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Abstract 

Abstract 
A metbod is developed to measure the tetragonal di stortion of ultra-thin ( < 50 A) buried 
coherent layers in crystals. These ultra-thin tetragonal distorted layers appear as stacking 
faults for off-normal axes in the host crystal and therefore the atomie strings under an ultra
thin layer probe the flux pattem emerging from the overlying crystal. Consequently, a step in 
the energy spectrum of a channeling RBS measurement in an off-normal direction is detected. 
The ion channeling flux distribution model ofFeldman et al. [2] shows that the flux 
distribution in the channels depends on the angle between the incoming ion beam and the 
crystal axes of the sample ( lf/). If the size of the step in the spectra is plotted as a function Ij/ 

the Feldman model prediets a curve with two maxima. It can be shown that the angular 
distance between the two maxima depends on the thickness and the tetragonal distartion of 
the ultra-thin layer. When the thickness ofthe ultra-thin layer is determined by e.g. High 
Resolution Transmission Electron Microscopy, Monte Carlo channeling FLUX? simulations 
can provide the tetragonal distartion ofthe ultra-thinlayerin the sample. 

Axial <011> channeling experiments and FLUX? simulations with He+ ion beams with 
energiesin the range between 2 and 3.5 Me V are performed on silicon samples with an ultra
thin buried SixGe1.x layer (22 ± 2 A). Ifthe step sizes areplottedas a function of Ij/, curves 
with two maxima are found and with FLUX? simulations shifts ofthe <011> axis of0.55 ± 
0.05 A respectively 0.74 ± 0.06 A are found for samples with 45% and 63% germanium in 
the ultra-thin layer. When the thickness of the ultra-thin layer is accurately known the 
tetragonal distartion of the ultra-thin layer can be found with an accuracy of approximately 
8 %. The accuracy in the thickness ofthe ultra-thin layer measured with HRTEM is± 2A, 
which results in an extra error margin of± 10 % in the obtained tetragonal distortion. 

In the energy spectra of {011} planar channeling experimentsof silicon samples with an 
ultra-thin buried SixGe1_x layer, significantly larger steps are found than in the <011> axial 
experiments. However, in the planar channeling experiments the ion flux has not reached the 
steady state flux distribution, when the ultra-thin layer is reached. Therefore the step size not 
only depends on the angle between the incoming ion beam and the { 011} plane but also on 
the length of the path through the capping layer. With the Monte Carlo simulation programs 
FLUX? and LAROSE it is not possible to simulate the planar channeling experiments in 
detail, because the coherency between the trajectories ofthe incoming ions depends critically 
on the depth. Furthermore the outcome ofthe simulations is found to be extremely sensitive 
for the models incorporated in the simulation programs for the ion-electron interaction and the 
potentials used for the binary collisions approximation and for the atomie strings. 

Finally, axial <011> channeling measurements and FLUX? simulations on GaAs samples 
with 10 ultra-thin buried coherent InAs monolayers are performed. In the energy spectra the 
individual steps from the 10 InAs monolayers can not be distinguished; one large step is 
found. This step can be simulated adequately with FLUX? and similar effects as for the 
<011> axial channeling in the silicon samples are found. Furthermore, it can also be 
concluded from FLUX? simulations that the distance between the maxima in the step size 
curves does not depend on the number of monolayers InAs, but on the shift in the channel of 
one monolayer. 
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Chapter 1: Introduetion 

1 Introduetion 
The work described in this report is carried out in the research group Physics and 
Applications oflon Beams at the department of Applied Physics of Eindhoven University of 
Technology. In the group an experimental set up is present, which provides the possibility to 
perfarm Rutherford Backscattering Speetrometry channeling experiments. This facility is 
used in combination with the Philips A VF cyclotron, to perfarm analysis on silicon and 
gallium-arsenide samples with buried ultra-thin coherent layers of SixGe1_x and InAs 
respectively. 

The main goal of this work is to develop a methad to quantify the tetragonal di stortion of 
ultra-thin buried coherent layers in crystalline samples. For buried thin layers with a thickness 
> 100 A, the tetragonal distartion can be quantified with conventional RBS channeling 
methods. In devices like solid state lasers and heterojunction bipolar transitions coherent 
layers of only few tens of Ángströms are incorporated. The density of states (which depends 
on the tetragonal distortion) is an important parameter for the physical properties of the 
devices mentioned above. In this work RBS channeling measurements and Monte Carlo 
channeling simulations with FLUX7 are used todetermine the tetragonal distartion ofburied 
ultra-thin layers. The RBS channeling measurements are performed with He+ ion beams with 
energiesin the range between 2 and 3.5 Me V. In channeling experiments performed in off
normal directions on samples with ultra-thin buried layers a step in the energy spectrum is 
found due to the presence of the ultra-thin layer. In this report mode Is are developed to 
describe the step in the energy spectrum and to derive the tetragonal di stortion of the ultra
thin coherent layer. 

Chapter 2 describes the basicprinciplesof Rutherford Backscattering Spectrometry. 
Furthermore, channeling is described in terms of the continuurn model of Lindhard. Also in 
this chapter the conventional methad for measuring the tetragonal distartion of thin buried 
layers is explained and finally preliminary measurements, which show a step in channeled 
energy spectra resulting from the tetragonally distorted ultra-thin layer are discussed. 

The computation algorithms of the Monte Carlo channeling simulation program FLUX7 are 
discussed in chapter 3. The relevant physical mode Is incorporated in the code are also 
explained and the main input and output needed for FLUX7 is described. 

Chapter 4 describes the experimental set up ofthe RBS channeling facility. Furthermore, the 
sample production procedures and the physical properties ofboth silicon samples with a 
buried SixGe1_x layer and GaAs samples with 10 buried InAs monolayers are discussed in 
detail. Finally, the methods used to calibrate and quantify the measurements are explained. 

In the final three chapters the results ofthe experiments and the FLUX7 simulations are 
discussed. In chapter 5 axial channeling measurements in the <011> direction ofthe silicon 
samples with an ultra-thin SixGe1_x layer are presented and FLUX7 simulations are shown and 
compared with the experiments. An analytica} model derived by Feldman et al. is used to 
explain the outcome of the measurements. 

Chapter 6 presents planar channeling measurements in the {011} direction ofthe silicon 
samples with an ultra-thin SixGe1_x layer. The outcome ofthe experimentsis compared with 
results derived from FLUX7 and LAROSE simulations. 

Finallyin chapter 7 the outcome of axial channeling measurements in the <011> direction on 
the GaAs sample with 10 InAs monolayers is shown and compared with FLUX7 simulations. 
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Chapter 2: Principles ofRBS channeling measurements 

2 Principles of RBS channeling measurements 

2.1 Rutherford Backscattering Speetrometry (RBS) 
Rutherford Backscattering Speetrometry (RBS) is an element analysis technique used to gather 
information a bout the composition of a target and the depth distribution of the target atoms. In a 
RBS experiment a beam of mono-energetic projectiles is directed onto a target. Asolid state 
detector measures the energy ofthe projectiles that are scattered backwards from the target under 
a specific angle. The result is accumulated in an energy spectrum. 
As stated before, RBS is basedon the scattering ofprojectiles (ions) by target nucleï. The 
kinematic factors of these interactions are defined as the ratio of the energy of the scattered 
projectile to the initia! projectile energy (K1) and the ratio ofthe recoil energy to the initia! ion 
energy (K2): 

K =E2 
2 E ' 

0 

where the energy E. is defined in figure 2-1. 

Target 
M2, E2, V 

t/J 

before collision 7·········· 
MI, Eo, Vo e 

Projectile 
after callision 
Mb Eb V] 

Figure 2-1: Scattering geometry for RBS. 

(2.1) 

Ifthe mass ofthe incoming projectile is lower than the mass ofthe target atom (M1 < M 2 ) and if 
the collision is elastic, the kinematic factors associated with the collision can be derived using 
conservation of energy and momenturn [8] resulting in: 

K
1 

=(xcosO+.Jl-x
2 

sin
2 0]

2 
and 

l+x 

K = 4M1M 2 cos
2 

rjJ 

2 (Ml+M2)z' 

where x is equal to M/M2 and rjJ and B are defined in figure 2-1. 
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Chapter 2: Principles ofRBS channeling measurements 

As mentioned before, it is possible with RBS to retrieve information about the composition and 
the depth structure of a sample. First the determination of the sample composition is explained. 
In a RBS experiments with M 1 < M 2 the projectiles are scattered over an angle 8, ranging from 0 
till 180 degrees. Ifthe projectiles are mono-energetic and the energy ofthe backscartered 
projectiles is measured at a specitic backscatter angle 8, it can be seen from equation (2.2) that 
differences in measured energy are caused by differences in the mass ofthe target nucleus (M2). 

Thus different peaks (places) in the energy spectrum of a RBS experiment belong to different 
target elements. 
It is also possible to obtain depth distribution information with a RBS experiment. The 
penetration ofthe projectile into the target leads to energy loss ofthe particle. Aftera callision 
with a target nucleus at a certain depth, the projectile leaves the target with slightly less energy 
compared toa projectile which collided at the surface. Thus for elementsin buried layers the 
energy peak in the RBS energy spectrum is shifted to a lower energy and for elements distributed 
through the targetnosharp peak, but an edge with a continuurn is found (see tigure 2-2). 

Energy X -
Figure 2-2: The relation between depthand energy in a RBS experiment. 

