space. So the angular intensity distribution within a single spot reveals 

diffraction effects originating from topological features at the sample surface. The 

sample area probed by the SP A-LEED apparatus is typically 10 mm2. 

In this work measurements are presented obtained with SP A-LEED. The sample 

under study was highly oriented pyrolytic graphite (HOPG) as described in ref. [3]. 

HOPG is often used as a calibration standard for the in-plane X and Y axes of an 

1 This artiele was published in Applied Surface Science 44 (1990) 121. 
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Fig. 4.1. 

Fig. 4.2. 

chapter 4 

Area scan of the specular reflection at 150 eV. The 128 channels 
correspond to a change in the orientation of the scattering vector of 8. {)0. 

Area scan of a segment of the ftrst-order ring at ·150 eV. The range in 
k-space is the sameasin fig. 4.1. 
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STM [4], since the surface of HOPG bas translational symmetry over a r?Jlge of 

hundreds of lattice constants. 

For comparing SPA-LEED and STM we performed an experiment on HOPG with 

the former technique. The aim of the present paper is to oompare and contrast the 

possibilities of the two techniques. 

LEED experiments on carefully p~epared natura} graphite show a threefold 

symmetrie pattern for the (0001) surface [8]. This indicates that one of the two 

possible surface terminations is dominant. Experiments on HOPG do not show a 

hexagonal LEED-pattern but a ring shaped structure for the first (and higher) -

order reflections [9,15]. This is indicative for a random orientation of many small 

crystallites within the surface plane [10]. 

STM images on HOPG should reveal the honeycomb structure of the graphite 

lattice. This structure has a threefold symmetry. Indeed, such patterns have been 

found [1,5,6,7]. The dominant feature in these images is the hollow in the middle of 

the carbon hexagon. Carbon atoms with neighbours in the second layer appear as 

smal! peaks, the ones without as saddle points [1]. STM images with varying degrees 

of asymmetry have been found [4]. This may be due to an asymmetrie tip [1,4] or to 

a tilted sample [4]. 

4.2. Experiment 

The experiments were performed using a commercially available high-resolution 

spot profile analysis LEED system (Leybold-Heraeus). In this set-up the diffraction 

features are recorded by scanning the diffracted beam over a. cha.nneltron, with a. 

smal! circular aperture, by mea.ns of electrostatic deflection. The instrument bas 

been described in ref. [2]. The SP A-LEED system is mounted to an UHV-vessel. 

This chamber contains a J,L-metal shielding to reduce the effect of stray-magnetic 

fields. The remaining field was smaller than 10 nT. 

For easy data acquisition and data manipulation a link bas been made to a 

werkstation (HP 9000-350 system). To control the experiment an user friendly 

menu programme bas been developed. From an area scan, as shown in fig. 4.1, a line 
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profile of a spot can be obtained by simple data manipulation. By adding the 
appropriate channels in an area scan one can simulate any desired detector sha.pe, 

for instanee a slit. By using the workstation, data can be presented in full colour on 
a graphics terminaland a colour printer. 

Since a graphite surface is very inert to the adsorption of gases fresh surfaces can 

even be obtained by cleaving the sample with Scotch tape in air [llJ. After cleaving 
the sample was immediately transferred via an airloek into the specimen chamber 
with a base pressure lower than 5.10-8 Pa. The sample was mounted on a very 
stabie newly developed target manipulator. A rotational accuracy of 0.05° is easily 

obtained [12]. Stability is necessary to take the full advantage of the high angular 

resolution of the system. 

4.3. Results 

The measurements were made after a heat treatment of the HOPG sample at about 

600°C for one hour. In fig. 4.1 an area scan of the direct reflection is presented. 

Spe<ulat 
reftection 

ring containing 
(lO) refiectlon 

'20' 30' 

ring oontainlng ring contalning 
(20) refiection (!I) refiection 

Fig . ..j.9. Line scan at 120 eV. The arrows indicate the expected position of each 
ring. 
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This reflection clearly consists of several spots. From fig. 4.2 it will be clear that the 

first order reflections form a ring. As can be seen there are occasional bright spots in 
the ring. The higher order reflections were measured after rotating the sample in 

such a way that the diffracted beams hit the detector. Consequently, large scanning 

voltages are not needed. 

In fig. 4.3 a oomposition of five line scans at 120 eV is given. The scan starts at the 
direct reflection and passes through the subsequent rings. The rings oontain the 

(10), (11) and (20) reflection respectively. In each ring a fine structure is observed. 
The separations of these peaks correspond to angular differences of 0.3° and 0.5°. 

This kind of separations is seen all along the redprocal lattice rod of the speenlar 

reflection. No oscillations in peak width are observed. It is only possible for the 

specular reflection to obtain an I-V curve with the SPA-LEED system. This curve 
has been measured for an angle of incidence of nearly 4° from normal incidence. The 

obtained intensity profile closely resembles the peak locations as observed 

previously on natural graphite [13] and on pyrolytic graphite [14]. 

4.4. Discussion and conclusions 

From the e.xistence of several intensity maxima in the direct reflection, as shown in 
fig. 1, it is concluded that HOPG has a mosaic structure in agreement with the 

interpretation given in ref. [10]. The orientations out of the macroscopie sample 
plane are typically a few tenths of a degree. This kind of spread is well known to 
occur in HOPG [3]. However, out of plane orientations of several degrees do occur, 
as can be deduced from fig. 4.3. This clearly demonstratas the capabilities of 
SP A-LEED for studying surface topography. This large spread is probably induced 
by the cleaving process, since different angular spreads were found after each 

cleaving process. 

From the observation that the first order reflections are distributed over a ring, it is 
concluded that the crystallites are rotated rather randomly with respect to one 
another. In redprocal space this means that rods form coaxial cylinders around the 

(00) rod. Occasional intensity maxima do occur on the ring, however, indicating 

some preferentlal orientations. The same observation has been reported in ref. [9]. 
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These intensity maxima are not caused by dynamic scattering effects, as is the case 
in ref. [15]. The intersectien of the cylinders in reciprocal space with the Ewald 
sphere consists of concenttic circles in our experiment. This is true for any 
orientation of the cylinder axis. The reason for this is that during scanning the angle 
between the incoming and outgoing wave vector remains constant [2] and, therefore, 
a modified Ewald construction with the centre of the sphere at (000) has to be used. 
In this way the axis of the cylinders in reciprocal space always contains the centre of 
the Ewald sphere and thus the intersections are always circles. This is in contrast to 
a conventional LEED-system as used in ref. [15], where, the cylinder axis generally 
will not contain the centre of the Ewald sphere. Consequently in those experiments, 
the intersectien of cylinder and sphere has the shape of an ellipse. Along the ellipse 
the momenturn transfer perpendicular to the surface changes continuously, giving 
rise to intensity variations. The origin of these variations is thus different from the 
ones we observe. 

The ring shows the same range of misorientations as the specular reflection. This 
leads us to the conclusion that, in contradietien to what is stated in ref. [9], the 
width of the ring is not a measure of the average size of the crystallîtes. It merely 
contains information about the angular spread of the numerous out of plane 
orientations in the mosaic structure. A reflection is composed of a large number of 
rather narrow peaks, as compared to the total width. Each such a peak corresponds 
to a certain orientation of a crystallite in the surface. lts width, however, is 
inversely proportional to the range of translation symmetry in the crystallite 
surface. This range is the transfer width of the SP A-LEED system. The background 
is attributed to random defects in the sample surface. 

The occurrence of misorientations, whether induced by the cleaving procedures or 
intrinsic to HOPG, may explain part of the observed asymmetries in STM images 
[4], since model calculations in ref. [4] show that a tilted specimen can cause 
asymmetrie features in a. STM-image. This in addition to the effect of an 

asymmetrie tip [1]. 

In the case of pyrolytic gra.phite, STM is very suited to study the surface on an 
atomie scale. The SP A-LEED is very powerful in determining the distri bution of 

the surface orientations of the crystallites. The combination of the results obtained 

with both techniques gives a detailed picture of the surface topography of HOPG. 
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Chapter5 

Morphology of a sputtered and annealed GaAs(OOl) surface 

Summary 

Argon ions having an energy of 500 e V are found to induce a reproducible surface 
morphology, on the epitaxially grown GaAs(001) surface. The sputter dose used, was 
1016 -1017 ions cm-2 during a simultaneous heat treatment at 40000. The 
morphology change was studied by a spotprofile ana.lysis of low-energy electron 
diffraction. The observed electron diffraction phenomena are interpreted as 
originating from a rather regularly grooved structure. The 7 nm wide grooves run 
along the [I 10} direction parallel to the projection of the ion beam on the sample 
surface. The distance between the gromJes is typically 7 nm. Our findings seem 
promising for the production of quantum-well wire arrays. 

5.1. Introduetion 

The sealing down of dimensions in IC devices into the ultrasubmicron region (i.e., 
less then 100 nm) led to both new phenomena in solid state physics and new device 
applications. The production of low-dimensional structures like quantum-well wires 
requires fine lithograpbic methods. In this respect, one of the techniques of interest 
is ion beam sputtering. 

