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Abstract 

Using the high-resolution Spot Profile Analysis-(SPA)LEED system, the surface of a Molecular 
Beam Epitaxy-(MBE)grown single-crystal GaAs(OOl) bas been examined. The SPA-LEED system 
consistsof the SPA-LEED apparatus and a very stabie manipulator mounted on a vacuumvessel. 
Low-energy electrans are diffracted from a single-crystal surface resulting in a diffraction pattern. 
By analysing the angular int~nsity distribution of the diffraction spots, information on the mor
phology of the -in our case- GaAs(OOl) surface will be revealed.To proteet the GaAs(OOl) surface 
during transport through the air from the growth chamber towards the SPA-LEED system, an 
Arsenic-overlayer was grown on top of it. This Arsenic-cap and the decapping procedure has been 
stuclied in the NODUS using the surface sensitive analysis technique Low Energy Ion Scattering 
(LEIS). LEIS determines the composition of the outermost atomlayer. 

From the LEIS experiments it is concluded that the Arsenide-overlayer does not cover the 
surface homogeneously, some parts of the surface are not covered at all. Diffraction patterns were 
only observed at energies above 100 eV in earlier experiments. After cleaning the electrongun the 
diffraction patterns were also observed below this energy. SPA-LEED experiments showed that 
there we re only molecular steps present on the GaAs( 001) single-crystal surface after decapping 
the sample. The average terracewidth is approximately 2.5 nm. After an ion-bombardment 
and annealing procedure, the (2 x 1) reconstruction has been observed on the surface. This 
is most probably an Arsenide-rich reconstruction. Furthermore, it is concluded that there are 
misorientations on the surface. In addition we have concluded that the macroscopie surface is not 
perfectly flat but slightly curved. This is a serious problem for the correct determination of the 
transferfunction of the high resolution LEED system. 
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Samenvatting 

Het oppervlak van MBE (Molecular Beam Epitaxy) gegroeid één-kristallijn GaAs(001) is onder
zocht met een Spot :Profiel Analyse-(SPA)LEED apparaat met hoge resolutie. De experimentele 
opstelling bestaat uit het SPA-LEED apparaat en een zeer stabiele manipulator in een ultra-hoog 
vacuumvat. Lage-energie elektronen worden verstrooid aan een één-kristallijn oppervlak en geven 
zo een diffractie patroon. Analyse van de intensiteitsverdeling van een enkele diffractie spot geeft 
informatie over de morfologie van het directe oppervlak. Om het oppervlak van GaAs(001) tijdens 
het transport in de open lucht van het MBE systeem naar de SPA-LEED opstelling te beschermen, 
is er een amorfe Arseenlaag op het oppervlak gegroeid. Deze Arseenlaag en de wijze waarop de 
Arseenlaag van het oppervlak verwijderd wordt, is bestudeerd met lage-energie ionen verstrooiing 
(LEIS). Met deze techniek kan de samenstelling van het oppervlak bepaald worden. 

De LEIS experimenten resulteren in de conclusie dat de Arseenlaag niet homogeen over het 
oppervlak gegroeid is, op enige plaatsen van het oppervlak ontbreekt de Arseenlaag zelfs geheel. 
In het verleden waren er met dit SPA-LEED apparaat alleen diffractie patronen zichtbaar boven 
een elektronen energie van 100 eV. Na het schoonmaken van het electronenkanon zijn er nu ook 
diffractie patronen zichtbaar onder deze energie. SPA-LEED metingen laten zien dat er molec
ulaire stappen aanwezig zijn op het GaAs(001) oppervlak dat vrijkomt na het verwijderen van 
de Arseenlaag. De gemiddelde terrasbreedte is 2.5 nm. Na sputteren en annealen is de (2 x 1) 
reconstructie op het oppervlak vastgesteld. Dit wordt geïnterpreteerd als een Arseen-rijke recon
structie. Er is geconstateerd dat er misorientaties zijn in het oppervlak en tenslotte hebben we 
geconstateerd dat het macroscopisch oppervlak niet vlak is maar licht gebogen. Dit laatste heeft 
een storende invloed op een correcte bepaling van de transferbreedte van het hoge resolutie LEED 
systeem. 
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Chapter 1 

Introduetion 

The size of electrooie devices has been decreased drastically in the past decades. Due to this 
miniaturisation of electronics, resulting in micro-electronics, the surface-to-bulkvolume ratio has 
become very large. It is wel! known that the surface of a solid, or rather the outermost atomie lay
ers of a solid, can have a structure and a composition that is quite different from the bulk. These 
differences, generally caused by relexation, segregation or reconstructions, gives the surface other 
physical and chemica! properties than those from the bulk. Micro-electronics provides a practical 
reason, apart from various scientific reasons, for the importance of surface-sensitive analysis of for 
example 111-V compounds. 

A lot of different surface-sensitive analysis techniques are based on the detection of scattered 
particles. So are the two techniques that are used in this thesis. Low Energy Ion Scattering 
(LEIS) is based on the detection of scattered nobie-gas ions from surface atoms. The energy of 
the scattered ion tells the experimentator what kind of surface atom the ion was scattered from. 

Low-Energy Electron Oiffraction (LEED) is a surface analysis technique that makes use of 
the surface-periodicity of a crystal and the wave nature of matter. With this technique, mono
energetic low-energy electrons are scattered from a surface of a single-crystal. The electrons are 
diffracted from the outermost atomiclayer, resulting in a diffraction pat tem, corresponding to the 
periodicities in the crystal surface. A closer examination of this LEED diffraction pattem provides 
structural information on the morphology of the single-crystal surface. With LEED one operates 
in reciprocal space. This means that long range periodicities in the surface structure will influence 
the diffraction pattem in reciprocal space over a short range. That is why the intensity distri bution 
within a single spot of the LEED pattem provides information on the surface morphology. In order 
to obtain this information, one has to use a high-resolution instrument to analyse the intensity 
distribution within a single spot. The technique that was used for high-resolution measurements 
of diffraction spots is called Spot :Profile Analysis-LEED (SPA-LEED). 

Surface morphology describes the imperfections at the solid vacuum interface. Examples of 
morphological phenomena are facets, steps and terraces, islands, domains, mosaic structures, 
surface roughening and surface melting. Another technique to study surface defects is Scanning 
Tunneling Microscopy (STM). STM results have been compared toSPA-LEED results in [R0090jl. 

This work was clone within the framework of the micro-dectronies project within the Solid 
state physics group at the physics department of the Eindhoven University of Technology. Gal
liumarsenide is a commonly used material in micro-dectronies and therefore the (001) surface of 
Galliumarsenide was investigated using SPA-LEED. After the samples were grown in a Molecular 
Beam Epitaxy (MBE) system [LEY89], there was an Arsenide cap grown on top of them for 
proteetion during transport in the air. This As-cap and the decapping procedure has been ex
amined with LEIS. The aim of our investigations using LEIS and SPA-LEED is to study surface 
morphology of MBE-grown samples after decapping. 
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Chapter 2 

LEED 

2.1 Introduetion 

The abbreviation LEED stands for Low-Energy Electron Diffraction. This effect bas been observed 
by Davisson and Germer in 1927 [DAV27] for the first time. Low-energy electrans are diffracted 
from single-crystal surfaces. This diffraction can be explained by the wave character of matter. 
The de Broglie wavelength [BR024] of an electron with mass m and velocity v is given by: 

>. = .!!__ 
mv 

(2.1) 

where h is Planck's constant. If E is the kinetic energy of an electron, eq. 2.1 can be written as: 

1.504 
E(eV) (nm) (2.2) 

At Jow energies (20 eV - 500 eV) >. bas the same order of magnitude as a lattice constant and 
therefore interference is observed. Looking at the mean escape depth of electrans at increasing 
electron energy it is concluded that low energy electrans are mainly diffracted from atoms in the 
surface region (fig. 2.1). These two facts make LEED a suitable surface sensitive technique for 
surface geometrical structures. 

c: 
o I 

~ 

100 
Electron energy (eV) 

Figure 2.1: Mean escape depth of electrans at increasing electron energy. 

In section 2.2 the LEED pattern will be described by the diffraction theory foliowed by some 
examples on how a stepped surface influences the LEED pattern. Section 2.3 introduces the 

5 



kinematica! LEED theory and finally spot profiles will be described. In section 2.4 the quasi
kinematica! theory will be discussed. This theory must be used when non-equivalent terraces are 
present at the sample surface. 

2.2 Diffraction theory 

The effect of diffraction is a general charaderistic of wave phenomena occurring whenever a portion 
of a wavefront, be it sound, a matter wave or light, is obstructed in some way. In our case the 
matter waves of electrans are obstructed by a periadie array of scatterers: a single crystal surface. 
The wave character of an electron is represented by a plane wave. In some scattering directions, 
constructive interference of the diffracted plane wave will occur. The constructive interference 
conditions, called the Laue conditions or in-phase conditions, for the matter wave are determined 
by the periodicity of the unit cell in the single-crystal surface. For a perfectly flat surface the unit 
cell is constructed by two veetors ä and b, this results in two Laue-conditions given by: 

ä · (k- k0 ) = ä · K = 21rh 

b · (k- k0 ) = ä · K = 27fk 

(2.3) 

(2.4) 

where h and k are integers. The veetors k0 and k represent respectively the incoming wave vector 
of the electroos in the incident beam and the wave vector of the elastically diffracted electrons. 
The scattering vector K equals k- k0 . Each Laue condition describes a set of planes in reciprocal 
space, on these planes the Laue condition is satisfied. The planes originating from the first Laue 
condition (eq. 2.3) are seperated by a distance of fi while the planes originating from the second 

Laue condition (eq. 2.4) are seperated by a distance of M· Fig. 2.2 shows the introduetion of the 

reciprocal unit cell from the Laue conditions. The intersecting lines of the two sets of planes are 
the so called reciprocal lattice rods ( hk ). 