The energy loss (L1E) of a projectile which has scatter at a specitic depth (x) can be written in 
terms ofthe stopping power (dE!dx) and the kinematic factor K 1 as: 

(2.3) 

where E1 is detined as: 

E = K (E _ x dE J _ x dE 
I I 0 

cos el dx in cos 82 dx out 

(2.4) 

Ex, Bx and x are detined in tigure 2-2. 
Thus the stopping power offers an opportunity to transfarm the energy scale in the energy 
spectrumtoa depth scale. It should be noted that the stopping power depends on the projectile 
energy. 
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2.2 RBS ion channeling 

2.2.1 Introduetion 
Ion channeling is an analysis metbod for crystalline targets, which can be combined with a 
generally used ion beam analysis technique, e.g. RBS. The general idea of channeling is to align 
the incoming partiele beam with a crystal axis or plane of the target. The alignment of the 
incoming beam with the axis or plane willlead toa decrease ofthe yield in the RBS energy 
spectrum and an increase ofthe average range ofthe projectile in the target. RBS ion channeling 
is mainly used for the analysis of (the deformation of) epitaxiallayers, defect depth profiling and 
the determination of the lattice location of impurities. 

2.2.2 General principles of ion channeling 
When a partiele beam is aligned with one of the crystal axes ( or planes) of a single crystal, 
shadow cones are formed by the atomie strings (or planes), see figure 2-3 (a). Shadow cones are 
regions in the crystal where the partiele flux vanishes due to shielding by the atomie strings. 
Incoming projectiles with small impact parameters with the surface nucleï are deflected over a 
large angle. Additionally, projectiles which have larger impact parameters are steered into 
channels formed by the atomie strings ofthe target. These steered projectiles have low kinetic 
energy in the direction perpendicular to the direction of the crystal axis and move through the 
channel without being scatteredover large angles. These projectiles are confined to the channels 
between the atomie strings; the projectiles are channeled. 
It is important to note that the size of the shadow cones depends a.o. on the vibrational amplitude 
ofthe nucleï and that a target layer has to be thick enough to form shadow cones. For channeling 
experiments on silicon samples in the <001> direction, it takesabout eight nucleï in anatomie 
string to complete shadow cones formation, see figure 2-3 (b ). 

(a) 

I I I • 
1 2 3 4 5 6 7 8 

A torn 

Figure 2-3: Shadow cones formation in single crystals (a). The particles enter from the left 
and are confined to the channel between the atomie strings. The white arrows represent the 
vibrational amplitude of the nucleï. The normalised probability at a large deflection is 
shown for the first eight atoms along the <100> direction for silicon (b). 

The incoming projectile flux is distributed homogeneaus at the surface ofthe target. Below the 
surface, flux peaking in the channels occurs and the probability on large angle scattering 
decreases. This decrease results in a peak in the channeled RBS spectrum caused by ions 
scattered from surface nucleï; this peak is the so-called surface peak (see figure 2-4 (b)). In axial 
channeling experiments [2] a decreasein the scattering yield is observed to approximately 3% of 
the yield in an experiment without alignment ofthe incoming projectile beam with a crystal axis 
(random RBS experiment), see figure 2-4 (a). 
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Figure 2-4: Schematic representation of a random RBS (a) and a channeled RBS (b) 
experiment and the resulting energy spectra. 

In planar channeling experiments [2] a decrease in the scattering yield to approximately 25% of 
the yield in a random RBS experiment is found. The large difference in decrease of the scattering 
yield between the planar channeling experiments and the axial channeling experiments can be 
explained by the fact that in the planar experiments shadow plan es are formed in stead of the 
shadow con es in axial experiments. The areal density of the shadow plan es is much larger than 
the areal density of the shadow con es and therefore more large angle deflections occur for planar 
channeling. 
Often, channeling experiments are performed in which the decreased yield is measured as a 
function ofthe angle between the incoming beam and the crystal axis (Ijl}, see figure 2-5 (a); 
these measurements are the so-called angular scans, see figure 2-5 (b ). The angular scans are 
characterized by the half-width angle ( lf/112) and the minimum yield Cxmin), which are determined 
by properties of the target material [2]. 

Crystalline axis direction 

1. Incoming • • • • 

ion bcam 

.... ~ ........................................ .. j 
Crystal axis 

• • • • 
(a) (b) Degrees 

Figure 2-5: Definition of the angle lf/, the angle between the incoming partiele beam and the 
crystal axis (a). An example of an angular scan, the minimum yield Cxmïn) and the half-width 
( lf/112) are indicated (b ). 

2.2.3 The Continuurn model 

The channeling process can be described analytically by the continuurn model, a 
phenomenological model from Lindhard [2]. The channeling process can be treated as a sequence 
ofbinary collisions. Every binary callision gives rise toa deflection angle (Sif/), which is small 
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compared to the total angular deflection ( 'f/;n + lf/au1), see figure 2-6. Because of the large number of 
binary collisions involved in the total angular deflection, the sequence ofbinary collisionscan be 
replaced by deflection on a string with a screened potential. This was done by Lindhard in the 
continuurn model. 

-~~-~---····-~~~~;·· 
Frontal view 

! ........ . Atomie string 

z 

Figure 2-6: Part of the trajectory of a channeled partiele is plotted. The sequence of 
collisions is shown. 

The interaction of a channeled partiele with the atomie string can be described by the following 
potential [3]: 

U(r) = 2_ Joo V( .J z 2 + r 2 )dz, 
d -Cl) 

(2.5) 

where dis the distance between two atoms in the atomie row, V(r,z) is the screened Coulomb 
potential and r and z are defined in figure 2-6. 
V(r,z) is defined as: 

V(r) = Z 1Z 2 e
2 

[~ _ 1 J. 
4n&o r .Jr+Czaz 

(2.6) 

where Z~> Z2 are the atomie numbers of the incoming partiele and the target a torn respectively, a 
is the screening distance, C a constant (usually 3), &0 is the permittivity of free space and 

r=.Jz 2 +r2
• 

By inserting equation (2.6) in (2.5) the string potential can be written as: 

(2.7) 

The total energy (E), transverse energy (E_1_) and the energy in the forward direction (Ez) ofthe 
channeled partiele can now be written as: 

2 + 2 

E.l=Px Py+U(r) 
2M 
2 

E =L 
z 2M 

with pj the momenturn of the channeled partiele in the j direction. 
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The transverse energy equation (2.8) be rewritten with use ofthe angle 1f1and the small angle 
approximation, sin( lfl) ;::; rr 

(2.9) 

The transverse energy is directly correlated with the transverse kinetic energy of the incoming 
particle, thus with the angle lfl· Purthermare the transverse energy is also directly correlated to the 
entering position in the channel (rin). Conservation of transverse energy of the incoming partiele 
implies the exchange ofkinetic and potential energy resulting in an oscillatory movement ofthe 
partiele through the channel. 
If the angle 1f1 between the incoming beam and the crystal axis is toa large the incoming particles 
will nat be confined to the channels between the atomie rows, because the partiele has toa much 
transverse energy to be steered by the potential of the atomie string. The large st incoming angle 
for which the particles can be confined in the channels is defined as the critica! angle ( !flc). The 
critic al angle can be calculated using the concept of the distance of ciosest approach (r min). The 
critica! angle can be found by equating the transverse energy (Er;)) of a partiele entering on the 
channel axis by the potential energy at the distance of ciosest approach ( U(r mi,J): 

(2.10) 

The vibrational amplitude {p) is aften used as a measure fm the distance of ciosest approach. By 
substituting r min with pin equation (2.1 0) one finds: 

(2.11) 

The critica! angle ( !flc) is related to the half-width angle ( lf/112) as measured in an angular scan. The 
characteristic angle lf/I is generally used to get an indication of the half-width angle ( lf/112). 

These formulas are all derived for axial channeling. For planar channeling a similar series of 
equations can be derived, see [2]. 

2.2.4 Stopping power in channeling experiments 
The stopping power of Me V ionsin solids largely depends on the local electron density along the 
ion track. As described in paragraph 2.2.3 channeled particles follow asciilating paths in the 
channels. Particles with trajectmies with small amplitudes are situated most of the time near the 
centre ofthe channel, thus in an area with low electron density, and therefore these particles will 
experience low stopping powers compared with particles in random RBS experiments. Particles 
with trajectmies with larger amplitudes enter areas near the atomie strings where the electron 
density is high. Thus, the particles with trajectmies with large amplitudes will have high stopping 
powers even higher than in the random RBS experiment. 

2.2.5 Partiele distribution 
As described in paragraph 2.2.3 channeled particles follow asciilating paths in the channels. The 
transverse energy of the particles determines the wavelength and the amplitude of the asciilation 
and thus the depth dependent partiele flux distribution. Fora partiele beam, interactions ofthe 
particles with target electrans result in loss of caberenee between the asciilating trajectories. At 
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large depth the partiele flux distri bution becomes independent of the depth, the steady state flux 
distri bution is reached. The steady state flux is achieved after approximately 1 000-2000Á for 
axial channeling for He+ ionsin the MeV region, for planar channeling the steady state flux is 
achieved at greater depth [2]. 
An analytica! model to describe the steady state flux was derived by Feldman et al. [2] from the 
continuurn model from Lindhard. A short description ofthe Feldman model is presented below 
because it provides insight in the dechanneling process that is described in chapter 5. 
The Feldman model can be explained using the concept of equipotential contours. Equipotential 
contours (Ur) are lines, which conneet points with the same potential energy. In figure 2-7 the 
equipotential contours for He+ ionsin the <001> direction oftungsten are shown. 