Ion bombardment of compound semiconductors can cause drastic surface 
composition changes due to the effect of preferential sputtering [1]. For this reason 
surfaces of III-V compound semiconductors usually are deficient in the anion [2] 
after sputtering. The difference in surface binding energy rather than the mass 
difference dominatea the preferential sputtering effect in these compound 
semiconductors [3]. Since the polar (001) face of GaAs is the most widely used 
surface for the epitaxial growth for compound semiconductors, it is of great 
technological interest to investigate sputter effects on this surface. Apart from 
sputter damage like ion implantation, interstitials and lattice defects, preferential 
sputtering results in a change of both composition and structure of the GaAs(OOl) 
surface. The latter because the GaAs surface has various surface reconstructions 
depending on the surface stoichiometry. Going from As-rich towards Ga-rich 
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surfaces a whole range of reconstructions can be observed: (1 x 1), c(4 x 4), (2 x 4) 
or c(2 x 8), (1 x 6), ( 4 x 6), (3 x 1), c(8 x 2) and (1 x 1). The first two As-rich 

reconstructions are considered as chemisorbed overlayers [4] rather than as true 
surface reconstructions. Severa.l studies have been made of the compositional 

changes due to sputtering of the Ga.As(001) surface [1, 2, 3]. Recently, Ka.ng et 
al. [3] ohserved a. superlattice of (011) on GaAs(001) after sputtering and post 
annea.ling. They noted that this phenomenon could be applied in the fabrication of 

Ga.As IC devices. 

In this paper we report a surface morphology change on Ga.As(001). The a.lteration 

of surface morphology due to sputtering and annea.ling was observed by using high 
resolution low-aergy electron diffraction (HR-LEED). Within the framewerk of 

the kinematic theory of electron diffraction, surface morphology can be 
characterized via a detailed ana.lysis of LEED bea.m profiles recorded by a high 

resolution instrument. 

5.2. Experimental 

The experimental set-up used in this study contains the commercial available 

HR-LEED instrument {Leybold-Hereaus) developed by Henzier [5] and has been 
described elsewhere [6]. The GaAs samples have been produced in a Varian 

Molecular Beam Epitaxy system [20]. The final surface was covered in situ by an 

Arsenic film of a.bout 5 p.m, a.llowing transport through air to the UHV chamber 

equipped with both the HR-LEED instrument and a sputter gun. The passivating 

technique used has been introduced by Kowa.lczyk et al. [7] and is widely used 
[8,9,10]. The procedure a.pplied for decapping has been described by Schaefer et al. 

[11]. 

5.3. Results 

After deca.pping at a temperature between 30QOC and 350°C a (1 x 1) LEED pattem 

is observed. These (1 x 1) surfaces can be very flat and can he described by a two 

layer system [12]. 
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Fig. 5.1. A line scan alo.ng the [1 Ï 0] direction after heating the sample at about 
450 °0. The (00} rejlection is in the centre. The two half order 
reflections have a rather low intensity (Note the logarithmic scale). 

After a heat treatment at about 4500C a very weak (2 x 1) reconstruction was 

found. A line scan oontaining both the (00) and (10) reflection is shown in fig. 5.1. 

Sputtering with 500 eV argon ions led to a more strongly developed (2 x 1) 

diffraction pattern. The ion beam was aligned along the [I10] direction, as in all 

sputter experirnents reported here. This is also the direction of the As-As dimers on 

the reconstructed As-rich GaAs(001)-surface. During the sputter treatment the 

sample was heated at about 4oooc to annea.l out the sputter damage. Following 

ref. [1] the energy of the argon ions was set on 500 eV in order to minimize the effect 

of preferential sputtering. The angle of incidence of the ion beam retained a value 

between 500 and 600 from the surface normal for all sputter experiments. The above 
sputter procedures were repeated several times until an accumulated dose in the 
region of 1016-1017 ions cm·2 was reached. After this sputter and annea.l treatment 

the (2 x 1) pattern had disappeared, instead a severe energy dependent spot 

splitting was observed for both the (00) reflection and the first order spots. In 

fig. 5.2 a colleetien of profiles is displayed as recorded when running along the (00) 
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Fig. 5.2. 
A colteetion of angular profiles 

(d) taken along the {11 0 J direction 
for several electron en~es or 
values of S = KJ.· d 21r is 
shown, were KJ. is the height 
along the reciprocal lattice rod 
and d is the molecular 
stepheight of 0.28 nm. (a) 
correfonds with an 
out-o -phase condition and {d} 
is very close to an in-phase 
condition . 

(e) 

(b) 

(a) 
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reciprocal lattice rod from an out of phase condition (57 eV) towards an in phase 
condition (75.6 eV) for molecular steps (stepheight 0.28 nm). Note that the profiles 
are a full Brillouin zone wide and the splitting is broad. The satellites only occur in 

the [110] direction and are perpendicular to the projection of the ion beam on the 
sample surface. This one dimensional splitting is demonstrated in the area scan of 

fig. 5.3. 

Fig. 5.9. Area scan of a fu.ll Brillouin zone {512 " 512 channels) showing the 
broadness ofthe splittingin one direction. 
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The splitting at the out of phase condition in fig. 5.2 corresponds to a length in 

direct space of 3.5 times a lattice unit. As a reference we take the bulk truncated 

square unit cellof 0.4 x 0.4 nm2. The FWHM of the broadened central peak taken 

in the direction of the splitting corresponds to a distance of 7 nm in direct space. In 

fig. 5.2 it can be seen that around the out of phase condition for double molecular 

steps extra satellite peaks become visible. The location of the satellites is 

independent of the electron energy, but the relative intensities of the sa.tellites vary 

with energy. 

The width of the satellite peaks around 57 eV perpendicula.r to the splitting is 

smaller than the similar width of the central peak. In this [IlO] direction the 

FWHM of the central broadening corresponds to a.bout 3.5 nm, whereas the width of 

two satellite peaks can be related to a length of 4.3 nm in direct spa.ce. 

In fig. 5.4 the effect of additional hea.ting at 4300C on the observed profiles is shown. 

After the heat trea.tment the satelites near the central broadening have become 

more prominent, whereas the other diffraction features did notchange significa.ntly. 

In fig. 5.5(a.) a line scan is given as obtained from another sample, which has been 

trea.ted in a comparable way as described above to test the reproducibility. Again 

the prominent broad diffra.ction features are clear. The electron energy of 60.3 eV 

corresponds to an in phase condition for the first order reflection at the left. In 

fig. 5.5(b) a line scan is presented at 63.0 eV showinga splitting similar to the ones 

in fig. 5.2. The totalsputter dose for this sample was 5.101& Argon ions cm·2• 

5.4. Discussion 

At first glance the spot profiles in fig. 5.2 show some similarity with the 

observations of Falta et al. [13]. They interpreted their measurements by using a 

model surface consisting of facets with roughly a uniform size and orientation build 

up in a regular array. However, they observed an energy dependenee of the satellite 

locations, whereas here fixed locations are found. In the following the observed 

diffraction phenomena will be discussed and a model will be proposed for the surface 

morphology. The methodology of calculating the kinematic intensity from this 

model surface is quite similar to that of ref. [13]. 
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Two line scans taken after a sputter and anneal treatment of another 
sample. 
(a) The kinetic energy is 60.9 eV, resulting in an in-phase condition for 

the first order rejlection at the left. 
{b) A line scan taken at an electron energy of69.0 eV showinga similar 

splitting as can be seen in fig. 5.2. 
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Important is the observation of the sharp peak at 75 eV the in phase condition for 
both molecular and atomie steps. The width of this peak is limited by the 
instrumental resolution or the long range order in the surface under study. Since no 
satellites are present at the in phase condition, it is concluded that the diffraction 
features shown in fig. 5.2 originate from step structures at the surface. 

The slow rate of the intensity decay of the sharp peak, when going down the 
redprocal lattice rod and starting at the in phase condition, implies that only a 
limited number of surface levels contributes to the total diffracted intensity. This 
qualitative reasoning is analogeons to the work of Wollschläger et al. [14], in which 
the asperity height is introduced as a measure of the surface roughness. From ref. 
[14] one can draw the condusion that the quicker the relative intensity of the sharp 
central spike drops, when moving away from an in-phase condition along a 
reciprocallattice rod, the more surface levels are involved in the scattering process. 

IÏ10l lat_ . 
al top view i [11 0] 

•••••••• !· ••••••••••••••••••••••••••••••••••••• 
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Fig. 5.6. The model surface consists of a repetition of units as depicted in this 
figure. 
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In fig. 5.6 the model surface is shown, which is used to explain the observed 
diffraction profiles. It is a rather crude description because no statistica! variations 
have been included. Despite this drawback it will become clear from the following 
that it still provides enough quantitative information to elucidate the observed 
phenomena. As stated before, a strategy has been followed sirnilar to ref. [10] for the 
calculation of the diffracted intensity arising from the model surface. 