2Tt/lgl 

Fig. 2.2: Two sets of planes introducing the redprocal unit cell. 

An elegant metbod of finding the possible scatter directions in which constructive interference 
will occur, is the Ewald sphere construction presented in fig. 2.3. lf the incoming electron beam, 
having wave vector k0 , is elastically diffracted from the single-crystal surface, the wave vector k 
of the diffracted electron beam will have the same magnitude as k0 but has generally a different 
direction. The Ewald sphere is constructed with its centre at the initia! point of ko and radius 
!kol (fig. 2.3a). For SPA-LEED, the experimental system in this master thesis, the angle between 
ko and k is fixed at 7.5 degrees (see section 3.2). This results in a modified Ewald sphere (fig. 
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2.3b) which has its origin at the reciprokal lattice and radius i{ = k- ko. The intersections of the 
Ewald sphere and the reciprokal rods give the spots where constructive interference will occur. 

20 ÏO 

I 
00 10 . 20 

I 

(a) 

JO 20 ÏO 00 10 20 30 

(b) 

Fig. 2.3: The Ewald sphere for conventional LEED (a) and SPA-LEED (b). 

2.2.1 Diffraction at stepped surfaces. 

The so called kinematic theory of LEED is very similar to the diffraction theory of X-rays. The 
interaction of X-rays with matter is much smaller than the strong interaction of electroos with 
matter. Therefore, the X-rays will penetrate deeper into the bulk of the single-crystal. The X-rays 
will also be diffracted by the bulk of the single crystal and an extra interference condition will 
occur corresponding to the periodidty of the atomie layers in the bulk. This introduces the third 
Laue condition for constructive interference of the diffracted X-rays. 

Steps on a surface correspond to the periodidty of the bulk, so also in the case of LEED the 
third Laue condition plays an important role, since it prediets the conditions for in-phase scattering 
at a stepped surface. In consequence of this extra condition a new set of planes in redprocal space 
is formed on which this condition is satisfied. The intersecting points of the redprocallattice rods 
and these planes form a three dimensional redprocallattice of points (hkl) at which interference 
wil! occur. This redprocal lattice can be described by the repetition of the three dimensional 
redprocal unit cell. 

The Ewald-sphere construction is very helpful in understanding the LEED pattem of stepped 
surfaces and wil! also lead to the reciprocallattice of points on which the third Laue condition is 
satisfied. The crystal surface between two steps is called a terrace. Figure 2.4a shows a surface 
with a constant step orientation, a constant step height and a constant terrace width. There will 
be two sets of reciprocallattice rods. The first set of rods is descended from the periodidty of the 
atoms in the terraces and they are perpendicular to the terrace orientation. The same redprocal 
lattice rods would be found for the perfectly flat surface. These rods will be refered to as terrace 
rods. The second set of redprocal lattice rods is descended from the periodidty of the step array. 
These rods stand perpendicular to the macroscopie surface orientation. The distance in redprocal 
space between the latter redprocal lattice rods is inversely proportional to the distance between 
two terraces in real space. The two sets of lattice rods and the Ewald-sphere construction for 
normal incidence of the primary beam on this surface are shown in tigure 2.4b. 
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Fig. 2.4: (a)Surface orientation of a stepped surface. (b)Lattice rods and Ewald sphere 
construction for a stepped surface. 

The intersection points of these two sets of lattice rods will give the reciprocal lattice of points 
again, on which the third Laue condition is satisfied. Due to the finite terracewidth, the terrace 
rods will broaden. This causes that the rods descended from the step array will not only contribute 
to the diffraction pattern exactly on the reciprocal lattice points, but also near these points. 
Looking at the intersection of the Ewald-sphere with the (10)-terrace rod in figure 4b it is shown 
that spot splitting will occur. This is indicated by the wave vector difference ~K. This distance 
.:lK between the spots indicates the distance between the rods descended from the step array. 
Therefore ~K gives the reciprocal distance between two terraces, also known astheterrace width. 
The intersection of the (00)-terrace rod with the Ewald-sphere coincides with a reciprocal lattice 
point characterizing the third Laue condition. At this point all the terraces scatter in phase. The 
observed diffraction spot at this point will be exactly the same as the diffraction spot that would 
have been observed with diffraction from a perfectly flat surface. 

a 
both terrace width 
and step direction 

are irregular 

00 

b 
width regular. 
step direction 

irregular 

00 

c 
width irregular 
step direction 

regular 

Figure 2.5: Reciprocal space for three surface arrangements with irregular step arrays. 
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A few examples of LEED patterns from irregular step arrays are given in figure 2.5. In all cases 
the spot shape is not affected at reciprocal lattice points, indicating in-phase scattering from 
the terraces. When the terraces scatter out-of-phase, spot splitting will occur (fig. 2.5b) or the 
reflection becomes diffuse (fig. 2.5a,c). 

2.3 Kinematic diffraction theory 

In the previous chapter the kinematic theory was mentioned with respect to X-ray diffraction. In 
order to describe the profile of a diffraction spot in more detail, this section will treat the kinematic 
diffraction theory for LEED. Low-energy electrans are scattered very strongly from a single crystal. 
The crystal may he described by units consisting of one or several surface atoms and all underlying 
atoms (columns) [HEN85]. In fig. 2.6 a cross section through a stepped surface shows 12 columns. 
The intensity from the backscattered electrans is exactly given by I(ko, k) = IF(ko, k)i2 ·IG(K)i2. 
The crystal (dynamica!) structure factor F( ko, k) takes into account all information on scatter
ing properties of a single atom and multiple scattering contributions within the column or via 
neighbouring columns. G(K) is the crystal lattice factor which reproduces the periodicity of the 
crystal. If a surface is disordered, not all columns are exactly the same. The structure factor 
F(ko, k) varies for different columns and this has to be considered in determining the diffraction 
intensity I(ko, k). For an ordered surface the columns are considered to be equivalent. There
fore multiple scattering effects within a column or via neighbouring columns do not vary. The 
structure factor only varies slowly with energy and the diffraction is completely determined by the 
interference function IG( K)i2. This approximation is called the kinematica! theory which excludes 
multiple scattering. 

surface 

Fig. 2.6: Column approximation of a crystal. 

There are three main assumptions for kinematica! diffraction from a single crystal surface: 

• there is only elastical diffraction, 

• the observed diffraction phenomena correspond to the periodicity of the outermost layer, 

• the multiple scattering is fully described by IF(ko, f)l2 and this structure factor is considered 
to be constant. 

On these three conditions the interference function can be described analytically. A one di
mensional single-crystal surface is described by a repetition of N lattice points located at nä 
(1 :5 n :5 N). Within the unit cell the positions of M atoms are given by ii;. The scattering prop-
erties of each atom are given by the scattering factor !; ( ko, k). The incoming and backscattered 
monoenergetic electron beam can be described by a plane wave. This gives the wave equation 
'llf(ko, k) of the backscattered electron beam: 

M N 

'llf(ko, k) - L fi(ko,k)exp[iK · ii;] L exp[ii( · nä] (2.5) 
j=l n=l 

(2.6) 
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where 
M 

F(ko, k) = L /j(ko, k)ezp[iK · t1;] 
j:l 

N 

G(K) = L ezp[iK · nä] 
n:l 

(2.7) 

(2.8) 

Th is chain of scatterers has the length ( N - 1 )ä and consists of N x M atoms. As has been 
mentioned before, the observed intensity cao now be written as: 

I(ko, k) = IF(ko, kW· IG(K)I2 (2.9) 

With the help of eq. 2.8 the interference function IG( K)i2 cao be written exactly as: 

• 2 1 -
IG(K)I2 = sm ( 2N!!. ä) 

sin2 (~K · ä) 
(2.10) 

This simply shows that the interfence function has its maxima when K satisfies the Laue condition 
ä · K = 21rh. For an ordered lattice, IG(K)I2 can be approximated by a series of 6-functions. 

2.3.1 Kinematic diffraction theory for a regular stepped surface. 

• • • • • 

• • • • • 

Figure 2.7: One-dimensional modelfora stepped surface. 

In section 2.2 it was mentioned that a regular stepped surface can have two periodicities. Firstly 
there is the periodicity of the atoms within the terraces and secondly there is the periodicity of 
the regular step array. The latter periodicity can be described by tbe translation vector of two 
terraces. In figure 2.7 the distance between the atoms intbeterraces is given by the vector ä. The 
vector jj denotes the stepvector. If there are N + 1 atoms in a terrace, the translation vector of 
two terraces will be given by Nä + jj. Under the assumption that the total number of terraces on 
the surface, n, is much larger than N, the interference function from this surface can be written 
as: 

IGI2 = sin
2(t:lfl_R · ä). sin2(j~ · (Nä + ii)) 

sin2
( !K. ä) sin2

( !K · (Nä + 9)) 
(2.11) 

The first factor on the right hand side of equation 2.11 represents the square of the (kinematic) 
structure factor of a single terrace. This term is sbown in the upper part of figure 2.8. This pattern 
bas broad maxima due to the finite terrace width. The second factor is the interference function 
for a lattice with a lattice factor Nä + jj. This part is shown in the centre part of figure 2.8 by 
a series of 6-function shaped spikes. The lower part of figure 2.8 shows the ultimate diffraction 
pattern described by equation 2.11. For a scattering angle of zero degrees, corresponding with 
tbe zeroth order reflection of the specular beam, the spot pattern consists of a single spike. For 
a scattering angle between 15 and 30 degrees in this figure, corresponding with the first order 
reflection, spot splitting is observed. 

Note that this diffraction pattern with single and double spots is in total agreement with the 
diffraction pattern for a regular stepped surface described in section 2.2. 
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Figure 2.8: Demonstration of spot splitting due to a regular stepped surface. 