Atom row 

contour 

Figure 2-7: Equipotential contours for the axial continuurn potential for the case of He+ ions 
in the <100> direction of Tungsten [2]. 

The motion of a channeled partiele with a transverse energy (E1_) is confined within the 
equipotential contour given by Ur =EJ.. The axial Feldman model assumes that particles with 
E1.=Urare homogeneous distributed within the potential contour Ur. The probability to find a 
partiele of transverse energy EJ. at any position ris given by: 

{ 

1 
E >U r 

P( E 1_, r) = A( E j_) ' j_ - T ( ) , 

0, E j_ <UT (r) 
(2.12) 

where A (EJ) is the area enclosed by the equipotential contour given by E1. = Ur. 
The flux distribution can be calculated by integration of all contributions to the flux ( equation 
(2.12)) from all particles. 

F(r) = f 1 
dA(r. ) . (2.13) 

A(E ) m 
E1.'2 Ur(r) l_ 

When the incoming partiele beam is assumed uniform, the number of particles entering an areal 
element dA is proportional to the area of dA and their contribution to the flux is weighted by their 
allowed region (A (EJ)). Ifthe equipotential contours have cylinder symmetry around the atomie 
rows, equation (2.13) can be written as: 
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(2.14) 

where Yin represents the position where the ion enters the channel, Y o represents the centre of the 
channel and Yr represents the minimal radius in the channel for a partiele entering at Yin• this is the 
radius where all the partiele's transverse kinetic energy is converted to transverse potential energy 
(see figure 2-8). Particles entering at Y = Yo have the lowest transverse potential energy and are 
therefore confined toa relative small area A(E_l_,mi,J· Particles entering at Y < Yo have more 
transverse energy and are therefore distributed over a large area A(E_1_), see figure 2-8. All 
particles however add a contribution totheflux in the area A(E_i_,min). The flux distribution in the 
area A(E_i_,min) canthen be found by solving equation (2.14) from Yin= 0 to Yo, the result is shown 
in equation (2.17 .b ). 

E_j_ =EJ.,min=. 

E_1_>EJ.,min= Q 

Figure 2-8: Steady state flux distribution for particles entering at different positions. 
Cylindrical symmetry is assumed around the atomie strings. For clarity reasoos are the 
equipotential contours in the centre ofthe channel drawn circular. 

The flux distribution in the area outside A(E_i_,min) can be found by solving equation (2.14) for Yin= 
0 to Yr. The minimal radius (Yr) can be written as a function ofthe entering radius (Yin), by 
sol ving: 

U(rr) = U(YiJ + Elf/ 2 
with 

U(Y) = 2Z1Z 2e
2 

ln(Ca) (2.15) 
4:r&0d Y 

where U(r) is a small Y approximation to the potential in equation (2.7). 
The result is: 

_Jè_ 
2 

Yr =Yine 'ft (2.16) 

Now the flux distribution can be calculated for Yin= 0 to Yr, (equation (2.17.a)). 
The calculated flux distribution for both regionsis shown in equation (2.17). 

2 
2 1 2 r 

F(Y m) = e 2 '~" 'ft ln ° 
''"t' 2 2 ' r0 - r 

(a) 

(2.17) 

(b) 
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In figure 2-9 the steady state flux distribution resulting from equation (2.17) is plotted fora 
number of angles lfl. 

4.5 Alom row 
Channel center 

4 

r=r 
T 

3.5 

3 
fo 

2.5 

2 

1.5 

0 0.2 0.4 0.6 0.8 

Distance from alom row (r/r0 ) 

Figure 2-9: Flux distribution for axial channeling as function ofthe angle ofincidence as 
derived by Feldman [2]. 

2.3 Strain measurements in thin layers with RBS channeling 

2.3.1 Coherency strain in thin layers 
Coherency growth of a thin layer on a single crystal can occur when the lattice constants of the 
two materials allow propagation of crystal axes through the interface without the formation of 
defects. Por a coherent layer the perpendicular lattice constant (a.L) ofthe thin layer usually 
differs from the lattice constant ofthe substrate, while the in-plane lattice constant (au) ofthe thin 
layer is equal to the substrate lattice constant, see figure 2-10. With the elasticity theory basedon 
Hooke's law [5], the lattice constants a.L and a 11 can be calculated. 

a_j_ . <100> 

Figure 2-10: Coherency growth; a layer is grown epitaxially on a <100> orientated 
substrate. The in-plane lattice constant (au) ofthe coherent layer is equal to the lattice 
constant ofthe substrate. The perpendicular lattice constant (a.L) ofthe coherent layer 
differs from the lattice parameter of the substrate. 
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A coherent layer with a bulk lattice constant larger than the substrate bulk lattice constant will 
experience compressive strain. Strain in a layer causes the lattice to be non-cubic; the unit cell is 
tetragonally distorted. For compressive strain the perpendicular lattice constant ofthe layer is 
larger than the in-plane lattice constant which is equal to the bulk lattice constant of the substrate. 
A coherent layer with a bulk lattice constant smaller than the substrate bulk constant will 
experience tensile strain. For tensile strain the perpendicular lattice constant ofthe layer is 
smaller than the in-plane lattice constant. 
The tetragonal di stortion (Er), is defined as the difference between the perpendicular ( E_1_) and the 
in-plane (6j

1
) strain. A model to derive the lattice deformation under bi-axial stress is treated by 

Tsao [5], This model is known as Hooke's law for cubic crystals and correlates the stress to the 
strain along the sample normaL A short description ofthe model is presented below. 
The in-plane ( 6j

1
) and the perpendicular ( E_1_) strain can be defined in units of the in-plane ( a

11
) and 

the perpendicular (a_1_) lattice constants ofthe coherent layer: 

all -ab 
Eli = and 

ab (2.18) 

El_= 
a_j_ -ab 

ab 

where ab is the lattice constant in a bulk sample of the same composition as the coherent layer. 
The tetragonal di stortion (Er) is then defined as: 

a_j_ -all 
Er=&_]_ -&11 = (2.19) 

ab 

In order to calculate the tetragonal di stortion (Er) the perpendicular strain ( E_1_) must be known. It 
can be calculated with Poisson's ratio ( v): 

&x &Y 
V=--=-- (2.20) 

&z &z 

Due to symmetry Ex is equal to &y when the substrate is orientated in the < 1 00> direction. So the 
re lation between the in-plane ( 6j1 ) and perpendicular strain( E_1_) for a fully coherent layer is given 
by [5]: 

-2v 
&_]_ =--&11 

1-v 
(2.21) 

The in-plane (a
11

) lattice constant is known because it is equal to the substrate bulk lattice 
constant. So the in-plane strain ( 6j

1
) can he calculated with equation (2.18) and with equation 

(2.21) and (2.19) the tetragonal distortion can he found. 
It should be noticed that it is not always possible to grow a layer coherently on a substrate. 
Whether it is possible or not depends on the difference in lattice constant of the layer and the 
lattice constant ofthe substrate. When it is possible to grow a layer coherently, it can only be 
grown until a specific thickness: the cri ti cal thickness (e.g. the cri ti cal thickness for Sio.27Ge0.63 on 
a silicon substrate is 40 A, the lattice constant for silicon and Si0.27Ge0.63 differ 2.5%). For layers 
thicker than the critical thickness the energy induced in the lattice by the strain is high enough to 
introduce misfits. In literature [5] modelscan be found to calculate the criticallayer thickness 
depending on the difference in lattice constants. These models are based on calculations of the 
minimal energy necessary to introduce misfits in lattices. 
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2.3.2 Channeling in samples with strained thin buried layers ( > 1 OOÁ) 
Strain characterization of coherent layers with Me V ion channeling is typically carried out for 
layers thicker than 100 A. A commonly used technique to measure the tetragonal di stortion is to 
determine the angular shift (LIB) between the angular scan of the strained layer and the angular 
scan ofthe capping layer, see figure (2-11). 
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Figure 2-11: Schematic view of a sample with a buried coherent strained layer (a). It is clear 
that measurements in the <100> direction do not result in a shift ofthe angular scans ofthe 
capping layer and the strained layer. Measurements in the <110> direction will result in a 
shift (LIB) of the angular scan. A schematic plot of an angular scan shift is shown (b ). 

The measured angular shift LIBis related to the tetragonal distartion Er as [5]: 

11 B = ET sine cos B ' (2.22) 

where Bis the angle between the surface normal and the off-normal channel axis of the capping 
layer. 
The angular shift is defined negative for compressive strain. So by measuring the angular shift the 
tetragonal distartion can be determined [9]. 

2.3.3 Channeling in samples with strained ultra-thinlayers (<100 Á) 
As explained in paragraph 2.3.2 strain measurements are performed at coherent layers typically 
thicker than 100 A. If measurements are performed at layers with a thickness less than 100 A 
problems can be expected with the determination ofthe yield resulting from the ultra-thin layer. 
Ho wever for a number of applications in modem technology (e.g. solid state lasers and 
heterojunction bipolar transistor) it is important to be able to measure the strain on ultra-thin 
layers. 
Preliminary studies at the Eindhoven University ofTechnology showed that a step in the energy 
spectrum can be expected at the depthwere the ultra-thin strained layer is situated. The step 
occurs in channeling experiments where the beam is aligned along the <011> axis for samples 
grown along the <001> axis (see figure 2-12). 
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Energy 

Figure 2-12 Schematic energy spectrum of a Me V ion channeling experiment on a sample 
with a buried ultra-thin strained layer. 