Our model oi the surlace morphology can be considered as a chain oi regular units. 
One of these units is depicted in fig. 5.6. Here in two parts can be recognized: a. 
groove and a plateau. The groove is build up out of an ascending and a deseending 
staircase. The terrace width oi the steps in the stairca.ses is constant and its value is 
taken to correspond to the splittingat the out of phase condition (57 eV) in fig. 5.2. 

lts width is taken to be three lattice units (3 " 0.4 nm). Since the step between 
terraces consists of a perpendicular and a parallel component both having a length 
of half a lattice unit, the projected distance between equivalent lattice points in 
neighbouring terraces is 3.5 lattice units. The other part in the repetition unit is a 
flat plateau with a length of 6.8 nm. This value has been chosen such that the spot 
splitting arising from the model calculations resembles the FWHM of the peaks in 
the measured profiles. In reality the length of the plateaus between the grooves will 
not have a constant value and thus the repetition of the units described above only 
provides an approximate description of the suriace morphology. Details a.bout the 
actual calculations within the framework of the kinematic approximation can be 
found in the appendix. In fig. 5. 7 a.nd 5.8 the model ca.lculations are compared to 
the experimentally obtained diffraction profiles. These two profiles have been 
selected since they show the most prominent diffraction features. The two figures 
demonstrate that our model calculations provide a rather good explanation of the 
observed phenomena. The total number of contributing surface layers, i.e. the depth 
of the grooves, is taken to be four. This value gave the most convincing simulation 
of the profiles. Our model, as depicted in fig. 5.6, gives an estimation of the mean 
number of contributing levels on the real surface will spread. In order to expla.in the 
broadened peak in the centre of the profiles in fig. 5.2, the plateau between the 
grooves has to be included in the model. A surface only consisting of successive 
ascending and deseending staircases will not give rise to a central broadened peak. 
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The difference between the profiles shown in fig. 5.4 can be explained by an 

increased depth of the grooves due to heating the sample. The satelite near the 
center corresponds to a scattering unit which is a. combination of two neighbouring 

terraces in a staircase. 

The length of such a unit is twice the size of a. single terrace of 3.5 units in the 

model surface under consideration. As a consequence the sa.telite corresponding to 

this unit is located more closely to the centre than the peak:s corresponding to single 

terraces. Probably, the anneal treatment leads to a transport of material from the 

groove towards the plateau. 

In the direction perpendicular to the splitting around 57 eVa difference is measured 

between the FWHM of the two sa.tellites and the broa.dened central peak. The width 

of the satellites in this direction can be related to the average length of the straight 

edges [15]. In our case this edge length running along the [ÏlO] direction is 

approximately 4.3 nm. The observed extra width of the central broadening is 

ascribed, here, to the presence of steps in the plateau regions between the grooves. 

The small remaining broadening at the in phase condition (75 eV) for both 

molecular and atomie steps can be ca.used by several reasons. A first one to be 

mentioned is the macroscopie curvature of the sample. It bas been demonstrated 

elsewhere [6] that such a curva.ture ma.y cause extra broa.dening. A secend 

explanation of the broadening at 75 eV is the existence of inhomogeneities at the 

sample surface, possibly be caused by sputterdamage and may be some argon 

implanta.tion in the outer layers of the sample surface [1]. Thirdly, multiple 

scattering effects rnight cause the extra broadening. The width {1.2 nm) of the 

terraces in the st.aircases of the grooves are rather sma.ll, so multiple scattering 

paths crossing the domain boundaries may not be fully neglected, as was done in the 

column approximation of the kinematic theory. The consequence of this could be 

that the scattering units within the terraces of the grooves might not be equivalent 

to those in the plateau. 

The figs. 5.5(a) and 5.5(b) clearly show a spot splitting similar to the one in fig. 5.2. 

This gives evidence for the reproducibility of the morphology change. From the 

presence of the well developed sharp central spike in fig. 5.5(b ), it is concluded that 
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at this stage the grooves are not yet as deep as they are in fig. 5.2. 

In regard to the uniqueness of the given surface model, it should he noted that an 
other model, in which the grooves are replaced by dike-sha.ped structures, would 
give the same intensities. The dike-like structures arise from a reversal of the 
direction of the staircases. In the latter model, about three times more material 
should have been transported during the sputter and anneal treatments. 

An example of a surface model that has been ruled out is one in which a second 
plateau is located at the bottem of the groove. Since the FWHM of the measured 
diffraction peaks corresponds to the fixed plateau length, a model with two plateaus 
of necessarily about that length would represent the correct FWHM. On the other 
hand, however, it would give rise to extra intensity in the central broadened peak .. 
From a oomparisou in fig. 5. 7 and 5.8 of the measured profiles to the model 
calculations using the single plateau model, it can be concluded that both the 
correct FWHM of the peaks and the relative peak intensities are satisfactory 
explained. 

It is interesting to note the workof Pukite et al. [19] on GaAs(001), in which they 
concluded that the rate of evaporation from step edges must be about five times the 
rate of nucleation of holes in the middle of a terrace. Using this argument they 
proposed an increase in the staircase order due to the removal of kinks on a vicinal 
surface. On a flat surface, however, vacancies must be created to desorb atoms. 
Once vacancies are present they can enlarge into holes because of the reduced 
binding energy of edge sites. In our sputter experiment vacancies are created as a 
result of sputterdamage. Hence, applying the argument of ref. [19], these vacancies 
initiate the development of the grooved structure in combination with the heat 
treatment. However, in our experiment the sample is only treated at about 4oooc, 
whereas in ref. [19] the GaAs(001) specimen is heated at 630°C. The observed layer 
evaporation on the singular GaAs(001) surface has not been observed at 
temperatures below 630°C in ref. [19]. This leads us to the condusion that the 
sputtermechanism must have a dominant influence on the formation of the grooved 
structures. When the incoming argon ion transfers upon impact an energy of about 
6 eV the Ga or As atom will be removed from the surface. This value has been 
chosen as an estimation of the amount of energy necessary to remove the Ga and As 
atoms from the surface, since the heat of formation of GaAs corresponds to 5.6 eV 
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per molecule. The amount of 6 eV will be lost if the impact parameter P = 0.14 nm 

in the case of a primary energy of 500 eV and a scattering angle of about 8.2o. To 

calculate these results the Molière potential has been used with the screening length 

according to Firsov [21]. This type of calculations is quite common in low-energy 

ion scattering. The calculated impact parameter of 0.14 nm corresponds to a 

circular area of 6.2·10-2 nm2. On the other hand the projected area of a single atom 

in the (1 x 1) surface at an angle of incidence of 550 from the surface normal is 

9.2·10-2nm2. From the ratio of these two areas -which has a value of 0.63- it can be 

concluded that the argon ions have a shallow penetration. An other important effect 

is the focusing of argon ions by the scattering potential of neighbouring surface 

atoms. Due to this focusing an increased sputter flux is effectively experienced by 

the surface atoms. This leads to enhanced sputtering of surface atoms in the [I10] 

direction, where the focusing effect is strenger than in the perpendicular [110] 

direction. 

This leads to an explanation for the grooved structures. On the other hand the 

reduced binding energies of the edge sites could explain that at elevated 

temperatures material from these sites can be more easily transported. The latter in 

such a way that the initial grooves become deeper. This is sustained by our 

interpretation of the observed spotprofile alteratien after heating the sample at 

about 430°. Probably, an energy benefit can be obtained by making steps. The edges 

consist of energetically more favorable (IT1) and (110) microfacets. 

Kang et al. [3] observed the eoeristenee of GaAs(Oll) on (001) after sputtering and 

postannea.ling. They did not find similar surface structure changes for non-sputtered 

surfaces under the same experimental condition. Like Kang et al., we conclude that 

the morphological change is produced as a. result of both sputtering and annealing. 

A remaining question to be answered is why the terraces have this specific lengthof 

3.5 lattice units. It is hard to speculate why the terraces should have this length. 

Maybe a relation with the repetition unit of the (2x4) reconstructions exists. This 

unit consists of three As-dimers near each other. No evidence however, has been 

found in the diffraction pattern for the existence of half order reflections indicating 

the presence of such dimers. Further research is required for a more detailed 

understa.nding of this structure. 
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Finally we wa.nt to make some remarks on the observation of the As-rich (2xl) 

diffraction pattern. It has been demonstrated [22} that such a (2xl) pattern sterns 

from the disordered As-rich (2x4) reconstruction. In this way one is sure that the 
observed diffraction pattern is not the (lx2) one. The latter has been described by 

Salmon et al [17]. A (2xl) pattern has been reported by Bachra.ch et al. [18]. It was 

obtained aft~r a submonolayer deposition of Al on the Ga-rich C(8x2) structure. 
This pattern obviously originates from a.n other surface structure tha.n the one 

reported here. An extra check of the crystallographic directions within the sample 

surface was made by camparing the relative spotintensities in the As-rich (lxl) 
pattern to the ones reported by Mrstik [16]. 

5.5. Conclusions 

By sputtering the GaAs(OOl) surface along the direction of the As-As dimerbonds, 

we observed broad spot splitting phenomena in a HR-LEED experiment after a dose 
of 1016_1017 argon ions cm-2 and a simultaneons heat treatment. The observed 

a.ngular profiles could be explained by a model surface. This model surface consist of 
parallel grooves each about 7 nm wide a.nd separated from one another by plateaus 
of approximately the same length. Each groeve or cha.nnel is being build up out of a 

deseending a.nd a.s.eending staircase. A stair.case structure contains steps with 
terraces, which have a width of 1.2 nm. In fact this model describes a superlattice 
structure. It should be noted that the change of surface morphology as we described 
bere, might e.g. be applied for the production of qua.ntum-well wires. 
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Appendix 

The length of a single terrace in a stair case as depicted in fig. 5.6 is given by tä, the 

length of the plateau between the two sets of staircases is represented by nä (both t 

and n are integers ). The molecular step vector a is given by: 

(5.1) 

Where the veetors ä and "IS indicate the repetition unit of the bulk truncated 

GaAs(OOl) surface. The vector g1 indicating the repetition unit of the deseending 

staircase is given by: 

(5.2) 

and the similar vector g2 of the ascending staircase is given by: 

(5.3) 

... 
The vector L giving the total size of a double staircase plus an intermediate terrace 

is given by: 

L = [2h(t+!) + n + 1] ä + hlS, 

where h stands for the number of steps in a single staircase. 