2.4 Quasi-kinematic diffraction theory 

As has been mentioned previously, a crystal can be described by the column approximation. In 
the kinematic theory all multiple scattering effects are excluded. A more realistic model of the 
scattering process includes multiple scattering paths within one column. The multiple scatter
ing paths involving neighbouring columns are neglected. A diffraction theory for this model is no 
longer a kinematica! theory because multiple scattering is no longer excluded. A diffraction theory 
that includes multiple scattering paths within one column will be introduced in this section and is 
called the quasi-kinematic approximation. Each column has a generalised structure factor which 
contains the effects of multiple scattering within the column. For the remainings of this chapter the 
generalised structure factor will be simply refered to as the structure factor. This quasi-kinematic 
theory for the spot profile of the diffraction spot from the specular beam diffracted by a surface 
with different structure factors is given in [MOR87][JAG87]. The general outlines of this theory 
will be described in the following. 

The surface unit cell of a single-crystal surface is constructed by the veetors ä and b. The two 
dimensional reality is symplified by assuming that there are only regions with different structure 
factors (disorder) in one direction of the crystal surf ace, for example the direction of vector ä, N 
is the total number of unit cells in this direction. A monoenergetic electron beam is diffracted 
from this surface. The problem of calculating the intensity I(k0 , k) of the reflection becomes that 
of finding the mean value of the structure factors; < F Ft >. The index I refers to the seperation 
I· ä between two structure factors ( -N $ I $ N). The equation for I(ko, k) for this model of a 
disordered lattice is given by: 

-N,N 

I(ko,k) = IG(KW · L (N -111) < FF,* > exp[-iä(k- ko)lll] (2.12) 

IG(I{W is given in eq. 2.10, (N -111) gives the number of pairs with a distance lä. Lets limit the 
number of regions on the surface with different generalised structure factors toa finite number r. 
The probability to find a region with a structure factor Fm is called the a-priori probability Pm 
(1 ::; m $ r). The probability to find a region with structure factor Fn at a distance I· ä starting 
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from a region with structure factor Fm is called the a-posteriori probability Pmn(l) (1 ~ n ~ r). 
By means of these a-priori and a-posteriori probabilities the average < F Ft > cao be described: 

< FFt >= LLPmPmn(/)FmF~ (2.13) 
m n 

The product PmPmn(l) now stands for the probability to find two regions with structure amplitudes 
Fm and Fn at a distance /ä from each other. The probabilities Pmn(/) cao be calculated by tbe 
formation of a matrix P(l) from tbe probability distribution. Tbe element in row mand column 
n of tbe matrix P(1) describes the probability of going to a region with structure factor Fm 
wben leaving from a region witb structure factor Fn. Wben tbere is only next nearest neigbbour 
interaction between tbe columns, P(l) will be given by [HEN42]: 

P(/) = P(1)1 (2.14) 

According to [J AG53] tbis matrix metbod leads to tbe equation of tbe degree r: 

PmPmn ( /) = L ei:"~ À~ (2.15) 
r 

in wbicb Àr are the eigenvalues of tbe matrix P(1) and ei:"~ are constants. By combining eq. 2.13 
and eq. 2.15 tbe general salution for tbe average < F Ft > follows: 

< FFt >= LLLe~~FmF~.X~ (2.16) 
r m n 

Since e~~ are constants and tbe imaginary parts of Fm and Fn are not equal for m ::/= n, adding 
the summons in eq. 2.16 overmand n will give: 

< FF,• >= L[Br(ko,k)+iDr(ko,k)J.X~ (2.17) 
r 

Tbe quantities Br(ko, k) and Dr(ko, k) are linear combinations of the structure amplitudes and 
will also be denoted as structure factors in the future. 

For large 111, the a-posteriori probability Pmn(/) in eq. 2.13 converges to zero as aresult ofwhicb 
< F Fi• > converges to zero and tbe quantities 111 may he neglected against N in eq. 2.12. (N-I/I) 
canthen simply he approximated by N. Inserting eq. 2.17 into eq. 2.12 gives an expression for 
I(k0 , k): 

-N,N 

I(ko, k) = IG(K)I2 
· N L(Br + iDr) L À~lexp[-iK · äl/1] (2.18) 

r I 

Calculating tbe sum over I gives tbe final expression for tbe intensity: 

I(ko, k) = IG(K)il· N L Br 
1 

-l:rl
2 

r 1- 21-Xrl cos(äK + ~r) + I.Xrl 2 

2Dr I-Xrl sin( ä_:{ + ~r) 
1- 21-Xrl cos(äK + ~r) + I-Xrl 2 

(2.19) 

The first term in the sum in eq. 2.19 represents the symmetrie part of the intensity profile; the 
second one describes an asymmetrie contribution. Fora symmetrie distri bution of structure factors 
the quantities Dr vanish. Asymmetrie profiles will not he discussed bere. 

The eigenvalues of the matrix P(1) are in general complex with modulus 1-Xrl, descrihing the 
width of the beam profile and phase ~r. descrihing the position of the maximum of the beam 
profile. Each Àr produces a different peak as long as all Àr are different. Àr = 1 generates a sharp 
reflection profile and Àr = 0 a completely diffuse reflection. 
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2.4.1 Quasi-kinematic diffraction theory for a stepped surface 

The metbod described in the former section will be applied on a model of the Si(OOl) crystal. 
This structure of Si can be considered to consist of two FCC lattices, which have been shifted 
over one quarter of the body diagonal. In the case of GaAs the lattice sites of one FCC lattice is 
occupied by Ga-atoms, the other one by As-atoms. If there are mono-atomie steps on the Si(001) 
or GaAs(001) surface, two ne_ighbouring terraces belong to two different sublattices. This is why 
these terraces are called non-equivalent. The kinematic tbeory no longer holds since the dynamica! 
scattering properties of two non-equivalent terraces differ. The model bas been described in detail 
in [MOR87]. Only a brief review and the results are presented in the following. A regular stepped 
surface is shown in fig. 2.9. This surface has four different levels and therefore four different 
terraces. A terrace may be described by columns (fig. 2.6). When terraces consist of identical 
columns, they are called equivalent terraces. Otherwise, the terraces are nonequivalent. The 
structure factors of the equivalent terraces may differ in pbase, for nonequivalent terraces the 
structure factors may also differ in magnitude. For the surface shown in tigure 2.9, the terraces 
are nonequivalent for monoatomie steps and equivalent for diatomic steps. In total, there are four 
different generalised structure factors for this surface. 

Fig. 2.9: Model of a stepped surface witb nonequivalent terraces. 

When the different probabilities for going from one terrace to another terrace are given, tbe 
( 4 x 4) matrix P( 1) can be constructed. Tb is matrix bas four different eigenval u es Àr, each of 
whicb producesits own reflection profile according to eq. 2.19. One oftbe eigenvalues bas tbe value 
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of unity and produces the sharp reflection. The other three eigenvalues are smaller than unity 
and they produce three diffuse reflections. Inspeetion of the eigenvalues À,. and the structure 
factors B,.(k0 , k) at the in-phase and the out-of-phase diffraction condition for steps shows the 
variation of beam profiles in reciprocal space. Inspeetion of the structure factor B,.(fo.f) at the 
in-phase condition for double steps learns that the contribution from two diffuse reflections become 
negligible. The remaining profile consistsof one sharp and one diffuse reftection (See tigure 2.10). 
At the out-of-phase condition for double steps this sharp reflection and this diffuse reftection 
become negligable. The remaining profile now consists of the other two diffuse reflections (See 
tigure 2.10). 

(004) 

Fig. 2.10: The variation of the spotprofiles of the specular beam on a surface exhibiting single 
and double steps. The in-phase condition for double steps is at (002) and (004). The 

out-of-phase condition for double steps is at (001) and (003). 

This result may be compared with the result of the same model having only diatomic steps-or 
molecular steps in the case of GaAs(001)-and therefore only two equivalent terraces with two dif
ferent structure factors. The matrix P(l) reduces toa (2 x 2) matrix and bas only two eigenvalues. 
One of them is equal to unity again and is dominant at the in-phase condition for diatomic steps. 
The spot profile is bere a sharp reflection. The other eigenvalue is smaller than unity and is 
dominant at the out-of-phase condition for diatomic steps, giving a diffuse reftection in the spot 
profile. The full width of this diffuse reftection at half maximum is inversely proportional to the 
average terrace size. Here it is shown that a surface with equivalent and nonequivalent terraces, 
and mono and diatomic steps gives anotber spot profile than the surface witb equivalent tel·races 
and only diatomic steps. Tbis can be used for the interpretation of spotprofiles in section 6.3. 
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Chapter 3 

SPA-LEED system 

3.1 Introd netion 

A LEED experiment on a perfectly flat single-crystal surface with a perfect LEED apparatus 
would give a spot profile with the shape of a ó-function at an in-phase condition. Since a LEED 
apparatus is never perfect the instrument will broaden this ó-function to its response function. 
The shape of this instrument response function can be approximated very well by a Gaussian. 
This Gaussian has a FWHM (= Full Width at Half Maximum) T, commonly refered to as the 
transfer-width t = ~· A conventional LEED apparatus has a transfer-width of 8 nm (R0087]. 
In the case of spot profile analysis one wants to seperate the sharp reflection from the diffuse 
reflection. For this a high resolution instrument is necessary. A new type of LEED apparatus 
has been designed by Henzier's group [SCH86] and was produced by Leybold-Heraeus GMBH in 
Köln. The apparatus is called Spot Profile .Analysis-LEED (SPA-LEED) and has a transfer-width 
of 200 nm. 

An important difference of SPA-LEED compared to conventional LEED is that the diffraction 
pattern can be moved across the entrance aperture of a channeltron detector by means of two sets 
of eight deflection plates. The SPA-LEED system is subdevided in three parts. The SPA-LEED 
mechanics, the manipulator system in Ultra High Yacuum (UHV), and the Data .Acquisition Unit 
(DAU). The latter is linked to the HP 9000/300-series computersystem in our laboratory. Each 
part will be described in the next sections. 
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3.2 SPA-LEED mechanics 

ELECTRON 
GUN 

Electron gun 

~u=~~~f_.._.._....-~CRYSTAL LENS 
PLATES 

Fig. 3.1: The SPA-LEED mechanics with electron trajectories. 