The step in the energy spectrum can be explained qualitatively by consiclering the buried ultra
thin layer as a stacking fault (see figure 2-13). If a channeling experiment is performed at a 
sample with a stacking fault, particles channeled in the channels of the capping layer impinge on 
the atomie strings of the substrate and dechannel. These dechanneled particles will cause an 
increased yield in the RBS spectrum at the energy corresponding with the depth of the layer. In 
paragraph 5.4 this is explained more thoroughly. 

S tacking F ault . . . . . . ~ 
•••••••• !. ······j. e a • • • • Ie . . . . . . ~ 

• • • • • • 

• • • • • • 

[110] 

@ ® ® e 
... @ ... @ 

11111 11111 11111 11111 

11111 ... 11111 ... 
... ... ... • 

Ultra-thin layer 
® @ ., 
@ @ 

@ : : a : : : " : 11111 11111 :': : : : ... 11111 : e 

" : a • ® : : : " 1!11 

[110] 

Figure 2-13 A stacking fault and an ultra-thin layer transition are presented. The shift in 
the case of an ultra-thin layer depends on the thickness of the layer and the strain induced 
in the layer. 

The main goal of this work is to investigate whether this step can be used to quantify the strain in 
the ultra-thin coherent layer. 
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3 Monte Carlo simulations with FLUX7 

3.1 Introduetion 
With the increasing interest in channeling experiments, the development of channeling 
simulation codes started with as main goal to obtain a better insight in channeling processes. 
Most of the channeling simulation codes are based on Monte Carlo methods, but other 
methods arealso used [6, 7, 14, 16]. 
The continuurn model from Lindhard has proven to be successful to gain a qualitative insight 
into channeling experiments and it provides a method to calculate characteristic channeling 
parameters. Monte Carlo calculations provide the capability to introduce more detailed 
physical models and statistica! processes into the calculations. Pure Monte Carlo channeling 
calculations are based on the binary collision of the incoming partiele and the target nucleï. 
Effects of surrounding atomie strings are not incorporated. Monte Carlo channeling 
simulation codes like LAROSE [6, 7, 14] and FLUX7 [16] however, treat the effect ofnearby 
atoms in the binary collision model and the effect of the surrounding strings in the continuurn 
model. Other effects like thermal vibration of the target atoms and interaction between the 
incoming particles and the electrons are also incorporated. 
In this chapter the Monte Carlo code FLUX7 is described and in chapter 5, 6 and 7 ofthis 
report results obtained with FLUX7 are presented. In chapter 6 also results obtained with the 
simulation code LAROSE are presented. A detailed de scription of LAROSE can be found in 
[6, 7, 14]. 
In paragraph 3.2 the simulation algorithm is lined out. Next, in paragraph 3.3 the models used 
in FLUX7 for the calculation of the angular deflection are discussed. Subsequently, in 
paragraph 3.4 the methods applied for the calculation ofthe energy loss are treated. Then in 
paragraph 3.5 the most important input parameters needed for FLUX7 are presented and in 
paragraph 3.6 an overview of the different kinds of output data and auxiliary programs used 
for further processing of the output data is given. Finallyin paragraph 3. 7 an adjustrnent to 
the program is discussed, which is introduced to describe the beam divergence in the 
experiments more accurately. 

3.2 Program organization 

3.2.1 Introduetion 
In figure 3-1 a flowchart ofFLUX7 is presented. For clarity reasons only the main procedures 
are listed in the flowchart. In the following subparagraphs the organisation of FLUX7 is 
explained using this flowchart. 

3.2.2 Initial phase 
The initialisation routines are executed first (figure 3-1 Initialisation). These routines 
calculate quantities that are used throughout the rest of the program. First the positions of the 
first atom ofthe central row (atomie string) and the surrounding rows are defined in the x-y 
plane (the plane perpendicular to the atomie string), see figure 3-2. The positions ofthe atoms 
depend on the lattice type and orientation. Next, a rectangular cellis defined in the x-y plane, 
which surrounds the central atom. The rectangular cell is defined so that the whole x-y plane 
can be composed of translated and/or rotated cells. All the incoming particles start in this 
rectangular cell and the first binary collision occurs with the atom in this cell. The atomie 
position is sampled from a thermal distribution. 
Subsequently the force field resulting from the surrounding strings indicated in figure 3-2 is 
calculated for a grid of points in the cell. The values of the force fields at the gridpoints are 
stored in an array to use in the calculation of the direction change of the incoming particle. 
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Next x-y plane 

Position and energy loss 
calculations 

Figure 3-1: Flowchart ofFLUX7. The flowchart is discussed in detail throughout 
paragraph 3.2. 
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Figure 3-2: Positions ofthe atoms in the x-y plane for the three main directions ofthe 
Zine-Blende structure. The central atom (black dot) undergoes the first binary collision 
with the incoming particle, the potential of the surrounding atoms (gray dots) is used in 
the calculation of the deflection of the incoming particles. The cells in which the 
incoming particles are distributed randomly are also indicated. 

Finally the energy loss due to the inner shell electrans is calculated as a function ofthe impact 
parameter and also the stopping power due to the outer shell electrans is calculated. In these 
calculations the initial ion energy can be used, since the energy loss is negligible with respect 
to the total ion energy. The values ofthe energy loss arealso stared for later use. 

3.2.3 Trajeetory and energy calculation procedures 
After the initialisation phase has finished, the program proceeds with the calculation of the 
interaction ofthe first target atom with the first incoming partiele (figure 3-1 New particle). 
The initial positions ofthe incoming particles are distributed randomly over the celland the 
angular spread ( divergence) is simulated by default by choosing the initial direction from a 
two-dimensional Gaussian distribution ( see also paragraph 3. 7). 
The partiele's angular deflection and energy loss are calculated subsequently for the 
following three contributions: 

16 



Chapter 3: FLUX7 

- The collision with the target atom; 
- The interaction with the thermally modified continuurn potentials of the surrounding 

strings; 
- The interaction with target electrons. 

The physical models used for these calculations are treated in the next paragraph. 
For every atom in the central string a new x-y planeis defined, perpendicular to the crystal 
axis. The path of the incoming particles through the crystal is simulated by performing 
calculations ofthe angular deflection and the energy loss fora number of consecutive x-y 
planes (atoms in the atomie string). The position ofthe partiele in a x-y planeis calculated by 
consiclering the trajectory between the two planes to be a straight line. The distance between 
two consecutive x-y planes (two atoms in a string) is determined by the lattice type and the 
elements in the lattice. 
The energy loss and angular deflection calculations are performed in the loop from Next x-y 
plane until End of trajectory as indicated in figure 3-1. If a partiele ends up outside the main 
cell (figure 3-2), it is translated back into the main cellat an equivalent position (figure 3-1 
Position and angle check). 
If the angle between the partiele velocity vector and the partiele string direction becomes 
larger than 15° the partiele is treated as a 'random' particle, because then the small angle 
approximations used in the code are no longer valid. This implies that the con tribution of the 
random partiele to the flux is distributed uniformly over the cell. 
Ifthe end ofthe trajectory is reached the next partiele is simulated (figure 3-1 New particle). 
When the calculations for all particles are completed, the output quantities are gathered and if 
necessary further calculations are performed. Finally the data is written to files. 

3.3 Physical models used in FLUX7; angular deflection 

3.3.1 Particle-atom interactions 
In the previous chapter it was mentioned that FLUX7 calculates two quantities for every 
incoming particle; the angular deflection and the energy loss. In this paragraph the physical 
models used to calculate the angular deflection are treated. First the particle-atom interaction 
is described. 
The change in transverse momenturn for a binary collision is treated in the impulse 
approximation by: 

(3.1) 

where flpj_ is the change ofthe transverse momentum, v the velocity, r the distance 
perpendicular to the string (the impact parameter), z the depthand V(r) a potential, with 

r=.Jz 2 +r 2
• 

The potential V(r) is approximated by a screened Coulomb potential; the Thomas-Fermi 
potential: 

V(r) = Z1 Z2~ t/J(r I a). 
4Jr&0 r 

(3.2) 

For the screening function t/(r!a) a number of alternativescan be used. In FLUX7 the so
called universa} screening function is incorporated by default, but it can easily be replaced by 
(for example) the Molière screening function (equation (3.3)). The universa} screening 
function is ofthe same functional form as the Molière screening function, only the summation 
constants differ. 
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r/JCr I a)= :Lai exp(-P/r I a), 

with for the Molière screening function: 

ai = {0.1, 0.55, 0.3} 

pi = {6.0, 1.2, 0.3} 

a = 0.8853a 0 I(Z1

112 + Z~ 12 f 213 

and for the universa! screening function: 

ai = {0.1818, 0.5099, 0.2802, 0.02817} 

pi = {3.2, 0.9423, 0.4029, 0.2106} 

a= 0.8853a 0 I(Z 1 °"
23 + zg·23

). 
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(3.3) 

(3.3a) 

(3.3b) 

With these equations the angular deflection resulting from particle-atom interaction is 
calculated for every incoming partiele at each x-y plane. 

3.3.2 Continuurn potential of the surrounding strings 
The potential and the force of the surrounding atomie strings are approximated by: 

Vs(r) = ~ Jv(~r 2 
+z

2 ~z 
-00 (3.4) 

Fs (r) =- d~;r) 
where dis the distance between atoms along the atomie string. 
The target atoms are assumed to have a Gaussian distribution around their equilibrium 
positions due to thermal vibrations. The thermal vibrations are introduced in the potential by a 
convolution ofthe continuurn string potential and a Gaussian distribution, see [16] for details. 
The thermally modified potential is used to calculate the force by the surrounding atomie 
strings at the position of the particle. The contributions to the force of all the surrounding 
strings depicted in tigure 3-2 are summed vectorially for a grid of points in the cell. Out of the 
force (F) the deflection is calculated by: 

(3.5) 

with !J.t the time used to travel between two consecutive x-y planes. 