For convenianee the following parameters are defined: 

... ... .. ~ ... a 
x = K • a, y = K • u and z = K · 1 

The dotproductsof the scattering vector K with g1 and g2 are now given by: 

K · i1 = (t+i)x + tY- z 
K · i2 = ( t+i)x + tY + z 

(5.4) 

(5.5) 

(5.6) 

(5.7) 
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The scattering amplitude F 1 of L units containing two staircases and an 

intermediate terrace is given by: 

i 1; 1 [(2h(t+!)+n+l)x+hy] • 
F1 =e .F1 (5.8) 

with 

• sin(~L{[2h(t+~)+n+l]x+hy}) 
Ft=-------------------

sin( H[2h(t+!)+n+ l]x+hy}) 

The scattering amplitude F 2 of a single terrace within the two staircases is given by: 

• · sin(t! 1x) 
with F2 = ---=

sin(! x) 

The scattering amplitude F3 of a deseending stairis given by: 

The scattering amplitude F 4 of an ascending stair is given by: 

i![{3h-l){(t+!)x+!Y }-(h+l)z] • 
F4 =e ·F4 

with 

A sin{~[(t+!)x+!y+z} 
F 4 = --=------

sin{![(t+!)x+~y+z} 

The scattering amplitude F5 of the plateau between the grooves is given by: 

i[{2h(t+~)+!n}x+2h!y] A A sin(n!1x) 
F

5 
= e ·Fs with F

5 
= ___ ::;..___ 

sin( !x) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 
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the total intensity is given by: 

A A 

I= F1
2{(F2F3)2 + (F2F4)2 + F5

2 + 2F22F3F4cos(arg((F2F3F*2F*4)) 

The argumentsof the cosines in eq. (13) are given by 

arg(F 2F 3F* 2F* 4) = arg(F 3)-arg(F 4) 

= (!(h-1)(t+!)x+!(h-1Hy-Hh-1)z) 

- (!(3h-1)(t+!)x+!(3h-1)!y-!(h+1)z) 

= -{h(t+!)x+h!y-z} 

= arg(F2)+arg(F3)-arg(Fs) 

= (!tx) + [h21(t+!)x+h21lY- h21z] 

- ([2h(t+!)+~]x+(3h+1Hy+(h-1)z} 

= arg(F2)+arg(F 4)-arg(F5) 

= (!tx) + [3h2\t+!)x+3h21 !Y- h!1 z] 

- ([2h(t+!)+~]x+2h!y 

chapter 5 

(5.14) 

(5.15) 

=- !{[h(t+!)+n+!Jx+(h+1)!y+(h+1)z} (5.16) 
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Chapter6 

Surface morphology of Decapped GaAs( 001) 

Summary 

In this chapter the first HR-LEED observations are reported, as obtained from 
epitaxially grown GaAs{OOt} surfaces. The GaAs{OOt} surfaces are initially covered 
with a thick layer of excess arsenic, which can be evaporated at about 350 °C. This 
method leads to a (txt) arsenic-rich pattern. From the measured spotprofiles it is 
deduced that these (1x1) surfaces are very flat and can be described by a two-level 
system. Heating the sample at temperatures below 4BOOC leads to falcate diffraction 
spots at 1/9 ofthe Brillouin zone in the {110} direction and faint half order spots in 
the perpendicular direction. These falcate spots develop into quarter order reflections 
after heating the sample at 48000. Also the half order reflections become more 
prominent upon this heat treatment. All this is indicative of the arsenic-rich {2x4) 

reconstruction. 

6.1. Introduetion 

The evolution of micro-electronics is one of the most fascinating technological 

processes during the last decades. The sealing down of device dimensions led to both 

new phenomena in solid state physics and new applications. On the other hand a 

great technologkal skill is needed to produce these small devices. This is because 

one has to be able to control the structure of materials on almost atomie scale. 

Progress in the methods for the growth and preparatien of layered structures and 

thin films has been especially rapid in serniconductors. New methods like Molecular 

Beam Epitaxy (MBE) have been developed facilitating the production of artificial 

structures such as quanturn wells. By virtue of the dissimHar electronk structures of 

materials forming heterostructure interfaces, discontinuities occur in energy levels 

at the interfaces between the different materials. The confinement of electrens in 

small dimensions by a surface or between interfaces, leads to discrete energy levels 

in so-called quanturn wells. However, surfaces and interfaces tend to have steps this 

gives rise to rather complicated boundary conditions in theoretica! calculations. A 

nonuniformity in the layer width due to a rough interface will lead to 

nonuniformities in the energy levels of the confined electrans and to a broadening of 
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optical transitions among the quanturn well states. The conductivity q in a 

semiconducting quanturn well has been proven theoretically [1-2] to exhibit a power 

law, q"' d6, where dis the well thickness. Recent theoretica! research [3] discussed 

the dependenee of q on different types of roughness. This was done by camparing 

the effect of Gaussian and exponentially shaped autocorrelation functions. As has 

been shown in chapter II, such functions characterize the type of roughness of a 

surface or interface. From this point of view it is interesting to quantify the 

roughness of interfaces of a quanturn well by means of HR-LEED or RHEED during 

its production. In chapter II, it has been demonstrated that, within the framework 

of the kinematic approximation, the Fourier transfarm of the beam profile 

corresponds to the autocorrelation function of the surface under study. So, from the 

scattered beam profile it can be concluded whether the autocorrelation is Gaussian 

or Lorentzian. Also the asperity height can be obtained as well as the characteristic 

decaying length of the correlation functions. Investigations on the roughness of a 

surface is an example of the possible application of HR-LEED with its ability to 

provide quantitative information on surface morphology. 

In this chapter investigations are described on GaAs(001) using HR-LEED. These 

surfaces have been prepared in a Varian MBE system [4]. To proteet the samples 

from contamination during transport through air an amorphous As layer has been 

deposited on top of the freshly grown GaAs(001) surface. This layer was 

approximately 1 JI.m thick and deposited with the sample at 0 oe by making use of 

an Asçbeam. This capping layer is removed after the sample has been installed in 

the UHV vessel to which the SP A-LEED apparatus is attached. This procedure has 

been described in chapter I. In the literature it has been reported [11,12] that after 

the removal of the amorphous arsenic film at temperatures around 3500 C a(1x1) 

reconstruction is observed. 

The (1x1) reconstruction can also be obtained by dosing the c(2x8) surface with 

excessAs at low temperatures [9]. Also Bachrach et al. [10] reported a(1x1) surface 

after depositing an excess arsenic. These two authors describe the observed RHEED 

pattern as relatively indistinct [9] and diffuse [10]. This observation led to the 

condusion in ref. [9] that the (1x1) surface was disordered. Also Frankel et al. 

reported a diffuse (1x1) LEED pattern with a high background intensity. The latter 

obtained this structure after the As cap was desorbed. Schäfer et al. [12] observed a 

(1x1) LEED pattern after removal of the As cap, which seemed to be of a good 
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quality. Kowalczyk [13], who introdueed the teehnique of the arsenic passivation, 
only reported that good LEED patterns were obtained from the samples prepared by 
this technique, but he did not describe the type of pa.tterns. A(1xl) pa.ttern bas been 
claimed too by Brillson et al. [14]. They used a thermal treatment lasting for 
several seeonds to minutes at 400-500 °C to desorb the protective As cap. Only 
a(lxl) pattem was obtained [14] in this way. Other authors [11,12] reported on 
several other reconstructions for simila.r temperature sample treatments. All the 
reported (1><1) LEED pa.ttems eorresponding to the GaAs(001) surlace, have been 
described by using qualitative arguments. To the best of our knowledge the first 
HR-LEED investiga.tions on GaAs(OOl) {1xl) surface are presented in this chapter. 
This should provide a more quantitative understanding and qualification of this 
surface structure. Since the growth by MBE proceeds in the layer by layer mode, 
the produced sample surfaces are expected to be very flat. That is why in the next 
section of this chapter the important case of the two level surface will be discussed. 
In doing so, use will be made of results which have been derived in chapter IL 

6.2. Theory 

In this section the two level model surface is discussed. This model is of interest, for 
the quantification of the roughness of epitaxially prepared surla.ces. It is expected 
and demonstrated in the literature [5-8] that scatterers on these surfaces are 
distributed among a few levels only. 

Often, the model used to describe the statistica} variatien of the terrace width, is 
one in which both the upper and the lower level terrace widths are governed by 
geometrie distribution functions (Pu(N) and Pd(N)). The probability of stepping 
from the lower to the upper level is Pu1 while that probability in the reversed 

direetion is Pd. 

So, one has 
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00 a. 
a. E NP d(N) =-
N=l Pu 

(c) 

oo a 
a E NPu(N) =- (d) 
N=l Pd 

(6.1) 

Here <Tu> and <Td> stand for the average terrace width of the upper and lower 

level, respectively. The symbol a represents a la.ttice constant, in the case of the 

bulk truncated Ga.As(OOl) surface with a square unit cell: a= 0.4 nm. 