Fig. 3.2: Contiguration of tbe electron gun. 

Tbe electron gun (Fig. 3.2) is composed of a tungsten hairpin filament with pointed tip, an 
extraetor lens, an anode and an einze! lens. Tbe einzel lens in tbe electron gun is only one part of 
the totallens system fortbeSPA-LEED apparatus aa discuseed later in this section. The electron 
beam current is provided by heating tbe tungsten filament. Between the extraetor and the anode 
the electron beam bas a minimum diameter called cr~ver. The highest performance of tbe 
electron gun is reached when this cross--over diameter is at minimum. The diameter of the cross
over is determined by the voltage on the extraeter and the current emission. This voltage will 
also limit tbe intensity of the electron beam reaehing the positive anode. By compromising these 
two eff'ects, the best value of the voltage on the extraeter can be found. The kinetic energy of 
the electrans is gained by passing the voltage diff'erence between the filament tip and the ground 
potential. Due to space charge effects in the electron beam the diameter of tbe analysis spot, 
formed by tbe electron beam a.t the sample surface, will vary as a function of energy (fig. 3.3) 
(MAT90]. 
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Fig. 3.3: Diameter of the analysis spot as a function of electron energy. 

Screen 

The screen makes the LEED pattern visual. The screen consistsof a glass plate covered with a thin 
transparant roetal layer and a UHV compatible phosphor. Before the electroos reach the screen 
they have to pass an energy analyser which repels most of the inelastically scattered electrons. 
The diffracted electrous are then accelerated to the plate by a high voltage of 5 kV and excite 
phosphorescence at their point of incidence. In figure 3.4 it is shown how the diffraction pattern 
on the screen corresponds with the Ewald-sphere construction. 

LEED - System reciprocal space 
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Figure 3.4: The diffraction pattern on the screen linked to the Ewald-sphere construction. 

Deflection unit 

In order to scan the diffraction pattern over the detector aperture it is necessary to change the 
angle of incidence from the electron beam on the sample surface. This can be done mechanically 
by changing the orientation of the sample surface or electrostatically by changing the direction 
of the incident electron beam at the sample surface. The latter metbod is implemented on the 
SPA-LEED apparatus. 
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The deflection unit consists of two sets of eight deflection plates. Four plates of each set are 
schematically drawn in figure 3.1. Applying a voltage over the deflection plates influences the path 
of the electrons. These electron trajectories arealso shown in figure 3.1. During the deflection the 
diametral positioned plates are supplied with voltages of opposite sign. Altering this voltage will 
change the angle of incidence of the primary electron beam at the sample surface. The change of 
deflection voltages is proportional to the corresponding shift of the LEED pattern in reciprocal 
space and the square root of electron energy up to a diffraction angle of ±20°. Beyond this angle 
the change of deflection voltages is no Jonger linear to the shift of the LEED pattern in reciprocal 
space. 

Electron Detector 

In the phosphoric screen there are two small holes. One hole is made for the electron gun and 
one hole for the electron detector. This is shown in figure 3.1. The electron detector consists 
of a high current channeltron. The electroos enter the channeltron housing through an aperture 
of 100 JJm diameter, this means an effective angle of 0.023° with respect to the sample surface. 
Before reaching the channeltron the electroos have to pass an energy analyser. The axes of the 
channel tron and the electron gun form an angle of 7.5 °. Th is constant angle, together wi th the 
deflection mechanism described above, yields the modified Ewald construction for SPA-LEED, as 
was shown earlier in figure2.3b. The sample should be placed where the axes meet, 15 mm in front 
of the instrument. 

The lens system 

The electron opties consists of two electrostatical lenses. One of them is the Einze) lens in the 
electron gun (fig. 3.2) and the other one is called the crystal lens. The crystal lens is mounted 
between the sample and the deflection unit (see figure 3.1). For the optica! image formation of the 
cross-over on the screen or on the channeltron aperture the sample surface will act as a perfect 
mirror. Therefore it is allowed to neglect the reflection at the sample surface for optica! ray tracing. 
The effect of the crystallens on the beam can bedescribed by one principle plane which is fixed at 
the crystal position. Figure 3.5 schematically shows the electron optica! ray tracing for this lens 
system. In this figure it is shown that the primary electron beam is not parallel at the sample 
surface. The deviation from parallelity, however, is so small that it does not seriously effect the 
diffraction pattern. 

virtuol mter
med1ole 
image by F• 

cross-

pnnopol plone 
of F• 

I 

\ 
exit aperture 

of the 
electron gun 

pr1nCtpol plane 
of F2 

sample 
poSJf1on 

reol image ÏF; 

input aperture 
of file 

chonnettron 

Figure 3.5: Electron optica! ray tracing for SPA-LEED. 
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The SPA-LEED apparatus will work at highest performance if the electron opties are adjusted so, 
that the cross-over in the electron gun is focused on the channeltron aperture. Furthermore, the 
angle of incidence at the sample surface has to be the same for all electrons. This condition is met 
when the incoming electron beam is parallel when it reaches the sample surface. There are four 
main factors determining the instrumental response function and thus the transfer width t: 

• The energy spread .lE ·in the primary electron beam. 

• The tinite aperture width of the detector causing an uncertainty in the measurement of the 
angle of diffraction. 

• The angle of incidence of the electron beam can only be determined accurately if the electron 
souree is a point source. The souree extension gives an uncertainty in this angle. 

• The tinite size of the electron beam diameter causes an uncertainty in the measurement of 
the angle of diffraction. 

The vibration of the crystal to be examined, deteriorates the transfer width as well. For this reason 
an extremely stabie manipulator system is designed [R0090]. This manipulator is constructed at 
the Eindhoven university of technology. 

3.3 The manipulator system in UHV 

Introduetion 

A good manipulator should be light, tirm and stabie with sufficient freedom of motion for the 
sample. The resonance frequency of the system has to he sufficiently high compared to the 
frequency of the mechanical vibrations in the environment (the building, the floors, pumps, etc.). 
From practical experience it is known that constructions with a resonance frequency of± 50 Hz, 
are sufficiently insensitive to the environmental vibrations. The natural frequency of an oscillator 
is equal to the square root of the ratio of the elastic constant to its mass. One can see from 
this that a high natural frequency is obtained by choosing a high elastic constant and a low mass 
for the system. Every extra degree of freedom for motion for the sample, implemented on the 
manipulator, will reduce the elastic constant of the manipulator and will enlarge its mass. The 
reduction of the elastic constant for the total system can he apprehended by consiclering this 
contiguration of the manipulator as springs, connected in series. This is the reason why two of the 
translational movements, parallel to the sample surface, are not implemented on the manipulator. 
In order to make the translational movements anyhow, a second manipulator is made to manipulate 
the SPA-LEED apparatus itself. With this contiguration, the electron beam is able to make the 
translational movements over the sample surface. The manipulator system can now be considered 
as springs, the sample manipulator and the SPA-LEED manipulator, connected in parallel. The 
whole manipulator system will be briefly described in this section, tagether with the ultra high 
vacuum system. Figure 3.6. shows a schematic drawing of the manipulator system, mounted on 
the UHV vessel. 

SPA-LEED manipulator 

The SPA-LEED apparatus is mounted on the UHV vessel by means of a large bellow. Therefore it 
is possible to tilt the apparatus around two axes. These two perpendicular axes are determined by 
two spindies and the point A. Only one of the spindies is shown in tigure 3.6 in which it is denoted 
as A'. The point of rotation is denoted as A. In this way it is possible to move the electron beam 
over the sample surface. Due to this movement the angle of incidence with respect to the sample 
surface will slightly change. This effect can be fully compensated for by adapting the voltages on 
the deflection plates. 
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Sample manipulator 

Tbe sample manipulator is mounted on top ofthe UHVvessel, also by means of a large bellow. Here 
it is possible to tilt the manipulator around one axis. The point of rotation is point B (fig. 3.6). 
This rotation approximates a translation in the direction perpendicular to tbe sample surface. This 
approximation can be made since the distance between point B and the sample surface, denoted 
by point S, is relatively large. Tbe small alteration of the angle of incidence of the electron beam 
can be fully compensated for by the deflection plate-voltages. It is furthermore possible to rotate 
the sample around the a-axis by means of a "wobbling disk mechanism"[R0090j2. The rotation 
angle can be directly read from the inscribed scale at the sample manipulator, with an accuracy 
of 0.05 degrees. A second rotation around the P-axis perpendicular to the sample surface will be 
implemented on the manipulator system soon. 

® 
I 

® 

Fig. 3.6: The manipulator system mounted on the UHV vessel. 
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Ultra high vacuum system 

The vacuum vessel on which the SPA-LEED apparatus and the manipulator system are mounted 
has a J.l-metal shielding in order to minimize the influence of parasitic magnetic fields. The 
vacuum in the SPA-LEED vessel is produced by a combination of an iongetter-pump {270 Ijs) 
and a titansublimation-pump with cold trap (150 Ijs). The basic pressure in the vessel after 
bakeout is in the low 10- 11 mbar region. Samples are introduced in the vessel by means of an 
air-loek system. The vacuum in this air lock-system is produced by a small turbopump {50 Ijs). 
Furthermore there is an iongun for sputtering purposes, a leak valve and a quadrupole mounted 
on the vessel. 

3.4 Data Acquisition Unit 

The SPA-LEED apparatus can be used as a "stand-alone" system. The experiment is then con
trolled by the Data Acquisition Unit (DAU). The DAU unit makes the SPA-LEED instrument to 
scan the desired part of the diffraction pattern over the detector aperture by changing the voltage 
over the deflection plates. The number of detected electrons corresponding to the deflection-voltage 
are recorded by the DAU and can be shown grafically on a monitor. The DAU can produce scans 
of different dimensions. The spot profile is a one dimensional scan, containing an arbitrary amount 
of measurements. The area scan is a two dimensional scan with standard sizes; {32 x 32), {64 x 
64) or {128 x 128) measurements. 