3.3.3 Angular deflections by target electrons 
The angular deflection due to the target electrons is treated in the multiple scattering 
approximation. In this approximation the angular deflections (11Bx, IJ.~) have Gaussian 
distributions, with a standard deviation given by: 

2 1 Me fj.Elv 
(j =-----

2M E ' I 

(3.6) 

where Me is the electron mass and M1 the mass of the incoming particle. The total electronic 
energy loss (!J.E) is composed ofthree terms (see paragraph 3.4), but only one term, the local 
valenee part, is taken into account for the calculation of the angular deflection. The 
con tribution of the inner shell electrons is not included in !J.E, because it is assumed to be 
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incorporated in the screening of the string potential. The energy loss by plasmon excitation 
from the outer shell electrans is not assumed to cause angular deflections. 
The deflections (LlBx, Ll~) resulting from the electron contributions are obtained by a random 
selection from the Gaussian distribution. 

3.3.4 Incorporation of the angular deOeetion in FL UX7 
In the previous paragraphs it was explained which physical models are used in FLUX7 to 
calculate the angular deflections of the incoming partiel es. In this paragraph it is explained 
how the angular deflections are incorporated in FLUX7. 
After the initialisation phase is finished, FLUX7 calculates the velocity unit vector (vx, vy, vz) 
for the incoming partiele from the incoming angles given intheinput file. Next, a (randomly 
derived) component for the beam divergence is added to the unit vector. Then, the angular 
deflections (changes ofmomentum) in the first x-y plane are calculated (see paragraph 3.3.1 
till 3.3.3) and the resulting momenturn changes are added to the unit velocity vector. Thus the 
trajectory changes in a discontinuous manner at each the x-y plane. Subsequently, the 
trajectory is extrapolated to the next x-y plane and afterit is checked ifthe partiele is still in 
the cell, the calculations for the new x-y plane are performed. 

3.4 Physical models used in FLUX7; energy loss 

3.4.1 Energy loss due to target atoms cores 
In paragraph 3.4 the energy loss ofthe incoming particles by target atoms and electrans is 
descri bed. In subparagraph 3 .4.1 the energy loss resulting from the binary colli si on is treated 
and in sub-paragraph 3.4.2 the energy loss of the partiele by interactions with target electrans 
is described. 
In the assumption that the mass of the incoming partiele is much smaller than the mass of the 
target atoms (M1 << M 2) and that the scatter angle Bis small (forward deflection), the 
kinematics of the binary colli si ons are obtained as: 

(3.7) 

where eis the scatter angle in the laboratory system. 
Equation (3.7) is used in FLUX7 to calculate the energy loss resulting from a binary collision. 

3.4.2 Energy loss due to target electrons 
The partiele-electron interaction is the main contribution to the energy loss of He+ i ons with 
kinetic energiesin the 'Me V region'. The calculation of the electron-partiele interaction 
energy loss used in FLUX7 is rather complex, (see [16]) and notimportant for the general 
understanding ofFLUX7. Therefore, only a short description ofthis contribution is given and 
the equations used in the calculations are left out. 
In FLUX7 the partiele-electron interaction is split into two parts: 

1 A contribution due to strongly bound inner shell electrons; 
2 A contribution due to loosely bound outer shell electrans ( valenee electrons). 

The second con tribution is again splitted in two parts depending on the kind of interaction: 

2a The colli si on of the partiele with a valenee electron (local valenee contribution); 
2b The interaction of the partiele with electrans via excitation of plasma oscillations. 
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So the energy loss due to target electrans has three con tribution (1 ,2a and 2b ), which can be 
treated independently. A detailed description and the equations conceming these three 
contributions can be found in [ 16]. 
The energy loss due to inner shell electrans is a function of the impact parameter 
( contribution 1) and is calculated outside the main program. It must be given in the input file 
fora number of impact parameters [see appendix A]. For silicon the binding energies ofthe 
two K-electrons, the two L1-electrons and the six Lu-electrons are taken into account in the 
calculation ofthe energy loss resulting from the care electrans [16]. 

3.5 Input parameters 
Many parameters are needed as input for FLUX7. These parameters are specified in the file 
with the extension inp that is listed in the file batflux.ini. The most important parameters are 
listed below to give an indication of the kind of input that is needed. A complete and more 
thorough list can be found in appendix A. 

LATTICE: 

TO: 
ELCORE: 

Definition ofthe layers: i.e. lattice type (cubic, Zine-Blende etc.), 
atom sorts (Z, M), lattice temperature etc; 
Initial energy of the incoming partiele (Me V); 
Energy loss resulting from the inner shell electrons, calculated with 
a separate program. The energy loss must be given for 50 impact 
parameters, ranging from r =0.04 till2 A; 

BEAM DIVERGENCE: Beam spread divergence, by default the standard deviation ofthe 
beam spread in the x and y direction must be incorporated. 

INTERFACE: 

THICKNESS: 
ANGLES: 

ANGLES P: 

3.6 Output data 

For the adapted version (see paragraph 3.7), the width oftwo slit 
must be given; 
Defines a rotated or translated interface between two layers. A 
rotating matrix and a translation vector must be given; 
Thickness ofthe layers (À) ofthe simulated sample; 
Angle ( lf/) between the incoming beam and the crystal axis for axial 
channeling in degrees [ see appendix A]; 
Angle lf/ for planar channeling in degrees [ see appendix A]. 

3.6.1 General output data 
The standard output from FLUX7 consists of: 

The normalised close encounter probability (see paragraph 3.6.2.); 

The average energy loss <( LlE)>. 
The average energy loss at a specific depth is calculated by averaging the energy loss of 
all individual particles scattered at this specific depth. 

The energy straggling, this is the standard deviation in the energy loss distribution. It is 
obtained from the average energy loss <( LlE)> and the average squared energy loss 
<(L1ë)> as: 

(3.8) 
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By setting control parameters (see appendix B) intheinput file additional output can be 
obtained: 

-The fluxdistribution at the end of a layer ( control parameter: FLUX); 
-The final velocity and energy at the end of a layer ( control parameter: VFINAL); 

( control parameter: XYOUT); -The x-y co-ordinates fora partiele path through a layer 
-The exit co-ordinates and velocity veetors ( control parameter: EXITCOORD). 

3.6.2 Normalised Nuclear Encounter Probability (NEP) 
One of the most useful output quantities of Channeling Monte Carlo simulation programs, is 
the nuclear encounter probability. This is the probability that an incoming partiele has a 
sufficiently close nuclear encounter with a target atom to cause an event such as a large angle 
scattering ofthe partiele (in RBS), a high-energy recoil ofthe target atom or a nuclear 
reaction. Barrett [14] defined the normalised nuclear encounter probability (NEP) as "the ratio 
between the cumulative probability computed in the course of a series of trajeetori es to the 
cumulative probability for an equal number ofrandomly oriented trajectories through an 
equal distance within the lattice". The NEP can be compared to the normalised yield i.e. the 
actual yield divided by the random yield. 
In FLUX7 a constant normalisation factor is used to normalise the NEP. This factor is the 
random nuclear encounter probability value at zero depth, so for a simulation with random 
incoming angles, the NEP is 1 at the surface, but can differ at larger depths. If the NEP was 
normalised by the yield in an experiment with random angles, two simulations are required. 

3.6.3 Auxiliary programs 
The output from FLUX7 can be plotted with a number of auxiliary programs. These programs 
are listed below. 
-show.exe 

-ztrack.exe 

-plotxy.exe 

-rbsim.exe 
-yimp.exe 
-fityim.exe 

This program is able toplot the NEP, the energy loss, the stopping 
power and the energy straggling as a function of the depth. Further it 
can calculate and plot the Bohr straggling as a function of the depth; 
This program can be used if the control parameter XYOUT is set, it 
can plot the trajectory ofthe partiele as a function ofthe depth; 
This program can be used ifthe control parameter FLUX is set, it can 
plot the flux distribution on a x-y plane at the end of a layer; 
This program can transfarm the NEP to an energy spectrum; 
This program can calculate the impurity yield; 
This program can fit (least square) the calculated impurity yield on a 
measured angular scan. 

3.7 Adjustments to the beam divergence used in FLUX7 
The default angular distribution of the incoming particles (beam divergence) incorporated in 
FLUX7 is a Gaussian distribution. In the set-up used for the channeling experiments the 
partiele beam passes through a double rectangular slit system, which results in a rectangular 
divergence distribution (see paragraph 4.2.2). Therefore a routine was programmed to 
implement this distribution into the code. 
In [5] it is shown that for the channeling simulation program LAROSE significant differences 
are found ifthe Gaussian beam divergence is changed to the rectangular beam divergence. 
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4 Materials & methods 

4.1 Introduetion 
In this chapter the experimentalset-up and the measuring methods are discussed. 
Furthermore, the samples used in the experiments are described. In paragraph 4.2 the 
cyclotron characteristics and the channeling set-up are reviewed briefly. Next in paragraph 
4.3 the sample composition and the growth technique are described in detail and finally in 
paragraph 4.4 it is explained how the measurements are performed and calibrated. 