When a geometrie propability distribution of steps is assumed it is possible to use 
the correlation matrix metbod as discussed in cha.pter II: eq. (2.2.16-21}. The 

correlation matrix p(1) is now given by 

(6.2) 

Here PiJ is the a posteriori probability that a scatterer ne.xt to level i is located on 

level j. For example p12 = Pd because this is the probability of encountering a 

downward directed step when moving from one la.ttice site in the upper level (1) 

towa.rds the neighbouring one. To solve this one-dimensional diffraction problem 

one has to find the two eigenvalnes >. 1 and >. 2 of the matrix p(l). These eigen values 

are 

(6.3) 

As discussed in chapter II the eigenvalue unity corresponds to a sharp peak due to 

long range order. In chapter II it has also been shown that, besides this instrumental 

limited spike, a. broad r.omponent due to step disorder is present. This diffuse 

intensity I0 consists in general of (n-1) contributions, when n surface levels are 

present (eq. (2.2.21)). In tlie two level surface model this implies tha.t I0 can be 
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represented by a single Lorentzian like profile 

(6.4) 

If K·! << 1 then In,.., 1 /(1 + (K·!fb)2), where b = (1- >. 2)//X2• In this case the 

full width at half maximum (FWHM) of In is b.K ll = 2b/a. If both Pu and Pd ( 1, 

b::: Pu + Pd· 

The full width at half maximum of In in eq. (6.4.) is given by 

2 
2 { (1->.2) } 2 b2 . 

AK ll = ä arccos 1 - 2x2 
= i arccos {1 - 2 } (6.5) 

If the terraces are long, i.e. both Pu and Pd are much smaller than unity, the 
following approximation is justified 

Pu+Pd { 1 1 } 
b.K 11 !lj 

2 -a-= 2 <Td> + <Tu> (6.6) 

From eq. (2.2.6. a-b) it is easy to see that 

nu + ap = 1 (b ). (6.7) 

Combining these two equations yields 

Pu 
au= Pu + Pd (a), 

Pd 
ad = Pu + Pd (b) (6.8) 

For simplicity au, the first layer coverage, is replaced by e. As a consequence of 
eq. (6.8.b) lld is then (1-9). The latter value corresponds to the lower level. 

The coverage e can be obtained from G(K 1 ). In the case of a two layer system one 
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obta.ins according to eq. (2.2.32) 

G(K 1 ) = 1 + 20 (0-1) (1-cos[K l d]) (6.9) 

Here, K l is the vertical component of the scattering vector and dis the step height. 

In the case of the GaAs(001) surface d = 0.28 nm, when molecular steps are 

assumed. Molecular steps separate terraces which belong to the same fee sublattice. 

Two such sublattices constitute the zinebiende structure of GaAs. This has been 

explained in chapter 1. In eq. (2.2.30) it ha.s been indicated how G(K 1 ) ca.n be 

obta.ined from experimenta.l profiles. By fitting eq. (6.9) to the experimenta.lly 

obta.ined data points according to eq. (2.2.30), a va.lue for e can be obtained. The 

following expressions ca.n be derived from eq. (6.8) a.nd eq. (6.1.c-d) for the average 

terrace width 

(b) (6.10) 

From the FWHM of the broadened profile, taken at an out of phase condition, 

Pu+Pd ca.n be estimated, using eq. (6.5). Here, the approach was to obtain this 

value by performing a fitting procedure. Hereby one tries to find the best fit of a 

Lorentzian -3/2 to the diffuse profiles. This procedure provides the charaderistic 

length 1/b of the assumed exponential decaying correlation. From this va.lue 

>. 2 ( = 1-Pu -pd) can be obta.ined. If both Pu a.nd Pd < 1 it is most practical to replace 

Pu + Pu by b in eq. (6.10). 
The last interesting parameter to quantify the surface roughness mentioned, here, is 

the asperity height ó. as defined by eq. (2.2.37). For the two layer system it is given 

by 

A = dj 9(1-9) (6.11) 
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6.3. Results 

In this section the results will be presented as obtained at room temperature from 

HR-LEED studies on decapped GaAs(001) surfaces. The experimental set-up bas 

been described in chapter III. The samples originate from two different wafers, 

which will be indicated by I and II. The substrates have been etched using standard 

procedures [4] and had a diameter of 50 mm. The orienta.tion accuracy of the wafers 

was about 5 mrad. The bow of the wafers was S 1.5 p,m. The temperature during 

the epitaxial growth in the MBE-chamber was 630 oe. The growth rate was about 

one molecular layer per second or 1 p,m per hour. On wafer I a 1 p,m thick 

GaAs(OOl) layer was grown. The epitaxially grown layer on wafer II consists of 

0.2 p,m GaAs(OOl) layer, a 0.2 p,m thick superlattice and 0.5 p,m of GaAs. The 

superlattice is built up out of GaAs and AlAs layers, each 5 nm thick. On top of the 

freshly grown surfaces a passivating As cap was deposited at a sample temperature 

of 0 °0. 

In this sectien the presentation of the results has been divided into three sections. In 

sectien A measurements are given indicating in- and out-of-phase conditions. Also 
some results will be shown obtained after a heating and sputter treatment. All these 

measurements are from samples cut out of wafer I. In sectien B experimental results 

will be shown originating from wafer II. From this sample the surface roughness bas 

been characterized for the (lxl) structure. Finally in section C somerecent results 

will be shown as obtained from wafer II. 

A. 

In fig. 6.1 two line scans are shown as obtained after decapping [16]. The one at the 

top runs from the (ïO) reflection towards the (00) reflection. The energy of 139 eV is 

near an out-of-phase condition for the (00) spot and is close to an in-phase 

condition for the (ÏO) reflection. The broadened reflection of the (00) spot is clearly 

visible, whereas the first order reflection bas a more or less sharp profile. The dip in 

the background intensity of the line scan at the right hand side of the (ïO) spot is 

due to an instrumental effect. A repeller net located bebind the collector aperture 

gave rise to a shadow effect causing inhomogenieties in the background intensities. 

To circumvent this problem the repeller net has been replaced by a repeller ring 

[15]. The lower part of fig. 6.1 displays a line scan between the (00) and (11) spot at 

an in-phase condition for approximately both reflections. Both line scans in fig. 6.1. 
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Fig. 6.1. Line scans of GaAs(001} taken after decapping at 950 °C. Note the 
logarithmic scale. 



Fig. 6.2. 

102 +-----~-----L----~------L-----~----~ 

}()3 

{\ 
!\ 
I ' 

I \ . i 
\ 
: 
I 

(b) E = 143 eV 
K.J.d = lbr 

{c)E=l70eV 
K.J.d= 121r 

102 ~----~-----L----~------~----~----~ 
-15 -10 -5 0 5 10 15 

t:."'J;.~ (xlOO%) 

107 

Profile scans of the specu.lar rejlection of GaAs(001) for different 
energies, (a) and (c) are in-phase conditions for molecular steps. {b) 
corresponds to an out-of-phase condition. The height of the steps is 
d= 0.28 nm. 
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(a) The {00 }-spot for an in-phase condition for mono- and diatomic 
steps; {b) the {00}-spot for an out-of-phase condition for diatomic steps. 



Surface morphology of decapped GaAs( OOI) 109 

indicate a {1xl) pattern. 

In order to demonstrata the periodicity along the reciprocal lattice rod of in- and 

out- of-phase conditions, fig. 6.2 is presented [16]. 

Fig. 6.3 shows the general features of a spot profile taken from a rough surface [17]. 
At the top of the figure a spotprofile is shown taken at an energy of 170 eV, which is 

an in-phase condition of both molecular and atomie steps. The other profile is taken 

at an out of phase condition for molecular steps. It clearly demonstratas that the 
profile consists of a sharp and a diffuse part. The sharp peak corresponds to the 
profile taken at 170 eV and corresponds to a transfer width of 50 nm. The 
broadened part could be fitted by a Lorentzian with a half width of 2.5 nm. 

After heating the samples from wafer I at temperatures between 400°-4500C weak . 

fra.ctional order reflections could be observed. One of the measurements containing 
these weak fractional order spots, has already been shown in fig. 5.1. The intensity 

of the half order reflection could be increased by sputtering with 500 eV Argon ions. 

Signal 
(104 cnts) 

Fig. 6.4. 
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~CJt) A.Kaz ( 0 

50.0 100.0 

The fractional order rejlections as observed after a sputter (A r1 500 e V) 
and anneal treatment {400 OC). 
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In fig. 6.4 a line scan is shown as obtained after sputtering and heating the sample 
at about 4oooc in order to minimize sputter damage. In almost all the experiments 
the intensity of the half order reflection had a maximum around 145 eV. Both the 

described diffuse broadening and the half order reflections were isotropic. 

In fig. 6.5., a line scan is presented taken at 145.3 eV. This energy corresponds to an 

in phase condition for the {01) spot, which is indicated in the line scan. The other 

main diffraction peak is the direct reflection. For this spot the diffraction condition 

is very close to an out-of-phase formolecular steps. Between the two spots the {0 !) 
reflection is visible. Note the disturbances in the background arising from the earlier 

mentioned shadowing effect due totherepeller net. 

8.0,..------------------------. 
GaAs (001) E = 145.3 eV 

.· 
6.0 .· 

(00) :: (01) 

Signa! 
(103 cnts) 4·0 

Fig. 6.5. 
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The (00}-, the {0!}- and the {01}-spot taken at 145.3 eV. The 
GaAs{001} surface has been sputtered {Ar, 500 eV) and annealed 
{400 °0}. 
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B. 
After decapping a sample from wafer II at about 350°C, again a (1x1) LEED 

pattern is observed. This diffraction pattern is shown in fig. 6.6. It is a contour plot 

taken at an out-<>f-phase condition {143 eV) for the (00) spot, which is in the 

centre of the picture. The maximum intensity corresponds to 105 counts. 