The DAU is linked to the HP9000j300 serie computersystem. Hereby it is possible to control 
the DAU with the computersystem and totransport data from the DAU to this computersystem. 
A menu-program has been developed to expand the possibilities ofthe DAU. lt is now possible for 
instanee to make an area scan containing an unlimited amount of measurements: the High-Density 
area scan. Another expansion of the possibilities is the simulation of aso-called slit detector. An 
area scan is composed of an arbitrary number of measurements in one direction (linescans) and 
an arbitrary number of measurements in the perpendicular direction. By adding the contents of 
the appropriate channels in an area scan, a slit detector is simulated and a slit scan is made. 
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Chapter 4 

LEIS 

4.1 Introduetion 

In this section the general principles of Low Energy Ion Scattering (LEIS) will be outlined. This 
surface sensitive technique is used in section 6.2 for the study of the decapping procedure on Ar
senic capped Galliumarsenide. The LEIS-apparatus used in this experiment is called the NODUS 
[BR078] and will be briefly discussed in the final part of this section. 

4.2 LEIS 

A low energy ion beam (0.1 keV-10 keV) is scattered from the outermost atomie layer of a crystal. 
If an ion penetrates into the bulk or interacts with a surface atom it is very probable that it will 
be neutralised by the present electrons. Only noble gas ions are used for their high neutralisa
tion probability. lt will be clear that the neutralisation probability of an ion will enlarge as its 
penetration depth in the bulk increases or as its number of collisions with other atoms increases. 
Therefore it is put that the major part of the back scattered ions have merely interacted with 
surface atoms. 

The scattering of the ion is caused by the interaction with a surface atom. Starting from the 
following assumptions this mechanism can be described as a classica} collision for ion-energies 
between 0.1 and 10 keV: 

• The de Broglie wavelength of the ions is much smaller than the interatomie distance of 
surface atoms. Diffraction effects can therefore be neglected. 

• The distance of the dosest approximation of the ion to the surface atom nucleus is about 
5x1o- 2 nm. Interaction from neighbouring atoms can now be neglected and there are only 
binary collisions. 

• There is only elastic scattering. This means that the scattering is merely caused by nucleus
nucleus repulsion. 

• The interaction time during a collision (lo- 14s) is much shorter than the vibration time of 
the surface atom (I0- 12s). The surface atoms can then be looked at as free atoms. 

Figure 4.1 shows the scattering of an incoming ion with mass Mi and energy Ei1 from a surface 
atom with mass M 0 with a scattering angle 0. If this collision is an elastic collision it can be 
described by the conservation laws of energy and impulse. This results in a relation between the 
primary energy Ei! of the ion and the energy Ei2 of the ion after the collision: 

Ei2 = (osO ± Jq2
- sin

2 OF 
Eït 1 + q 

(4.1) 
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in which 
Ma 

q=
M; 

(4.2) 

This equation shows that for a fixed scattering angle, the energy E;2 of the scattered ion only 
depends on the mass ratio q. An energy spectrum wiJl therefore give a direct picture of the surface 
composition. 

Fig. 4.1: Scattering of anion from a surface atom. 

4.3 NODUS 

The t!On Destructive Ultra sensitive single atom layer Spectrometer (NODUS) is used for LEIS 
experiments. The NODUS is mounted on an UHV-vessel with a basic pressure of 10-9 mbar. 
The main parts of the NODUS are an ion source, a mass filter and a cylindrical mirror analyser 
(CMA). This is shown schematically in figure 4.2. 

Ion souree mass filter 

•• 

T 

4 
He, Ne cylindrical mirror analyser 

Fig. 4.2: Schematic drawing of the NODUS. 

The primary energy Eil of the ionsis adjustable between 0.5 and 5 keV. When the ions Jeave the 
ion souree they pass through a mass filter where they are selected on their mass and their energy. 
Only the ions that are scattered with a scattering angle of 141.7 degrees wiJl enter the CMA. When 
the ions are scattered with this particular angle they enter the energy analyser, which consists of 
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two cylindrical deflection plates. The voltage over these plates determines which ions with specific 
energy E;2 reach the detector of the CMA. The detector produces a pulse rate proportional to 
the amount of backscattered i ons ha ving a specific energy E;2 • By varying the voltages of the 
deflection plates an energy spectrum from the scattered ions is made. 
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Chapter 5 

The GaAs(OOl) single-crystal 

5.1 Introduetion 

SPA-LEED studies on the (001) surface of Galliumarsenide (GaAs) contribute to the knowledge 
of the topological features of this surface. The bulktruncated GaAs(001) surface, the GaAs(001) 
stepped surface and some of its reconstructions will be discussed with their effects on the LEED 
pattern. The samples that were used were grown by Molecular Beam Epitaxy (MBE). Toproteet 
the GaAs(001) surface during transport in the air, on top of it an amorphous As-cap of about 
5 J.lffi was grown. The growing procedure of the As-capped GaAs(001) by this technique will be 
described as well. 

5.2 The GaAs(OOl) single-crystal 

The bulkstructure of GaAs (fig. 5.1) consists of two interpenetrating face-~;entred !;ubic (FCC) 
Bravais lattices, each composed of either Ga atoms or As atoms. One of the FCC lattices is 
translated with respect to the other FCC lattice along the body diagonal of the cubic cell by one 
quarter the length of this diagonal. lts structure is known as the "zincblende" structure. 

Figure 5.1: The GaAs crystal structure 

A closer look at the bulk truncated (001) face will show that it consists of only Ga atoms or As 
atoms. In other terms, the GaAs(001) surface is a polar face. The bulk truncated (001) face is 
shown in figure 5.2. The veetors ä and b construct the unit cell of the surface, a0 is the lengthof 
the edge of a face centred cube and equals 0.565315 nm [WEA87]. 
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Figure 5.2: Schematic view of the ideal GaAs(001) surface. 

5.2.1 Steps on GaAs(OOl) 

Figure 5.3 shows a side view of the crystal surface with monoatomie steps. When the steps are 
monoatomic, the adjacent terraces will he non-equivalent. This was already shown in the example 
of section 2.4. For diatomic or molecular steps, the adjacent terraces are equivalent since hoth 
terraces separated hy such a step helong to the same FCC suhlattice (As or Ga). The effect on the 
spot profiles whether there are equivalent or nonequivalent terraces is already discussed in section 
2.4. 

Figure 5.3: Monoatomie step array on GaAs(001). 

It is easy to see that the positions of the three dimensional reciprocallattice points depend on the 
height of the steps on the surface. These positions for sharp energies are given in [BEC89] and 
will not he discussed here. For the specular reflection the sharp energies are simply given hy: 

E - 1.504 s2 
00- 4d2 . (5.1) 

in which d denotes the step height and S is an integer for in-phase conditions and half-integer 
for out-of-phase conditions. Figure 5.4 shows the three dimensional reciprocal lattice points for 
mono- and diatomic steps. It can he seen from this figure and from eq. 5.1 that a surface with 
monoatomie steps has different in- and out-of-phase conditions along the lattice rods than a surface 
with only diatomic steps. 
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Figure 5.4: Schematic view of the GaAs(OOl) surface in real (a) and in reciprocal (b) space; solid 
square: FCC cubic lattice cell, dasbed square: unit cell. ( c,d) Moditied Ewald construction for 
SPA-LEED demonstrating the two dimensionallattice rods and the three dimensionallattice 
points. Positions which yield sharp reflections in· case of a monoatomie step array are marked 

with a bolder spot. 

5.2.2 Reconstructions on GaAs(OOl) 

A theory on As-reconstructions on GaAs(OOl) is described in [LAR82](CHA82] and will be briefly 
discussed here. The surface state of a crystal cao be associated with broken bondings of atoms in 
the toplayer and the bondings of these atoms with their neighbouring atoms. A GaAs lattice has 
a tetrabedral structure with covalent bondings. Every atom has four bondings with neighbouring 
atoms. Figure 5.5a gives a side view of an unreconstructed surface where two bondings of the As 
atom are broken. These bondings are called the surface dangling honds and they will dehybridise 
due toenergetic protits. The next step to an energetic favourable surface is the dimerisation, also 
shown in tigure 5.5a. The twofold periodicity of the (2 x 1) reconstructed surface is the direct 
consequence of dimerisation. This is shown in tigure 5.5b. An alternating sequence of asymmetrie 
dimer-orientations will give a fourfold periodicity, shown by the (2 x 4) surface in tigure 5.5c. The 
c( 4 x 4) surface is proposed to consist of a combination of both asymmetrie and symmetrie dimers. 
A detailed theory on reconstructions with asymmetrie dimers is given in [KNI87]. 
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Figure 5.5: Schematic diagram for the construction of an asymmetrie dimer. (a) Asymmetrie 
dimers forming the (2 x 1) reconstruction (b) and the (2 x 4) reconstruction (c). 

Experimentally, no asymmetrie dimers have been found according to [LAR83], therefore a theory 
of surface reconstructions with only symmetrie dimers cao be justified. With only symmetrie 
dimers on the surface, the twofold periodicity cao still be apprehended. The (2 x 4) reconstruction 
cao be understood by missing dimer rows. This (2 x 4) reconstruction is shown in tigure 5.6a. The 
structured basis now consistsin three adjacent As dimers foliowed by a missing dimer row [LAR88]. 
This model is in agreement with experimental evidence fora variabie range of stoichiometries (i.e., 
As coverage) for the (2 x4) reconstruction. Ifthe position of the dimers on either side ofthe missing 
row is shifted, the c(2 x 8) structure will occur as shown in tigure 5.6b. 
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Figure 5.6: (a) The (2 x 4) reconstruction.(b) The c(2 x 8) reconstruction. 
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A model on how the c(4 x 4) reconstruction is formed on GaAs(OOl) is proposed in [LAR83]. For 
this model, the reconstruction technique on GaAs(OOl) is that As atoms are chemisorbed on a full 
As layer. The c(4 x 4) phase is shown in figure 5.7. It is described as a mixture of two limiting 
structures with clusters of two,four or six As atoms chemisorbed on the surface. The difference 
in clusters will give different As coverages for each surface as shown in figure 5.7. Experimental 
observations provide evidence for the maintenance of the reconstruction for variabie As coverages 
[LAR83]. 
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Figure 5. 7: Possible models for the c( 4 x 4) surface. 