4.2 RBS MeV ion channeling set-up 

4.2.1 Cyclotron characteristics 
The channeling experiments are performed with He+ ion beams produced by the 2-30 MeV 
Philips AVF cyclotron at the Eindhoven University ofTechnology. In the various 
experiments He+ ion beams are used with energies varying between 2 and 3.5 MeV and beam 
currents varying between 5 and 30 nA. In order to campare the experiments quantitatively a 
rotating vane with a gold film is placed in the ion beam. The energy of He+ i ons scattered 
from the rotating vane is measured with a 25 mm2 Canberra PIPS (Passivated lmplanted 
Planar Silicon) detector with an energy resolution of 15 KeV. 

4.2.2 Channeling set-up 
The beam guidance system (BGS), an evacuated tubular system with bending magnets and 
quadropoles, guides the ion beam from the cyclotron to the channeling set-up. A double slit 
system in the BGS just befare the scatter chamber determines the angular spread ( divergence) 
ofthe ion beam (see figure 4-1 (a)) at the sample. Both slits are rectangular, which results in a 
rectangular divergence distribution, see figure 4-1 (b ). In the experiments the first slit is set to 
10 x 10 mm and the second to 2 x 2 mm, if not denoted otherwise. The di stance between the 
slits is 768 cm. 

10mm 768 cm 

(a) (b) 
rpx ( degrees) 

Figure 4-1: The double slit system in the beam guidance system, which determines the 
beam divergence (a). The used slits configurations are square, so for the x and y 
direction the maximal divergence is equal. At the right (b) a Monte Carlo simulation of 
the angular distribution of the ion beam is plotted. 

The channeling set-up consists of a scattering chamber evacuated to a pressure of 
approximately 5*10-8 mbar, with a goniometer in the centre. The goniometer is able to rotate 
samples independently in three directions (referred to as: rotation, spin and tilt) with an 
angular precision smaller than 0.005° (see [5] and figure 4-2). 

22 



Chapter 4: Materials & methods 

The energy of the scattered He+ i ons is measured with a 100 mm2 Canberra PIPS detector 
with a resolution of approximately 17 Ke V. The energy detector is placed at an angle of 130°, 
if not denoted otherwise (see paragraph 4.4.4). 
The detection of an ion results in a peak signal from the detector; the height of the peak is a 
measure for the ion energy. The signal ofthe detector is amplified by a preamplifier 
(Canberra 2003B) and an amplifier (Ortec 572) and stored by a multi-channel analyser. The 
PHYDAS data acquisition system (developed at Eindhoven University ofTechnology (EUT)) 
controls the data stream from the experiment to the storage on the system disk. The 
movements of the goniometer and the positioning of the detector are also controlled by the 
PHYDAS data acquisition system. The energy spectra can be monitored with 'Columbus' a 
computer program also developed at the EUT. 

Tilt 

Goniometer : __ /_/_J~ 
Ion beam 

Spin 

{\ ................... ,.::.:.~ ... ..... . 

................ >;:: 
Detector 

Rotation 

Figure 4-2: Schematic view ofthe three rotation axes ofthe goniometer, the detector for 
RBS measurements is also shown. 

4.3 Samples 

4.3.1 Introduetion 
Two kinds of samples are used in the experiments (see figure 4-3): 

Silicon samples with an ultra-thin buried layer of silicon-germanium (Si 1_xGex); 
Gallium-arsenide samples with ten separated ultra-thin buried indium-arsenide layers. 

These samples both have ultra-thin layers, which are grown coherentlyonsingle crystals. 
Thus, in both cases strain is introduced into the samples (see paragraph 2.3). Both samples 
have the Zine-Blende ( diamond) lattice structure. 

4.3.2 Growth technique for the silicon samples 
The silicon samples consist ofthree layers: a silicon toplayer ( capping layer), an ultra-thin 
Si1_xGex layer and a silicon substrate (wafer). The ultra-thin Si1_xGex layer and the silicon 
capping layer are grown by APCVD (Atmospheric Pressure Chemica! Vapour Deposition) on 
a 6" (001) oriented silicon wafer at Philips Research Laboratories Eindhoven. On the cleaned 
wafer first a 50 A thick silicon buffer is deposited, subsequently a 22 A thick SixGe1_x is 
grown by deposition of GeH4 and SiCh at 625°C and finally a 280 nm thick silicon capping 
layer is deposited at 700°C, see figure 4-3 (a). 
Two samples with different concentrations of germanium in the ultra-thin layer are used in 
the measurements, which will be referred to as the 63% and the 45% sample. The 63% and 
the 45% refer to the concentration of germanium in the ultra-thin layer; the 63% sample 
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contained (6.4 ± 0.3)*1015 Ge/cm2 and the 45% sample contained (4.6 ± 0.3)*10 15 Ge/cm2
. 

These values have been obtained with 2 Me V He+ RBS analysis. 
It should be noticed that the composition ofultra-thin layers differs from the composition of 
thicker layers grown under the same APeVD conditions. The 63% sample is grown under the 
conditions for 40% germanium in a thick layer, the 45% sample is grown under conditions for 
28% germanium. 
The thickness ofthe ultra-thinlayers has been determined with HRTEM (High Resolution 
Transmission Electron Microscopy); for both samples 22 ± 2 A is found. 

(a) (b) GaAs capping layer 170 A 

Si capping layer 2800 A GaAs 979 A 

'" . 
# 

""""" 
~K. ffl' 

'" 

Si Substrate 
- ' 

GaAs Substrate 

- = Al033Ga0,67As 300A 
t'!!!!:!l = InAs 3 3A 
c::::J= GaAs 180,8A 

Figure 4-3: Schematical view of the cross section of the silicon sample (a) and 
GaAs/InAs sample (b ). The silicon samples were prepared at Philips Research 
Laboratories Eindhoven and the GaAs/InAs samples were prepared at EUT in the 
research group Semiconductor Physics. 

4.3.3 Growth technique for the gallium-arsenide samples 

The GaAs/InAs samples are grown in a Varian Genii MBE (Molecular Beam Epitaxy) 
system. First a 6750 A thick GaAs buffer layer is grown on a (001) oriented GaAs substrate. 
On top ofthis a 3.3 A (1 monolayer (ML)) InAs and a 180.8 A thick GaAs layer are 
deposited, both at 410 oe. This combination of an InAs and a GaAs layer is repeated 9 times, 
then another InAs layer is grown and it is capped by 979 A GaAs at 650 °C. Finally a 300 A 
thick Al033Gao,67As and a 170 A thick GaAs layer are grown at 700 oe (see figure 4-3 (b)). 
The samples were prepared at EUT in the research group Semiconductor Physics. 

4.3.4 Lattice structure 

Both the silicon samples and gallium-arsenide samples have the Zine-Blende lattice structure 
( diamond structure ). The unit cell of this structure is shown in figure 4-4. 
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Figure 4-4: Unit cell ofthe Zine-Blende structure [4]. 
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As explained in paragraph 2.3 it is necessary to perform the channeling measurements in an 
off-normal direction to find a step in the energy spectrum resulting from the ultra-thin layer. 
All these axial channeling experiments are performed in the <0 11 > direction of the capping 
layer ofthe samples. Note that for the <011> direction the path through the sample increases 
with 2 112 compared with the <001> direction, e.g. the path through the 2800 A capping layer 
ofthe silicon sample increase to 3960 A. 

• 
et id 

/ Substrate 

• / Capping Layer 

• 
!•::::::::::::::::::::::::::]~: 

Capping layer 

<OOI 

1 
Ultra-thin layer 

Substrdte 

Figure 4-5: Frontal view ofthe crystal channels for the <011> (a) direction ofthe Zine
Blende structure. The atomie strings of the capping layer (black) and the substrate 
(gray) are indicated. Forthermore (b) a cross section of a sample with a coherent layer is 
shown. The shift in the <011> channel of the capping layer according to the substrate is 
indicated by Ll_1_. 

In figure 4-5 the channel geometry for the Zine-Blende lattice structure in the <011> direction 
is plotted. The shift (l1_1_) in the <011> channel resulting from the ultra-thin layer for the 
samples used in the experimentsis also indicated in the figure 4-5. The shift ofthe substrate 
with respect to the capping layer is expected to be 0.50 A respectively 0.69 A for the 45% and 
the 63% samples, the channel diameter (d) is 3.84 A (see figure 4-5 (a)). FortheGaAs sample 
the shift is 0.31 A at every InAs ML and the channel diameter is 4.00 A. 
For planar channeling the crystal is rotated 5° degrees offthe <011> axis. The distance 
between two crystalline planes is 1.92 A, the shift is of course the same as for axial 
channeling. 

4.4 Measuring methods 

4.4.1 Determination of the channel direction 
The step in the energy spectrum is stuclied by measuring an energy spectrum at each point in 
an angular scan. The angular scans are measured in the {001} plane through the <011>-axis 
ofthe capping layer. In order to achieve this, first the exact <011> axis must be found. This is 
done by first rotating the goniometer with the sample over an angle of approximately 45° (see 
figure 4-6) with respect to the <001> axis near the sample normaL Subsequently the exact 
channel direction is determined by instantaneously monitoring the count rate with a Graphic 
Display Controller when independently rotating, spinning or tilting the goniometer. The 
rotation, tilt and spin angles with the lowest minimum yield indicate the angles corresponding 
to the directions ofthe channel centre. 
For the planar channeling experiments the {011} planar direction is determined by spinning 
the sample 5 o offthe <011> axial direction perpendicular to the {001} plane. The centre of 
the { 011} plane is determined by monitoring the minimum yield, while scanning with the 
rotation and the tilt angle. Spinning the sample 5° offthe <011> axis increases the path length 
ofthe ions through the capping layer from 3960 A to 3970 A. 
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--·h A8ondi'C 

~· 
Figure 4-6: Stereograpbic plot of a Zine-Blende crystallattice (a). The arrows indicate 
the rotation directions ofthe goniometer. The principlesof a stereograpbic plot arealso 
plotted (b) [3]. 