80 100 120 

Fig. 6.6. Contour plot of a (128 x 128} area scan taken at an out-of-phase 

condition (149 eV}. The horizontal scale is parallel to the /J10] 
direction. The {00} spot is at the centre, the (01) at the right and the {101 
at the top of the plot. The intensity of the (00) spot corresponds to 105 

counts. 
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A slight anisotropy ca.n be seen. The ellipse shaped contours are elongated in [IlO] 
directions, i.e. the direction of the As-dimers. The latter has been concluded from 
the observation of half order spots in this direction upon a heat treatment at about 
450°C. An other check ha.s been made by using the ratios of absolute intensities in 
I(V) characteristics for the (lx1} reconstruction as reported in ref. (27]. In order to 
derive the lattice factor G(K l) line sca.ns have been measured along the reciprocal 
lattice rod betonging to the direct reflection. The energy range runs from 118.2 eV 
to 170.2 eV. All quantitative information is derived out of these linear scans 
through the center of the spot. The mea.sured profiles were considered to consist of 
two contributions. The first one being the central spike with only instromental 
broadening. It could be fitted by a combination of a Gaussian a.nd a. Lorentzia.n. 
Secondly, the diffuse broadening was described by a single Lorentzia.n -3/2. By 
integra.ting both the central spike a.nd the broad shoulder over a full 
two-dimensional Brillouinzone the value of G(K l) as defined in chapter 11 is 

determined. In doing so the anisotropy is being neglected. The result of this 
procedure is shown in fig. 6.7. 

0.8 

0.6 

0.4 

0.2 

Fig. 6.7. 

G(K1 ) 
• 

• 

• 

1211' 

The beat fit of the lattice factor G(K1) to the experimentally obta.ined 
data indicated by •. The coverages of lhe two levels ia 80 % and 20 %, 
respectively. 
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The curve is a best fit to the experimentally obtained data in the plot fit of the 

lattice :factor G(K 1 ), which corresponds toa two level surface given by eq. (6.9). 

The coverages of the two levels is 80% and 20%, respectively. Substitution of these 

valnes in eq. (6.10) gives an asperity height 1:::. = 0.112 nm. The mean values of the 

characteristic figures as obtained from fitting procedures are shown in table 6.1. 

The value of b in the above table implies that >. 2 = 0.916 ± 0.009 and Pu + Pd = 
0.084 ± 0.009. Substitution of these numbers and the value for the coverages in eq. 

(6.9 a-b) gives: <Tu> = 5.7 ± 0.7 nm and <Td> = 22.8 ± 2.7 nm. 

A heat treatment at about 550 °C leads to a broadening at an in-phase condition for 

both molecular and atomie steps. This can be seen in fig. 6.8. 

Table 6.1 Results of the fitting procedure. 

Function Average Valnes 

instromen- Gauss 

tal Nexp [-[K~!rJ (]' = (6.11 ± 0.35).10"2 

broadening Lorentzian -3/2 

N [ 1 + [~rr3/2 b = (3.58 ± 0.53).10"2 

diffuse Lorentzian -3/2 

broadening [ [K·!rr3/2 rvl+ b b = (8.77 ± 1.07).10"2 
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Fig. 6.8. After heating the sample at about 550 °0 a diffuse broadening at an 
in-phase-condition is observed. Probably, this broadening is caused by 
surface inhomogeneities. 

c. 
In this section results will be shown that have been obtained from samples cut from 

wafer II. In figure 6.9 an area scan is shown taken at an energy of 66.7 eV. In this 

figure clearly two sections of a ring can be observed. In the perpendicular 

(ïlO]direction very faint half order spots are present, which are more prominent at 

energies around 145 eV. The decapping procedure has been performed at a 

temperature between 4oooe and 45ooe. After cooling, the sample was retreated to 

400 oe. The ring shaped diffraction features could be reproduced using a second 

sample from the same wafer. Also here first a (lxl) pattem was observed after 

decapping at 35ooe. By maintaining the sample at 350 oe for one hour similar 

diffraction features as shown in fig. 6.9. were observed. The width of the spotprofiles 

at out of phase conditions did not show any difference upon this second heating 

procedure. 
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32 64 96 

Fig. 6.9. Area scan (128" 128} measured at 66.7 eV. The two falcate spots at 1/ 3 
of a Brillouinzone width are visible and have an intensity of 380- 420 
counts. The plotted range runs from 200 until 450 counts. The 
background intensity has a value between 200 and 250 counts. The 
intensity ofthe {00} spot the centreis about 2700 counts. The horizontal 
scale is parallel to the [11 0 J direction or "4"" direction. 

128 
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Fig. 6.10. Th ree linescans taken in the [11 0 J direction, through the two falcate 
spots. Note that at the in-phase condition for bath molecular and atomie 
steps {75.8 e V) the falcate spots are still visible. 
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In fig. 6.10 line scans are shown that run through the direct reflection and the two 

falcate spots, which are located at 1/3 of the distance between the (00) - and the 

(10) spot. The electron energy in the scans is 58.2 eV, 66.7 eV and 75.8 eV. The 

latter value for the energy corresponds to an in-phase condition for both molecular 

and atomie steps. The FWHM of the falcate spots is 14% of the Brillouin zone 

width. In other words it corresponds to approximately 2.8 nm in direct space. 
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(a) 

(b) 

Fig. 6.11. Two line scans measured at 148.0 eV, (a) shows half order reflections 

in the (ï 10 J direction (i.e., the "2x" direction). In (b) the falcate spots 
are not visible. (a) and {b} demonstrate the isotropie character of the 
diffuse intensity ofthe {00} spot in the centre. 
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(a) Line scan along the {710} direction, demonstrating the presence of 
half order reflections. Stmilarly {b} is a scan along the {110} direction 

showing the presence of {1/4 0} and (Ï/4 0} spots. The combination of 
{a) and {b} is proove ofthe {2><4) pattern. 
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In fig. 6.11(a) a line scan is shown taken along the symmetry line located in bet ween 

the two falcate reflections. Indeed, a half order reileetion can be seen along this 

[T10] direction. At 143.0 eV these half order reflections are more cleary to see than 

at energies around 60 eV. In fig. 6.11 (b) a line scan is shown, which has been taken 

at 143 eV parallel to the [110] direction. The falcate spots are not visible at this 

energy. The figure illustrates, however, the isotropie character of the diffuse 

intensity around the direct reflection. 

A heat treatment for one hour at about 480°C leads to the well known arsenic-rich 

(2x4) surface reconstruction. In fig. 6.12 (a) a line scan is shown taken along the 

s~alled 2x direction (i.e., (I10]). Note the linear scale for the intensity. The 

halforder reflections are far more prominent than the ones in fig. 6.11 (a). The 

FWHM of the half-order reflections corresponds to a distance in direct space of 2.2 

nm. Note that the dominant part of the broadened part of the {00)-spot equals the 

shape of the profiles of the halforder reflections. In the [110] direction the line scan 

shows quarter--order spots. The in set shows them more clearly, since the measuring 

time for this scan had been doubled. After a heat treatment at a temperature 

around 7oooc (011), (Oil), {101) and (I01) facets are observed, as concluded from 

the LEED pattern. 

6.4. Discussion 

This sectien will be split into three parts corresponding to the parts A, B and C in 

section 6.3. Before going into details, some general remarks will be made first . One 

of the most dominant problems encountered, when performing the HR-LEED 

experiments, was the focusing of the electron beam. The voltages of the two 

electrastatic lenses, the electron souree and the one located in front of the crystal 

surface, are adapted until a good transfer width is obtained. Due to the macroscopie 

curvature of the samples [19] the peaks taken at in-phase conditions are broadened 

beyond the instrumental width. Because this extra broadening varies with the 

location of the electron beam at the sample and the energy dependenee of the 

electron beam diameter, it is very difficult to obtain optimum experimental 

conditions. In the future, care must betaken in the polishing and etching procedures 

as applied to the su bstrate material to ensure that samples have a curvature less 
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than 0.4 mrad, i.e . less than the effective detection angle determined by the size of 

the collector aperture. A macroscopie curvature or bow of the surface, will vialate 

the impHeit assumption that the pair correlation function depends only on the 

separation of the scattering units. In some profiles extra peaks have been observed 

due to this macroscopie curvature of the samples. Since this problem effected more 

or less every recorded profile, no effort was made to deconvolute the broadened part 

with the instrument response function. A secend reasen for which deconvolution 

would not yield more information is that the width of the broadened parts is much 

larger than the observed peaks at an in-phase-condition, proving that the 

instrumental broadening is not important. 

A. 
In accordance to literature [11,12],the (1x1) pattem was found after decapping. In 

contradietien to ref. [11] only sharp diffraction pattems were found, such as in 

ref. [12] . Both line scans presented in fig. 6.1 give no indication of the presence of 

fractional order spots. This observation is reproduced very well for all samples 

originating from both wafers. Never a diffuse (1x1) pattem has been observed after 

decapping. In all cases sharp peaks were found at in-phase conditions . Note that a 

sharp peak at in-phase conditions and a diffuse broadening at out-of-phase 

conditions are found. These conditions correspond to a step height of 0.283 nm. The 

results reported in part A of sectien 6.3. clearly indicate the periodicity along the 

redprocal lattice rods conesponding to a molecular step height. These findings are 

in agreement with the observation of others [6,20,21,22] and are convincingly shown 

in the series of line scans in fig. 6.2. 