LEED patterns for the reconstructed GaAs(OOl) surface 
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Figure 5.8: LEED patterns for reconstructed GaAs{001). 

Reconstructions on the surface will lead to different periodicities of the crystal surface. Due to 
this alteration of periodicities, the LEED pattern for the surface will change. The unit cell for 
reconstructed surfaces is larger than the unit cell of the {1 x 1) surface. Therefore the reciprocal 
lattice rods descended from the Laue conditions of the reconstructed surface are spaeed closer 
than the rods descended from the underlying (1 x 1) structure. The LEED patterns for different 
reconstructions are shown in figure 5.8. 
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5.3 MBE grown GaAs(OOl) 

The principle of growing GaAs(OOl) with MBE in UHV is shown in figure 5.9. A single-crystal 
GaAs(OOl) substrate is heated up to 890 K. Simultaneously, molecular beams of Ga atoms and 
As4 molecules are directed towards the surface. The crystal used in our experiments has been 
investigated with RHEED during the growth on the substrate [BEC89]. With RHEED (refiection 
high-energy electron diffraction) the scattering angle of the electroos is between 0 and 5 degrees 
and the electron energy is a few tentbs keV [R0087]. After cleaning the GaAs(OOl) substrate 
an As-stable (2 x 4) reconstruction has been observed using RHEED. After growing 1 p.m GaAs 
on the substrate the (2 x 4) reconstruction was observed again under only As-flux. This sample 
was cooled, still under As-flux, and the c( 4 x 4) reconstruction appeared on the surface. By 
transporting the sample totheSPA-LEED system, the crystal will he exposed to open air. This 
will cause oxidisation on the GaAs(OOl) surface. In order to avoid this, an amorphous As-cap of 
about 5 p.m is deposited on the sample surface. The oxidisation will now take place on the As-cap. 
After introducing the sample in the SPA-LEED vacuum vessel via an airloek system, the sample is 
heated to remove the As-cap. The SPA-LEED experiments on the clean, non-oxidised GaAs(OOl) 
crystal surface can now he executed. 
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Figure 5.9: Growing GaAs(OOl) with molecular beams of Gaand As2. 
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Chapter 6 

Experiments on GaAs(OOl) 

6.1 Temperature measurements 

The GaAs sample can be -indirectly- heated from the back by an electrical oven when it is placed 
in the NO DUS or on the sample manipulator for SPA-LEED. In order to estimate the temperature 
on the crystal surface the following experiment was clone. The experimental situation for SPA
LEED was imitated in an UHV vessel. A 1 mm thick Cu plate was mounted on a sample holder 
and on the front of this Cu plate a GaAs sample can be mounted with two clips. When the sample 
holder is placed in the SPA-LEED vessel an oven can heat the Cu plate from the back. This 
configuration was also imitated and is schematically shown in figure 6.1. 

Sample
holder 

sample oven 

Figure 6.1: Configuration of the sample holderand the oven [GUN89]. 

In this experiment the GaAs sample was replaced by a stainless steel sample on which a thermo
couple was welded. The oven used is of the same type (a Riber oven) as the oven situated in 
the SPA-LEED system. The temperature of the surface was measured with the thermo-couple 
and an infraredthermometer (Minolta/Land Cyclops 41) for different values of consumed power 
for the oven. This characteristic was used for estimating the GaAs surface temperatures during 
the SPA-LEED experiments, by inspecting the consumed power of the oven in the SPA-LEED 
system. The accuracy of this temper at ure measurement is very hard to estimate for a few reasons. 
Firstly, two different Riber ovens will notproduce exactly the same amount of heat at the sample 
for the same consumed power and secondly the thermal conductivity of GaAs is not the same 
as the thermal conductivity of stainless steel. The accuracy of the temperature measurements is 
estimated to be 50 K. For LEIS experiments, a same type of charaderistic but for a different kind 
of oven was used for estimating the temperature on the GaAs surface. 
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6.2 LEIS experiments 

6.2.1 Introduetion 

Before it is possible to experiment on the epitaxially grown single-crystal surface GaAs( OOI) it is 
necessary to remove the amorphous As-cap from the sample. The remaval of this overlayer by 
heating the sample is stuclied with LEIS and the results will be discussed below 1

. 

6.2.2 Experiments and results 

The sample was heated for different periods of time and at different temperatures. The primary 
energy of the i ons was 3 ke V. Contamination of other atoms than Gallium or Arsenide was checked 
by using the Hé-ionbeam. In order to seperate the Gallium peak from the Arsenide peak in the 
energy spectrum the noble gas ion of Ne was used. 

Every measurement after each heating procedure wil! be described briefly. The sequence of 
measurements are labelled by the character "M" and a number. First two measurements with 
Hé-ions on the same sample wil! be described: 

• MOl; no heat treatment, LEIS experiment at 20°C. The energy spectrum shows that the 
surface containing an As-cap is polluted by different kinds of atoms. The energy peaks of 
Oxygen, Natrium and Chloride are clearly seen in the spectrum. The two peaks of Gallium 
and Arsenide cannot be resolved in this spectrum. The peak in the energy spectrum can 
therefore be descended from Gallium, Arsenide or both. 

• M02; heated for 1 hrs. 40 min. at 200°C. After this heating procedure no pollution could 
be detected. The Gallium and/or Arsenide peak is clearly seen in the energy spectrum. 

The measurements using Ne-ions will be discussed for the As-capped sample, after different heating 
procedures. As has been mentioned before, the Gallium peak can now be seperated from the 
Arsenide peak in the energy spectrum. The ratio As:Ga is defined as the ratio of the absolute 
peak heights of Arsenide and Gallium in the energy spectrum after subtrading the background
intensities. The main part of the background in an energy spectrum is descended from multiple 
scattering effects. 

• M03; no heat treatment, LEIS experiment at 20°C; As:Ga=8.0 Without heating the sample 
the Gallium atoms are already detected in the outermost atom layer. In the low energy 
region of the spectrum the pollution on the sample from other atoms can be seen. This 
energy spectrum is shown in figure 6.2. 

• M04; heated for 1 hrs. 40 min. at 200°C; As:Ga=8.2 The absolute heights of the Gallium and 
Arsenide peaks is not changed drastically. The pollution detected in the former measurement 
is now disappeared. 

• M05; heated for 1 hrs. at 275°C; As:Ga=3.7 The signa! from both peaks increases while the 
As:Ga ratio descends. 

• M06; heated for 0 hrs. 57 min. at 290°C; As:Ga=3.2 The signa! from both peaks increases 
and the As:Ga ratio still descends. 

• M07; heated for 1 hrs. at 290°C; As:Ga=l.7 The Gallium peak height did notchange while 
the Arsenide peak height descends. 

• MOS; heated for 1 hrs. at 290°C; As:Ga=l.7 There has been no alteration in peak heights, 
not for Gallium nor for Arsenide. This energy spectrum is shown in figure 6.3. 

1This experimental work has been carried out in coöperation with W. Willems, under supervision of drs. G.C. 
van Leerdam. 
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• M09; heated for 1 hrs. 18 min. at 350°C; As:Ga=l.5 The Arsenide peak height is lowered 
very slightly, the Gallium peak height did not change. 

• MlO; heated for 2 hrs. 55 min. at 400°C; As:Ga=0.9 The Arsenide peak height descended 
again and the Gallium peak height is not changed. For the first time, the Gallium peak is 
higher than the Arsenide peak. This is shown in figure 6.4. 

• Mil; heated for 3 hrs. 15 min. at 400°C; As:Ga=l.1 The Arsenide peak height is slightly 
higher compared with the former measurement. The Gallium peak height is not changed. 

In order to inspeet the polJution on the surface after this series of measurements a last measurement 
with He4-ions was clone: 

• Ml2; after all the former heating procedures. Apart from the Gallium-Arsenide peak there 
is only a small Oxygen-peak visible in the energy spectrum. 
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Figure 6.2: The energy spectrum of measurement M03. 
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Figure 6.3: The energy spectrum of measurement M08. 
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Figure 6.4: The energy spectrum of measurement MlO. 
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6.2.3 Interpretation and discussion 

The As-capped sample was first investigated before it was heated. On a cap that totally covers 
the GaAs(OOl) surface, it is not possible to detect Gallium. The fact that Gallium was detected 
without a heating procedure (see M03) can only result in the condusion that the cap is partially 
absent on the GaAs(OOl) surface. 

This condusion is confirmed by a photograph, taken using an optica! microscope. A photo was 
taken from the wafer of which the sample used descended from. This wafer was kept in a dustfree 
place for about seven months and green spots were observed on the surface. Figure 6.5 shows a 50 
x magnification of such a spot on the GaAs(OOl) surface which was supposed to be As-capped . A 
possible interpretation of the photo is that the lightest part of this photo is a part of the surface 
on which the As-cap has disappeared. The remaining Arsenide on the surface forms the mosaic 
structure seen on this part of the picture. They denote the places where the amorphous As-cap 
was cracked, wben it was still present on tbe surface. In tbe darker part of tbe pictures, wbicb is 
interpreted as the part of tbe surface that is still capped with Arsenide, some of these cracks in 
the As-cap can be noticed . 