4.4.2 Detector angle 
Insome ofthe experiments with the silicon samples surface impurities (oxygen and carbon) 
caused extra peaks in the energy spectrum. The position of these peaks in the energy spectrum 
can be altered by altering the detector angle ( B), see equation (2.2). To avoid interference of 
these peaks with the step in the energy spectrum, the detector is placed at 130°. 
For the GaAs/InAs sample a backscattering angle of 110° is used. 

4.4.3 Ion beam energy 
RBS channeling experiments are usually performed in an energy region where the interaction 
between the incoming ion and the nucleus is determined by the Coulomb force. If the energy 
of the incoming ion is too high the ion is able to probe the nuclear force field and the cross 
section are no longer determined by the Rutherford formula [ 11]. Consequently the RBS 
spectrum shows a complex yield structure and prevents the detection of the step in the yield 
spectrum, which is investigated in this study. Thus all experiments are performed using ion 
beam energies below the threshold for non-Rutherford scattering. Table 4-1 shows these 
thresholds fora scattering angle of 170°, forsmaller angles those thresholds increase [20, 21]. 

Table 4-1: Non-Rutherford energy fora backscattering angle of 170° 

Element Non-Rutherford energy (Mev) 

Silicon Si 3.9 
Germanium Ge 8.4 
Gallium Ga 8.2 

Arsenide As 8.7 
Indium In 13.5 
Aluminium Al 3.6 

4.4.4 Yield quantification and energy eaUbration 
To be able to compare measurements in a quantitative manner, proper normalisation and 
calibration is required. In our experiments three kinds of normalisation and calibrations 
methods are applied: 
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The normalisation to the total amount of incoming i ons; 
The normalisation to the amount of counts in a random RBS spectrum; 
The cal i bration of the energy scale. 

The normalisation to the total amount of incoming particles is usually achieved with a 
rotating vane in the beam line. The rotating vane chops through the ion beam. The ions that 
are scattered from the rotating vane are detected. The top layer of the rotating vane consists of 
gold, thus in the scattering spectrum a gold peak is found. The experiments can be normalised 
to the total number of incoming i ons by dividing every channel in the energy spectrum of the 
sample by the number of counts in the gold peak (see figure 4-7 (a)). 
The normalisation to the total amount of counts in a random RBS spectrum ( see figure 4-7 
(b)), is usually done to calculate the minimum yield. The normalisation is obtained by 
dividing the counts in the channel with the minimum number of counts in the energy 
spectrum of the channeling experiment by the number of counts in the equivalent channel in 
the energy spectrum of the random RBS measurement. 
The channel numbers in the spectrum can be converted into an energy scale by using an 
energy spectrum of a sample with known composition. The energy spectrum of the sample 
with the known composition is measured just before the channeling experiment. In figure 4-7 
( c) an example is shown, this is a sample with a titanium-tungsten top layer. Assuming that 
the ion energy corresponds to the settings of the cyclotron and using the kinematic factors of 
the interaction of He+ i ons with both elements, the energy scale can be calculated for this 
spectrum. 

Au 
(a) (b) 

w 
(c) 

Channel number 

Figure 4-7: Energy spectrum from the rotating vane (a). The number of counts in the 
gold peak is used to quantify the ion dose. Random energy spectra for the <001> (lower 
curve) and the <011> direction (upper curve) (b), note that these spectra are already 
normalised with the rotating vane spectrum. Finally an example of a RBS energy 
spectrum of a sample with a titanium-tongsten top layer is shown (c). 

27 



Chapter 5: Axial channeling measurements on buried SixGe1_x layers 

5 Axial channeling measurements on buried 
ultra-thin SixGel-x layers 

5.1 Introduetion 
In this chapter axial <011> channeling measurements and FLUX? simulations on silicon 
samples with buried ultra-thin tetragonal distorted SixGe1_x layers (see paragraph 4.3) are 
presented. 
First, results of the measurements and the FLUX? simulations are shown and explained with 
the flux distribution model ofFeldman et al. Subsequently a method is presented todetermine 
the tetragonal distartion ofthe ultra-thinlayers from channeling measurements and FLUX? 
simulations. Finally, some of the features of the FLUX? simulations, which are important to 
gain qualitative insight in channeling experiments at ultra-thin layers, are shown. 

5.2 Results of the axial channeling measurements 

5.2.1 Coherent layers 
It is necessary to ensure that the ultra-thin epitaxially grown SixGe1_x layers in the silicon 
sample are coherent (paragraph 2.3 .1 ). Performing a channeling measurement in the axial 
<001> direction can confirm this. 

(a) (b) 

Channel number Channel number 

(c) (d) 

Channel number Channel number 

Figure 5-1: Spectra ofmeasurements with a 2 MeV He+ ion beam directed along the 
<001> direction ofthe 63% (a) sample, the 45% (b) sample and a pure silicon sample 
(c). The detector was positioned at an angle of 130°. The two peaks on the continuurn 
result from surface polintion of the samples with carbon and oxygen. The random RBS 
spectrum and the channeled spectrum of the silicon sample are also presented ( d). 

If an ultra-thin layer is coherent no extra decbanneling occurs at the interfaces of the ultra-thin 
layer for channeling along the <001> direction. Thus ifthe energy spectra ofthe 45% and the 
63% samples are similar to the spectrum of a pure silicon sample for channeling along the 
<001> direction the latticeis grown coherently. 
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When the layer is not grown coherently, lattice defects are present which lead to extra 
dechanneling in the ultra-thin layer. The extra dechanneling results in a yield step in the 
energy spectrum. 
The spectra ofmeasurements at the 63% and the 45% sample (see figure 5-1) do notshow a 
yield step at the position of the ultra-thin layer. Thus the lattice of the ultra-thin layer must be 
grown coherently. 
From figure 5-1 the minimum yield for the pure silicon sample is found to be 3.4 ± 0.2% and 
for the 63% and 45% sample it is found to be 5.0 ± 0.2 %. The higher minimum yield for the 
45% and the 63% sample probably results from extra surface pollution and oxidation. The 
extra pollution on the surface is caused by heating of the tape, which holds the sample during 
the measurement. A measurement on a 63% sample mounted to the goniometer without using 
the tape confirms this. The extra dechanneling for the 45% and the 63% sample will notlead 
to qualitative different results. 

5.2.2 Determination of the step size 
In paragraph 2.3.3 it is explained that a step in the energy spectrum is found when channeling 
experiments are performed in the <011> direction on samples with an ultra-thin strained 
layer. Here the methad used to quantify the step size in the energy spectrum is explained. In 
figure 5-2 a spectrum ofthe 63% sample, measured 0.14° to the <011> axis in the {100} 
plane with 2 Me V He+ i ons used as incoming partiel es, is presented. 

(a) 
(b) 

Step I 

Channel number Channel number 

Figure 5-2: Spectrum (a) of an axial channeling measurement with 2 Me V He+ ions 
directedon the 63% sample 0.14° to the <011> in the {100} plane. The detector is 
positioned at an angle of 130°. The spectrum is one of the spectra obtained in an angular 
scan through the <011> axis in the {001} plane. The plot (b) is a magnification ofthe 
part of the spectrum with the step. 

The exact position ofthe ultra-thinlayerin spectra from the channeling experiments (figure 
5-2 (b)) can not be determined, because the stopping power for channeled ionsis not known 
exactly (see paragraph 2.2.4). It is assumed that the interface ofthe ultra-thin layer is situated 
in the spectrum at the halfheight ofthe step. 
After the channeling spectrum is normalised to the counts in the gold peak of the rotating 
vane spectrum, the size of the step is derived in the way shown in figure 5-2 (b ); the slopes at 
both si des of the step are extrapolated to the onset of the step at the high energy si de of the 
step. The error margin in the step size is minimised by this procedure. The error margins in 
the step size are determined independently for every spectrum. 

5.2.3 Step size as a function of the angle between the incoming beam and the 
crystal axis 

It is found that the step size depends on the angle between the incoming beam and the crystal 
axis of the sample ( !!f). Therefore in figure 5-3 the step size is plottedas a function of the 
angle lj/for channeling experiments on the 45% and the 63% sample with 2 MeV He+ ionsas 
incoming particles. 
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Figure 5-3: Measured normalised step size as a function of the angle to the <011> axis in 
the {100} plane for the 45% (dashed curve) and the 63% sample (solid curve). The 
experiments are performed with 2 MeV He+ as incoming particles. The error margins in 
the step size result from the statistica} processes in the measurement of the energy 
spectrum and the error in the determination ofthe step yield. The centre ofthe plot (the 
<011> direction) is determined by the minimum yield ofthe silicon capping layer. The 
curves are normalised by dividing every step size by the maximum step size of the 63% 
sample. 

Figure 5-3 shows that for both the 45% and the 63% sample two maxima in the curve of step 
size as a function of the angle IJl appear. The angular di stance between the two maxima ( lf/max) 

is different for the two samples and it seems to depend on the concentration of germanium 
(tetragonal distortion, see paragraph 2.3) in the ultra-thin layer. Note also that the curves in 
figure 5-3 are not totally symmetrical in 1f1. 