The general feature of a diffraction spotprofile is demonstrated in fig. 6.3 . The 

in-phase condition displays the broadening due to the finite instrumental resolution 

and the macroscopie curvature of the sample. The FWHM corresponds to a length 

in direct space of 50 nm in this profile taken at 170 eV. This same width can be 

found in the central peak in the profile at the bottorn of fig. 6.3. The broadened part 

can be fitted with a Lorentzian -3/2, yielding a correlation length of 2.5 nm. The 

profile taken at the out of phase condition for molecular steps clearly demonstrates 

that the profile consists of a sharp and diffuse intensity. All this is in 

correspondence with the kinematic theory of LEED. 
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After heating at a temperature between 400 oe and 450 oe weak fractional order 

reflections were observed. One of the line scans showing very weak half order spots 

has been shown in fig. 5.1. of the previous chapter. The intensity of these weak half 

order spots could be increased by sputtering the sample with argon ions having an 

energy of 500 eV. The effect of sputtering can be seen in fig. 6.4 .. From this figure it 

is concluded that the average domain size is approximately equal to the mean 

terrace length as the width of the half order reileetion corresponds to the diffuse 

intensity at the out of phase condition (143 eV). Sirree the FWHM of this 

broadening is about 2.5 nm, the average terrace length corresponds to only 6 or 7 

lattice units of 0.4 nm on a row. This can explain why a (2x1) pattem is observed 

instead of the expected (2x4) or c (2x8) pattems. In the latter two the 

reconstruction is via As-dimers [23] . In the case of the (2x4) reconstruction one 

would expect fourfold symmetry spots in the diffraction pattem. But in this 

direction the repetition unit is 1.6 nm long. So only one unit fits well on a single 

terrace, which is only 2.5 nm wide. Since the reconstruction is expected not to be 

correlated between two terraces divided by a step edge, the observed pattem will 

show a(2x 1) reconstruction with defects. These defects are the missing dimers which 

are characteristic for the (2x4) and c(2x8) surface reconstructions of GaAs(001). In 

the case of c(2x8) the problem of fitting a repetition unit on a single terrace is even 

worse than for the (2x4) reconstruction. In section C of this discussion reasans will 

be given for the disordered character of the sample surfaces under study, bere. The 

occurrence of this disorder will enhance the above mentioned effect of domain size 

limitation by steps. The assumption of disordered As-dimers implies a random 

model with exclusion, i.e. neighbouring sites cannot be occupied simultaneously. 

Such a modelleads to halforder spots [24]. The crystal directions in our experiment 

were determined by comparing the spot intensities of the (1x 1) pattem with the 

ones reported by Mrstik [25]. This led us to the condusion that a (2x1) , rather than 

a (1x2) diffraction pattem as was observed by Salmon et al. [26]. An extra 

indication for the correctness of the crystallographic direction is the evolution of 

this pattem to the (2x4) pattem. This will be discussed in part e of this section. 

B. 

The ellips es shown in the contour plot in fig. 6.6( a) indicate a slight anisotropy in 

the terrace width. It means that in the elongated direction the terraces have a 

smaller average length than in the directions in which the As- dimers run parallel to 

the terrace edges. It is stressed that this is one of the rare cases in which the 



122 chapter 6 

broadened part showed some anisotropic behaviour. Normally, circular contour plots 

are obtained. Alternatively the observed anisotropy can be explained by some 

As-dimers becomming visible at this stage of the experiment. These dimers would 

cause weak halforder spots. 

The determination of the lattice factor G(K 1 ) shows very well the power of the 

kinematic theory. The fit of the two-level-model calculations to the experimental 

data is very good. The results indicate that the surface is rather flat, as expected for 

epitaxial grown surfaces. It is also a clear illustration of the power of the kinematic 

theory of LEED in explaining angular profiles. 

As fig. 6.8 shows, a heat treatment at about 550 oe leads to the formation of 

inhomogeneities at the surface. The latter because a broadening is measured at an in 

phase condition (170.2 eV). The inhomogenities of the surface are believed tobe due 

to the presence of both As and Ga atoms in the outermost layer, caused by the 

evaporation of As at higher temperatures. 

c. 
The main condusion to be drawn from the reported observations in part C of the 

farmer sectien is that the possibility is demonstrated of obtaining a (2x1) pattem as 

a kind of intermediate state, when starting from a (1x1) pattem after decapping. 

Befare the (2x4) reconstruction is obtained, other typical diffraction features are 

observed, which correspond to intermediate surface configurations . The observed 

falcate reflections resembie those ones shown by Hahn et al. (28], which were 

observed after the evaporation of tungsten on a clean flat W(llO) surface. However, 

these authors observed a disappearance of the ring-shaped spots near in-phase 

conditions for atomie steps, whereas in this case they were also observed at 

conditions for which the in-phase scattering conditions are fulfilled for molecular 

steps (75.8 eV) . This leads to the condusion that this diffraction feature cannot be 

attributed to the presence of islands, as was done in ref. (28) . The relative diameter 

of the ring shaped structure does not depend on the electron energy. Hahn et al. (28) 

observed falcate spots at increased substrate temperatures. They attributed this to 

an elangation of the island diameter in a preferential direction. We, however, 

propose these falcate spots to be due to the formation of new scattering elements on 

the surface. 
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Since the temperature treatment was such that arsenic rich structures like the (2x4) 

one might be expected [11,12] and is realized at 48ooc in fact, we interpret these 

results as randomly distributed reconstructed areas containing three As-dimers on a 

row. It is observed by STM [22,28] that tluee such dimers are the building units of 

the (2x4) and c(2x8) reconstruction. Since the creation of As-dimers exclude the 

presence of an As-dimer in the next neighbouring cell in the [110] direction, a (2xl) 

diffraction pattem should be visible [24]. Indeed in fig. 6.11 (a) half order reflections 

can be seen. These half order reflections are rather weak around 65 eV but are more 

prominent around 145 eV. The randomly separated units contain three As-dimers in 

a row (the "4x" direction) and could give rise to a spot at i of the Brillouin zone. 

These rectangular units are thought to cause the falcate spots like the elongated 

islands do in the case of W(llü) studied by Hahn et al. [28] . In this way we have 

proposed a model, here, which qualitatively explains the observed data. At the 

moment, however, the correctness of this model has not been proven. Calculations 

simulating the observed falcate spots, as shownon W(llO) by Hahn et al. [28], have 

been performed by Pimbley and Lu [30]. Their results are similar to the ones of ref. 

[28] and assumed a constant island size and a geometrie separation between islands. 

The ring diameter was found to be determined by the island size and did not depend 

on the coverage. The width of the ring decreases with increasing coverage. At this 

stage we are not able to derive a value for the coverage in our case out of the width 

of the falcate spots (14 % of the Brillouin zone). In fig. 6.13 an impression is given 

of the model, in which the (2x4) unit can be seen. The random character might be 

explained for a part by a mixing of (2x4) and c(2x8) units. These two types of 

reconstructions are very similar and contain the same building unit consisting of 

tluee As-dimers on a row. 

After the heat treatment at 48ooc the two falcate spots have developed into 

quarter-<>rder reflections, whereas the faint half-<>rder spots have become more 

prominent. This sustains the interpretation of the falcate spots as being indicative 

for an indermediate state between the two arsenic rich reconstructions (lxl) and 

(2x4). It is also shown that the faint half-<>rder reflections observed after heating 

the sample at temperatures below 480°C correspond toa (2xl) pattem rather than a 

(lx2), as was already stated in part A of this discussion. The quality of the (2x4) 

pattem in fig. 6.12 (b) is not outstanding. It is comparable, however, to the results 

obtained after decapping a similar sample in the MBE-system [4]. The RHEED 
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pattem showed a faint (2x4) reconstruction in this case. One of the reasens for this 

could be the use of As 4 during growth instead of As 2. The latter provides more 

ordered surfaces [31]. Further, it is concluded from scanning tunneling microscopy 

observations [22, 29], that decapped GaAs(001) surfaces show less ordered structures 

than the iri situ grown ones . 
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Fig. 6.19 Schematic view on the {2x4) surface of GaAs. Note that the step edges in 

the [I 101 and [11 01 direction have a different structure in this model. 
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6.5. Condusion 

We have demonstrated the existence of a (1x1) LEED pattem after decapping 

GaAs(001) at 35ooc. It is found that these surfaces can be very flat and the 

diffraction profiles can be described with a two layer model. An explanation has 

been proposed for the observed falcate spots, when going from (1x1) towards (2x4) 

patterns. However, further research is necessary. 

In the near future efforts should be made to increase the quality of the passivating 

amorphous arsenic cap procedure. It seems advisable to use As2 for the growth 

instead of As4, since As2 grown surfaces are the more highly ordered ones [31]. The 

growth should be monitored by RHEED. The intensity oscillations should be 

completely damped out in order to obtain a step flow propagation type of growth on 

GaAs(001) [32]. This will give less imperfections than for essentailly random 

nucleation on terraces. After the growth of 1 Jim or so in this way a good 

morphology might be expected, i.e. no streaks but only sharp spots should be 

observed in the RHEED pattern. Further, the possibility has been shown of 

obtaining a (2x4) pattem from decapped GaAs(001) samples. 