Figure 6.5: Magnification (50x) of a part of the As-capped wafer. 

After a beating procedure of 1 brs and 40 min at 200°C(M04), the pollution on the sample surface 
diminisbed drastically, while tbe As-cap did not alter mucb. This metbod is faster tben the 
metbod described in (SCH88]. In (SCH88] Auger Electron Spectroscopy (AES) experiments on a 
similar As-capped GaAs( OOI) sample proved that contamination on the surface did not disappear 
until tbe sample was heated for 15 hrs on 140°C. The interpretation of the experiments MOS 
and M06 show an increasing peak signa! for both Arsenide and Gallium. Although the Helium 
measurement indicate tbat tbe surface was no Jonger contaminated, it is conduded from MOS and 
M06 that there was still pollution lefton tbe surface. This is not surprising since the sensitivity for 
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Oxygen, Carbon and Hydrogen in a LEIS experiment using Helium is very poor. Therefore this 
contamination in such a LEIS experiment is not detected. Apparently, the heat treatment of M04 
is to short to remove all pollution from the As-cap. Removing the remaining pollution by another 
heat treatment caused the increase of the absolute peak heights in M05 and M06. The sample 
treatment in the SPA-LEED experiments have been performed according to [SCHSS]. From the 
LEIS experiments it may be concluded that this langer sample treatment provides indeed clean 
samples. 

Further interpretation of M05, M06, M07 and MOS shows that the thickness of the As-cap is 
not uniform over the surface. The thinner parts of the As-cap evaparate after heating the sample 
for 1 hrs on 275°C (M05). After another heating procedure of 1 hrs 57 min on 290°C (M06, M07) 
the thicker parts of the As-cap will evaparate as well. Heating the sample again for 1 hrs on 
290°C (MOS) and for 1 hrs 1S min on 350°C (M09) will not change the energy spectrum and so 
it is concluded that this surface is the stabie As-rich (1 x 1) GaAs(001) surface as detected with 
SPA-LEED from similar treated samples (See section 6.3). 

It is marked that the absolute height of the Gallium peak in the spectrum remains constant 
for the experiments M07 up to and including Mll. The experiment M12 shows that Oxygen is 
present on the surface since the sensitivity for Oxygen in a LEIS experiment using He4-ions is 
very poor. The smal! Oxygen peak detected in experiment M12 therefore means that there is a 
reasanabie amount of Oxygen atoms present on the surface. It is further known from [RANS!] 
that the sticking coefficient of Oxygen on a Ga-rich surface is five times larger than on an As-rich 
surface. So if the Oxygen atoms replace the evaporated Arsenide atoms, the Gallium peak height 
would still remain constant. 

A possible souree for this Oxygen is the part of the NODUS where the samples are heated. 
During the experiments the samples were transferred in the air-loek system ofthe NODUS in which 
they were heated. This air-loek system was used for many different LEIS experiments befare and 
wasnota clean area. An attempt was clone to clean tbis part oftbe NODUS by means of a bakeout 
procedure. Apparently, the air-loek system was not clean enougb after this bakeout and caused 
the Oxygen souree for the Oxygen contamination on the surface during the heating procedures. 
Note that there is no such Oxygen-source present intheSPA-LEED system. Therefore the surface 
will most probably not be polluted with Oxygen in SPA-LEED experiments. 

Finally, in experiment Mll, the Arsenide peak heigbt becomes a little bit higherafter heating. 
An explanation for this is an As ditfusion process from the bulk to the surface. The possibility 
that this mechanism could be responsible for enrichment of the As surface layer is given in detail 
in [ORR89]. 

6.3 SPA-LEED experiments 

6.3.1 Introduetion 

The GaAs(001) surface is examined on steps, stepheight, terracewidth, and whether the surface 
reconstructs after sputtering and annealing. For determining whether mono-or diatomic steps 
exist on the surface, it is necessary to calculate the energy of the electrans at which terraces 
scatter in-phase or out-of-phase for both kinds of steps. Area scans were mainly used for finding 
the diffraction spot, the position of the maximum intensity in a diffraction spot and for inspeetion 
of the roundness of diffraction spots. The position of the maximum intensity in the diffraction 
spot was used as the centre of the spot profile measurements. Spot profiles were measured for 
in-phase, intermediate and out-of-phase energies and will then be interpreted. The range in which 
the spot profiles are measured is mostly given in percentages of the Brilliounzone, defined as the 
nearest reciprocal distance between two diffraction spots from the (1 x 1) GaAs(001) surface. 
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6.3.2 Experiments and results 

The MBE grown GaAs(001) samples were decapped by heating the sample. The samples were 
first heated for two whole days on 200°C in order to evaparate the contaminated atoms from 
the As-cap. After this procedure the temperature is raised to 320°C [SCH88]. It was seen in 
section 6.2 that the Arsenide atoms from the cap wiJl evaparate at this temperature. During this 
procedure the surface was inspected with SPA-LEED. For this inspection, the sample has to cool 
down first, since the intensity ~f the LEED diffraction pattem decreases rapidly with temperature. 
The SPA-LEED system is then used in the so called "viewing mode". In this mode it is possible 
to see the diffraction pattem from the single-crystal surface on the phosphor-screen. After heating 
the sample for several hours, the diffraction pattem belonging to the (1 x 1) GaAs(001) surface 
appeared on the phosphor screen. On this surface SPA-LEED measurements were performed. 
The spot profiles that were measured from sample 2 at in-phase conditions can all be fitted by a 
Gaussian very well except for an asymmetrie contribution of the peak (in fact one has to add a 
small Lorentzian broadening to fit the instrumental profile [HEN90]). Two of these spot profiles 
are presented in figure 6.8 and 6.6 for in-phase energies for diatomic steps of 118 eV and 170 
eV. The asymmetrie contribution is clearly seen in figure 6.8. lt is seen that this asymmetrie 
contribution changed its shape when the electron beam was moved to a different location on the 
crystal surface. 

At the out-of-phase conditions for diatomic steps a diffuse reflection, shaped like a very broad 
Lorentzian, and a sharp reflection, mainly shaped like a Gaussian, is measured. This is shown in 
figure 6.7 for an electron energy of 143.2 eV. The asymmetrie contribution measured at in-phase 
conditions is also measured in this spot profile. In figure 6.9, a measurement for the (00)-spot up 
to and including the (10)-spot is shown for an electron energy of 182.4 eV. This energy is close 
to an in-phase condition for diatomic steps for the (00)-spot. For the (10)-spot, this energy is 
close to the out-of-phase condition. It is shown in this figure that the {00)-spot consistsof a sharp 
reflection, shaped like a Gaussian, while the (10)-spot consists of a sharp reflection and a broad 
reflection, shaped Jike a Lorentzian. 

The same spots are shown in figure 6.10, at an electron energy of 148.2 eV. This energy is, 
for diatomic steps, close to an out-of-phase condition for the (00)-spot, and close to an in-phase 
condition for the (10)-spot. The spot profile of the (00)-spot now consistsof a sharp and a braad 
reflection and the spot profile of the (10)-spot only gives the sharp reflection. The spot profile of 
this (10)-spot clearly shows an asymmetrie contribution. Note, that between these spots a very 
weak spot is visible. This is the start of the fractional order spot of the (2 x 1) reconstruction on 
the GaAs(001) surface. The FWHM for the measured Lorentzians corresponds to 2.5 nm in direct 
space. 

For sample 2, the values of the FWHM for the measured spot profiles at in-phase conditions ap
proximately corresponded to 50 nm in direct space. The highest transferwidth that was measured 
is 140 nm, this transferwidth was measured on sample 1. 
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Figure 6.6: The (00)-spot for an in-phase condition for mono- and diatomic steps (170 eV). 
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Figure 6.7: The (00)-spot for an out-of-phase condition for diatomic steps (143 eV). 
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Figure 6.8: The (00)-spot for an in-phase condition for diatomic steps (118 eV). 

i 

I i 
Iaw: j 

0.0 

sample 2 

(00) 
l 

(10) 1 

J! 
.I 
'I 
i' 
I 
I 
! 

100.0 

-

Figure 6.9: The (00)-spot and the (10)-spot for an electron energy of 182 eV. 
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Figure 6.10: The (00)-spot, the ( ~0)-spot and the (10)-spot for an electron energy of 148 eV. 

The GaAs(001) surface of sample 3 has been sputtered using 0.5 keV and 3 keV Argon-ions. After 
annealing the sample on 400°C the surface is inspected on reconstructions with SPA-LEED. This 
procedure was repeated several times before a half order reflection was measured between the (00)
spot and the (10)-spot, and between the (00)-spot and the (10)-spot. The half order reflection is 
of very low intensity and was at maximum when the measurement was done for an electron energy 
of 143 eV, an out-of-phase condition for diatomic steps. The spot profile in figure 6.11 shows 
the (10)-spot, the ( to)-spot, the (00)-spot, the ( to)-spot and the (10)-spot for a measurement 
with this electron energy. Note, that also for this sample an asymmetrie contribution in the 
spot profile for the (ÏO)-spot, the (00)-spot and the (10)-spot was measured. The FWHM of the 
Lorentzian shaped reflection for this spot profile corresponds to 2.9 nm in direct space. There were 
no fractional order spots measured in the perpendicular direction, between the (00)-spot and the 
(01)-spot. This is shown in figure 6.12, in which also an asymmetrie contribution for the (01)-spot 
and the (00)-spot is visible. In figure 6.13 the (00)-spot, the ( to)-spot and the (10)-spot is shown, 
measured under exactly the same experimental conditions as the spots in figure 6.12. 
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Figure 6.11: The fractional order refiections due to reconstruction on the GaAs(001) surface. 
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Figure 6.12: The (OÏ)-spot and the (00)-spot from the reconstructed sample 3 (145.3 eV). 
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Figure 6.13: The (00)-,the ( ~0)- and the (10)-spot from the reconstructed sample 3 (145.3 eV). 