Finally, it is stated that the findings presented in this last chapter are consistent 

with the recent results of Biegelsen et al. [29] and Pashley et al. [22] and 

demonstrates the state "of the art "-character of our experiment al efforts. 
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Samenvatting 

De interactie van de mens met de materiële wereld verloopt altijd via oppervlakken. 

Desondanks heeft de fysica van oppervlakken en grenslagen zich pas de laatste 

decennia ontwikkeld. De redenen hiervoor zijn gelegen in de experimentele en 

theoretische complicaties, die zich manifesteren door de afwezigheid van materie in 

de halfruimte boven het oppervlak. De invloed van die afwezigheid strekt zich 

slechts over enkele atoomlagen uit . Oppervlaktechnieken dienen dus kleine 

hoeveelheden stof te kunnen aantonen en moeten oppervlakselectief zijn. Een 

belangrijke methode om geprepareerde oppervlakken voldoende en lang genoeg 

schoon te houden is het gebruik van Ultra Hoog Vacuum technieken (UHV). 

De eigenschappen, die een oppervlak speciaal maken, reiken verder dan dat het de 

begrenzing is van stoffelijke lichamen. Vergelijkbaar met de zelfkant van een lap 

textiel (om uitrafelen te voorkomen), zorgt een oppervlak via reconstructie en 

relaxatie voor een stabielere situatie. Veel processen die technologisch van belang 

zijn, maken gebruik van specifieke oppervlakeigenschappen. Men denke bijvoorbeeld 

aan de katalysator in automobielen ten behoeve van de zuivering van uitlaatgassen. 

Ook in de micrCH!lektron.ica spelen oppervlakken een belangrijke rol. 

Het onderzoek dat ten grondslag ligt aan deze dissertatie heeft betrekking op de 

toepassing van Hoge Resolutie Lage Energie Elektronen Diffractie (HR-LEED) op 

GaAs (001) oppervlakken. GaAs is een stof waarbij de gallium- en arseenatomen op 

uiterst regelmatige wijze gerangschikt zijn. De technologie, waarbij de stapeling van 

afzonderlijke gallium- en arseenatoomlagen kan worden gemanipuleerd, heeft zich 

het afgelopen decennium spectaculair ontwikkeld. Omdat de groei van dergelijke 

lagen aan een oppervlak plaatsvindt, is het onder andere hierom interessant deze 

buitenste atoomlagen nader te bestuderen. Dit om het groeiproces beter te 

begrijpen. Men wil daarbij de samenstelling, de structuur en de morfologie van een 

dergelijk zogenaamd epitaxiaal gegroeid kristallijn oppervlak bestuderen. 

In dit proefschrift is een meettechniek (HR-LEED) beschreven, waarbij men die 

morfologie kan kwantificeren. Eén en ander wordt in hoofdstuk 1 geïntroduceerd. 

Het gaat bij de karakterisering en kwantificatie van de morfologie van oppervlakken 

om de bepaling van de aanwezigheid van stappen op atomaire schaal (N 10-10 m), de 

gemiddelde afstand tussen stappen (terraslengte) en bijvoorbeeld het aantal niveaus 

waaruit het oppervlak bestaat (ruwheid op atomaire schaal). Bij HR-LEED maakt 

men gebruik van het golfkarakter van materie. Net zoals licht buigt, wanneer het 

een tralie passeert, zo veroorzaken ook elektronen een diffractiepatroon, als deze 
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verstrooid worden aan een kristallijn oppervlak. Het meten met een hoge resolutie 

van het relatieve intensiteitsverloop binnen dergelijke diffractiestippen levert 

gegevens op, waaruit kwantitatieve morfologische gegevens zijn af te leiden. 

Dergelijke zogenaamde spotprofielen kunnen beschreven worden met een 

kinematische theorie. Deze laatste methode wordt beschreven in hoofdstuk 2 van dit 

proefschrift . In hoofdstuk 3 wordt de meetapparatuur, zoals die gebruikt is, 

beschreven. Het hart van de gebouwde meetopstelling is het door Leybold-Hereaus 

te Keulen in licentie gebouwde apparaat . De UHV-kamer en een nieuw type 

preparaatmanipulatiesysteem zijn in samenwerking met de Centraal Technische 

Dienst van de TUE ontworpen en gerealiseerd. De stabiliteit van de manipulator is 

zodanig dat de hoge resolutie van het meetsysteem optimaal benut wordt. Tevens is 

programmatuur ontwikkeld, die de controle over het meetsysteem zeer 

gebruikersvriendelijk heeft gemaakt. Voorts zijn extra meetvarianten gerealiseerd. 

Hoofdstuk 4 bevat de beschrijving van HR-LEED metingen aan "highly oriented 

pyrolytic graphite" (HOPG). Aangetoond is dat de kristallieten in HOPG ten 

opzichte van elkaar een behoorlijke spreiding in oriëntatie vertonen, dit zowel in als 

uit het oppervlak. Dit zou de in de literatuur gerapporteerde asymmetrie in 

"scanning tunneling microscopy" (STM)-metingen kunnen verklaren. De genoemde 

misoriëntaties en niet de kristallietgrootte bepalen de breedte van de waargenomen 

diffractieringen. Voorts is gebleken dat de resultaten van HR-LEED en STM 

complementair zijn. 

In hoofdstuk 5 wordt het reproduceerbare effect op de morfologie van het oppervlak 

besproken dat argon-ionen hebben wanneer zij een GaAs (001) oppervlak treffen 

met een energie van 500 eV. Met behulp van een modelberekening zijn de via 

HR-LEED verkregen spotprofielen verklaard. Het model gaat uit van een 

regelmatig gegroefde structuur. De groeven zijn 7 nm breed en lopen in de [T10] 

richting. Het laatste hoofdstuk handelt over HR-LEED experimenten aan epitaxiaal 

gegroeide GaAs (001) oppervlakken. Na de groei worden deze oppervlakken voorzien 

van een beschermende amorfe arseenlaag (cap). Deze laag wordt in de vacuümkamer 

van de HR-LEED opstelling verwijderd door middel van sublimatie bij circa 350°C. 

Hierna wordt een (lx1) diffractiepatroon waargenomen. Dit oppervlak kan met 

behulp van een twee-Iagen model beschreven worden. Eén en ander leidt tot de 

conclusie dat het oppervlak zeer vlak is . De staphoogte is 0.283 nm. Verwarmen van 

het monster op 480°C leidt tot een zwakke (2x4) reconstructie. Na verwarming bij 

temperaturen tussen 350°C en 45ooc worden sikkelvormige diffractie-effecten 

waargenomen. Een verklaring hiervoor wordt in verband gebracht met het 

reconstructiemechanisme op arseenrijke GaAs (001) oppervlakken: 

As--dimeervorming. 
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Een proefschrift is zelden het werk van één enkel individu. Het is daarom gepast 

diegenen te noemen die een significante bijdrage hebben geleverd aan de tot stand 
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Het is daarom, dat dit proefschrift aan hen is opgedragen. 
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Stellingen 

behorende bij het proefschrift 

High-Resolution Low-Energy Electron Diffraction 

van 

A.G. Roosenbra.nd 



1) Spotprofielanalyse bij lage energie elektronendiffractie is bij uitstek geschikt om 

op atomaire schaal de oppervlakteruwheid van een éénkristal te karakteriseren. 

- Hoofdstuk 6 van dit proefschrift. 

2) Bij het maken van quantum-well-wires is het sputteren van GaAs(001) 

oppervlakken mogelijkerwijs een zinnig alternatief van de tot nu toe gevolgde 

behandelingsmethode. 

- Hoofdstuk 5 van dit proefschrift. 

3) Ten onrechte stelt Schrader [1] dat de breedte van een hogere orde ring zoals 

wordt waargenomen in een LEED-experiment, een maat is voor de gemiddelde 

grootte van de kristallieten in een gekliefd pyrolytisch grafiet oppervlak. 

- [1] M.E. Schrader, J. Phys. Chem. 84 (1980) 277. 

4) Bij een LEED experiment aan een atomair gestapt oppervlak van een éénkristal 

treden karakteristieke energieën op, die corresponderen met in- en uitfase 

condities. L.J. Clarke [1] brengt bij de berekening van die elektronenenergieën 

ten onrechte de zogenaamde 11inner potential" als correctie aan. 

- [1] L.J. Clarke, in Surface Crystallography, John Wiley & Sons (1985) 221. 

5) Bhattachary et al. maken een onjuist gebruik van de Feynman identiteit [1]. 

- [1]A.K. Bhattachary en S.C. Dhabal, J. Chem. Phys. 84 (1986) 1598. 



6) In tegenstelling tot wat Pimbley en Lu suggereren, leveren de twee [1,2] door 

hen ontwikkelde methoden voor LEED-spotprofielsimulaties tegenstrijdige 

resultaten. 

- [1] J.M. Pimbley en T.-M. Lu, J. Appl. Phys. 55 (1984) 182. 

- [2] J.M. Pimbley en T.-M. Lu, J. Appl. Phys. 58 (1985) 2184. 

7) Omdat het de universiteit kennelijk ontbreekt aan mogelijkheden om de 

promovendus tegemoet te komen in de promotiekosten, verdient het aanbeveling 

om het opnemen van advertenties in het proefschrift toe te staan. 

8) Een theorie over alles is niet alles. 

9) De milieu-campagne met het motto: 

"te hard rijden kost teveel", zou aan geloofwaardigheid winnen door hieraan toe 

te voegen dat te langzaam rijden nog meer kost. 

Eindhoven, 16 november 1990 