6.3.3 Interpretation and discussion 

For sample 1 and 2, only diffraction patterns were observed for electron energies above 100 eV. 
The cause for this was the electron-gun of the SPA-LEED system. In the past, due toa manufac
tory fault, the phosphorous powder on the screen was blown off while the vacuum chamber was 
vented. The incoming air blew directly on the screen and phosphor grains were spreaded in the 
SPA-LEED system. While cleaning the system it seemed not necessary to clean the interior of 
the electron-gun. We have dismounted the electron-gun from the SPA-LEED system and took it 
apart. The inside of the electron-gun, including the extractor, the anode and the Einzellens, was 
covered with green phosphor grains. After cleaning the electron-gun with Freon and mounting 
it on the SPA-LEED system again, the diffraction patterns were also observed at energies below 
100 eV. Apparantly, the phosphor grains were charged up by electroos in the electron-gun and 
caused a parasitic electric field. For higher kinematic energies of the electrons, the powder resis
tance decreases with increasing voltage. So its conductivity increases for higher electron voltages. 
Therefore, the parasitic field becomes less important for higher kinetic energies. After cleaning 
the gun, completely other focusing voltages were needed for a proper working of the electron gun. 

For all spot profiles of all three samples, an asymmetrie contribution was measured. It was 
measured for in-phase conditions and for out-of-phase conditions. The dependency on the location 
of the electron beam on the surface and the asymmetrie shape is probably due to the differences 
in orientation of the sample surface (mosaic structure). 

From an analysis of the spot profiles of sample 2 and disregarding the asymmetrie contri bution 
discussed above, it is concluded that at the in-phase condition for mono- and diatomic (molec
ular) steps the spot profile consists of a sharp, almost Gaussian shaped reflection. This means, 
according to the theory in chapter 1, that there are only equivalent terraces on the sample surface, 
corresponding with diatomic steps. The measurements of sharp, Gaussian shaped, spot profiles 
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at in-phase conditions for diatomic steps and the measurements showing broadened, Lorentzian 
shaped, spot profiles at out-of-phase conditions for diatomic steps confirm the condusion that 
there are only diatomic steps present at the examined GaAs(001) surface. The FWHM of the 
broad Lorentzian in the spot profile from the (00)-reilection at out-of-phase conditions for di
atomie steps corresponds to approximately 2.5 nm in direct space. This means that the average 
terracewidth on this surface is 2.5 nm. The same FWHM is obtained at an out-of-phase condi
tion from the (10)-reilection .(fig. 6.10). A further analysis of the shape of these two broadened 
intensities measured at the (00)-and (10) spot (fig. 6.9 and fig. 6.10) learns that both have the 
same shape. Since the (00) reileetion is, but the {10) reileetion is not, sensitive for monoatomie 
steps, the former is additional proof formolecular steps at the GaAs{001) surface. Another prove 
formolecular steps is the observation of the {2 x 1) pattern (see fig. 6.10, fig.6.11 and fig. 6.13). 
If monoatomie steps were present also the (1 x 2) pattern should have been observed. 

lt should be noted that the (2 x 1) reconstruction is observed on sample 2 and sample 3. The 
main difference between these two samples is that sample 3 had a sputter treatment in addition 
to a heating procedure similar to sample 2. From our LEIS experiments {section 6.2) it is known 
that the As:Ga ratio can be lowered by a heat treatment. The alteration of this ratio is needed 
to change a {1 x 1)- into a (2 x 1) reconstruction. From (ORR90] it is known that Arsenide can 
be preferentially sputtered from GaAs(001). This is completely in line with our findings since the 
most prominent {2 x 1) reconstruction is found on sample 3, which had a sputter treatment too. 
The half-order spots that were seen in the diffraction pattern from sample 3 match with the 
LEED pattern of a (2 x 1) reconstruction. Since the outermost atomlayer after decapping is 
the {1 x 1) Arsenide-rich surface it is plausible that the first reconstructions that will appear 
on the surface are Arsenide-rich reconstructions. To the best of our knowledge the Arsenide
rich {2 x 1) reconstruction on the GaAs{001) surface bas only been reported once in (SAL83). 
The appearance of an Arsenide-rich (2 x 1) surface reconstruction might be explained by the 
narrow terracewidth on this surface and the much more frequently observed Arsenide-rich (2 x 4) 
reconstruction (NEA83](LAR83](SAU88]. From the FWHM of the broad Lorentzian shaped spot 
profile of the {00)-spot at out-of-phase conditions it is concluded that the average terracewidth on 
this surface is only 2.5 nm. Since the (2 x 4) repetition unit measures 0.8 x 1.6 nm2 the Arsenide
rich (2 x 4) reconstruction is obstructed on this surface by the edges of the narrow terraces. As 
aresult the Arsenide-rich {2 x 4) reconstruction appears like a (2 x 1) reconstruction containing 
random defects (missing As-dimers). This is supported by the observation of the same values of 
the domain size of the {2 x 1) reconstruction-obtained from the FWHM of the half order spots
and the average terrace length. Additional proof that tbe reconstruction is Arsenide-rich could be 
found from other surface analysis experiments (for example !uger Electron Spectroscopy {AES) 
or LEIS) on the same sample as the reconstruction is detected. 

The asymmetrie background in tigure 6.13 is due to a repeller-grid, placed bebind tbe electron 
detector aperture. This bas no pbysical significanee and sbould be ignored. 

The difference in FWHM of spot profiles at in-phase conditions (transferwidth) between sample 
1 and sample 2 is due to macroscopie deCormation of the surface. Sample 2 has been inspected 
using a digital measuring probe (MT12, produced by Heidenhain) which sbowed that the sample 
surface was indeed deformed. A curvature of 2 IJm on a lengtb-scale of about 1 mm bas been 
observed. Sample 1 sbowed a very narrow FWHM at in-pbase conditions and was apparently 
descended from a part of tbe wafer which was much less deformed. 

Sample 1 and 2 were observed with an optica! microscope. A 1000 x magnification of the 
GaAs{001) surface of sample 2 is shown in tigure 6.14. This photo is interpreted as follows. A 
circle is drawn around a Gallium rich oval defect. A lot of these oval defects are visible on the 
surface. The oval defects are randomly distributed on the surface and contribute to the background 
in the spot profile. Furthermore, the photo shows that the surface is formed by little oval shapes 
or little waveforms. These waves are formed by molecular steps on the single-crystal surface. SPA
LEED observations of steps on the surface are confirmed by this photo. Steps can be induced by 
impurities or dislocations on the substrate on which the GaAs is grown (LEY90). The same photo 
was made for sample 1 and showed a surface with much less oval defects and much less waveforms 
on the surface. Unfortunately, the contrast of this photo was very poor and can therefore not be 
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shown here. lmpurities and dislocations are inhomogeneously distributed over the substrate, so it 
is not surprising that the density of steps on the surfaces of the samples differ. 

Figure 6.14: Magnification (lOOOx) of the GaAs( OOI) surface of sample 2. 
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Chapter 7 

Conclusions and 
recommendations 

7.1 Conclusions 

• Analysis of the LEED spot profiles at in-phase and out-of-phase conditions for molecular 
steps and the observation of the (2 x 1) reconstruction leads unequivocal to the condu
sion that there are only diatomic (molecular) steps and equivalent terraces present on the 
GaAs(001) single-crystal surface. The average terracewidth is approximately 2.5 nm. 

• The Arsenide rich (2 x 1) reconstruction is observed very weakly after annealing procedures 
at approximately 450°C. After an ion-bombardment and annealing procedure, the (2 x 1) 
reconstruction bas been observed clearly on the surface. The domain size of the (2 x 1) 
reconstruction equals the observed terrace width. 

• The samples were not perfectly flat, but showed macroscopie curvature of the sample. This 
deCormation tends to broaden the spot profile and therefore the instrumental limitations 
(transferwidth=200 nm) could not be reached. The best transferwidth measured is 140 nm. 

• Asymmetrie contributions were measured in almost all spot profiles, leading to the condusion 
that there are misorientations on the surface. 

• SPA-LEED experiments on a non-curved, single-crystal surface can be clone in order to 
determine the instrumental transferwidth of this apparatus. 

• LEIS measurements and examination with an optical microscope showed that the Arsenide
overlayer, grown on the GaAs(001) single-crystal surface, does not homogeneously cover the 
surface. Partsof the GaAs(001) surface are not covered at all. 

7.2 Recommendations 

• In order to obtain additional proof whether the (2 x 1) reconstruction is the Arsenide rich 
reconstruction, both SPA-LEED and LEIS experiments should be doneon the same surface. 

• To conclude unambiguously whether the observed (2 x 1) pattern belongs in fact toa (2 x 4) 
type of reconstruction, which is hindered in its development by step-edges, the stoichiometry 
of Ga and As should be determined on these samples using LEIS. 

• The surface temperature of a sample during LEIS and SPA-LEED experiments should be bet
ter monitored. A good solution could be an infrared thermometer with a proper wavelength 
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window. This to make sure that the GaAs is oot transparent to this infrared thermome
ter .Another solution might be the application of a movable thermocouple. Th is construction 
is being developed and will be installed soon. This system makes it possible to measure 
temperature and have a flexible sample transport as well. 

• The LEIS measurements and the experiments with an optical microscope have to be repeated 
on an As-capped sample from a new wafer. It is also recommended that the measurements 
should be done in an Oxygen-free environment, in order to imitate the experimental LEED 
environment better. 

• Some parts ofthe SPA-LEED system, like the electrostatic deflection plates and the detector, 
have to be examined on the presence of phosphor grains. 

• In the areascans, some irregularities were shown in the background of the scan. These 
irregularities are descended from a repeller-grid, placed in front of the electron detector 
aperture. This repeller-grid should be removed and replaced by a gridless repeller. 

• The MBE system should be equipped with a so-called cracker cell in order to be able to 
produce an As-cap of a good quality. 
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