Similar experiments are performed with 3.5 Me V He+ i ons as incoming particles and the 
results are plotled in figure 5-4. 
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Figure 5-4: Measured normalised step size as a function of the angle to the <011> axis in 
the {100} plane for the 45% (dashed curve) and the 63% sample (solid curve). The 
experiments are performed with 3.5 MeV He+ ionsas incoming particles. 
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Again two maxima appear in both curves and again the angular distance between the two 
maxima is largest for the 45% sample. 
Note that the characteristic angle ( lf/1) is different for experiments carried out with 2 Me V He+ 
ions (figure 5-3) compared with experiments carried out with 3.5 MeV He+ ions (figure 5-4). 
In order to compare experiments ofboth energies, the difference in two consecutive angles at 
which a measurement is performed, is scaled by the ratio ofthe characteristic angles. For 
example, the spectra at 2 Me V are measured every 0.070 degrees, consequently the spectra at 
3.5 Me V are measured every 0.070* lf/1(3.5 MeV)/If/1(2 MeV) = 0.053 degrees. 
The angular distance between the two maxima ( lf/max) for the experiments presented in figure 
5-3 and 5-4 are shown in table 5-1. 

Table 5-1: Angular distance between the two maxima (lf/ma .• ) derived from tigure 5-3 and 
tigure 5-4. 

Angle between maxima Angle between maxima Angle between maxima 
(2 Me V) (3.5 MeV) 3.5 Me V scaled as 2 Me V 

63% Sample (0.49 ± 0.02)0 (0.39 ± 0.02)0 (0.51 ± 0.03)0 

45% Sample (0.55 ± 0.02)0 (0.43 ± 0.02)0 (0.57 ± 0.03)0 

Inthelast column oftable 5-1 lf/max ofthe experiment with the 3.5 MeV He+ ionsis scaled 

with the ratio of the characteristic angles ( lf/1(2 MeV)IIf/1(3.5 Me V) =( .J3 .5 I 2 )). The results are 

within the error margins ofthe lf/max ofthe experiment with 2 MeV He+ ions, thus the 
difference in lf/max for experiments with different energies of the incoming particles solely 
depends on this energy difference! 

5.3 Explanation of the results 

5.3.1 Qualitative description 

In paragraph 2.2.5 the steady state flux distribution model ofFeldman is presented. This 
model shows that the flux distribution in the channels depends on the angle lf/· The Feldman 
model is derived for a circular symmetrie flux distribution around an atomie string, which is 
quite different from the flux distribution in a <011> channel of a Zine-Blende structure (see 
paragraph 4.3). Still, the model is accurate enough to explain the appearance ofthe two 
maxima in the curves of the step size as a function of the angle lf/. 

As explained in paragraph 2.3.3 an ultra-thin layer can be considered as a stacking fault. The 
shift (Ax) in the direction perpendicular to the <011> direction (see tigure 5-5) depends on the 
thickness and the tetragonal distartion of the ultra-thin layer. 

à x 

Strained 
layer ~ 

Thickness <011> 

Figure 5-5: Crystalline channel with a buried ultra-thin coherently grown layer. The 
shift (Ll.x) depends on the thickness and the tetragonal distortion (strain) of the ultra-thin 
layer. 
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Furthermore, the depth independent flux distribution in the channel depends on the angle lf/ 
[2]. In figure 5-6 this is shown in a different way. 

lf/=0 

Figure 5-6: Schematic representation ofthe flux distribution in a <011> crystalline 
channel for two angles lf/· It is clear that for lf/= 0 fewer ions will impinge on the 
displaced atomie strings than for llf/1 > 0. 

Figure 5-6 shows that the flux distribution depends on the angle !fand that therefore the 
amount of i ons that dechannels by the displaced atomie strings also depends on the angle lf/. 
In paragraph 2.2.5 was explained that ifthe steady state phase is reached, the channeled 
particles with a transverse energy (E.L) are distributed homogeneously within the equipotential 
contour given by Ur =E.1. Furthermore, it was explained that if the angle lf/ :": 0, an 
equipotential contour can be found in the centre of the channel with the highest flux. In figure 
5-7 the potential contours with the highest flux in a <011> channel of a Zine-Blende lattice 
are shown schematically for three angles llf/1. For clarity reasons all the potential contours 
are assumed to be circular. 

(a) (b) (c) 

• • • • • • 
000 0 0 0 

• • • • • • 
0 0 0 0 0 0 

• • • • • • 
0 0 0 0 0 0 

llf/1 > > lf/J 

Figure 5-7: Frontal view ofthree crystalline <011> channels fora Zine-Blende lattice 
formation. The black dots represent the atomie string of the capping layer and the white 
dots the atomie strings in the (shifted) substrate. The atomie strings of the ultra-thin 
layer are not plotted. The circles represent the potential contour with the highest flux 
concentration in the capping layer. Figures are shown for three angles lf/· For !f>> lf/z a 
circle larger than the channel is drawn to indicate that the transverse energy of the 
incoming particles is too high to confine the particles to potential contours in the 
crystalline channel. 
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llf/1 << lf/1 

(a) 

Energy Energy Energy 

Figure 5-8: Energy spectra resulting from the experimentsas depicted in tigure 5-7. 
From this tigure it can be seen that at a specitic incoming angle ( lf/) a maximum step can 
be expected. 

With figures 5-7 and 5-8 it can be explained that two maxima appear in the curves ofthe step 
size as a function of the angle r· 
For small incoming angles llf/1 << lf/1 (figures 5-7 (a) and 5-8 (a)), the potential contour 
with the highest flux is small and therefore the displaced atomie strings of the substrate only 
cause a small amount of extra dechanneling and thus the step size is small. For large incoming 
angles ( llf/1 ~ lf/1, figures 5-7 (b) and 5-8 (b)), the potential contour with the highest flux is a 
larger area and therefore the displaced atomie strings cause a larger amount of dechanneled 
ions. If llf/1 is increased further ( llf/1 >> lf/h figures 5-7 (c) and 5-8 (c)) the incoming 
particles are not confined to a potential contour in the channel and therefore the displacement 
of the atomie string does not cause dechanneling and no step is found. 
Furthermore, the difference in lf/max for the experiments with the 45% and 63% samples found 
in figures 5-3 and 5-4 can be explained by the different shifts (fu:) in the channel. The largest 
step size will occur when the displaced atomie strings probe the potential contour with the 
highest flux. When the displacement ofthe atomie strings (fu:) decreases, the potential 
contour for which the largest step size is found increases and consequently the largest step 
size is found at a larger angle 1f.1. Thus lf/max depends on the shift (fu:) and thus (see figure 5-5) 
on the tetragonal di stortion and the thickness of the ultra-thin layer. 

5.3.2 Quantitative description 
The angular distance between the two appearing maxima in the step size ( lf/max) can be 
estimated with the model of Feldman, see figure 2.9 and equation (2.17). The step size is 
assumed to be maximal at r = rr. For example in figure 2-9 for rrlro = 0.7 the maximum is 
found for lf//lf/1 = 0.6, since for any other value of lf//lf/1 the flux at this point is lower. 
The shifts Llx can be calculated with the help of equations (2.18-2.22). By assuming that 
L1x = rr and r0 the distance to the centre of the channel (1.92Á), the following estimations for 
lf/max, are obtained (table 5-2). 

Table 5-2: Estimations of lf/max with the model ofFeldman et al. 

lf/max for 2 Me V lf/max for 3.5 MeV lf/max (exp.) / lf/max (Feldman) 

(average) 
63% Sample 1.19° 0.90° 0.42 ± 0.03 
45% Sample 1.36° 1.30° 0.41 ± 0.03 

lf/1 0.587° 0.444° 

In the last column of table 5-2 the lf/max derived from the experiments is compared with the 
lf/max estimated with the Feldman model. Apparently a correction factor is needed to campare 
the lf/max's, probably due to the cylindrical symmetry used in the analytica! model ofFeldman. 
In paragraph 5.5.3 the flux distribution predicted by the Feldman model will be compared 
with the flux distribution derived form FLUX7 simulations. 

33 



Chapter 5: Axial channeling measurements on buried SixGe1_x layers 

5.4 Calculations with FLUX7 

5.4.1 Introduetion 
In the previous paragraphs, the plots of the step size as a function 'I' are presented and the 
results are explained qualitative with the model ofFeldman. Deviations, like the asymmetry 
of the curves of the step size as a function of '!f, can ho wever not be explained with the 
Feldman model. 
Monte Carlo calculations are generally considered to be a better method to predict the 
outcome of channeling experiments and therefore FLUX7 simulations are performed to 
compare with the results of the experiments. 

5.4.2 Input parameters and output characteristics 
FLUX7 simulations ofthe <011> axial channeling experiments with 2 MeV and 3.5 MeV He+ 
ions as incoming particles are performed for both the 45% and the 63% sample. The 
tetragonal distortion ofthe ultra-thin layer is simulated by rotating the velocity vector at the 
beginning and the end ofthe ultra-thin layer. This can be done by defining a 3 x 3 rotation 
matrix intheinput file (see paragraph 3.5 and appendix A). The ultra-thin layer is assumed to 
be fully strained in all the simulations and the layer thickness is varied within its error 
margins. The plots ofthe Normalised Nuclear Encounter Probability (NEP, see paragraph 
3.6.2.) as a function ofthe depthare used todetermine the step size. 

0.3 
(a) (b) 

2000 4CIOO 1!5000 !000 2Wl 'H)OO ~000 ~000 

Depth (À} Depth (À) 

Figure 5-9: NEP as a function of depth (a) and a magnification of the step (b) in the 
NEP. The simulation is performed for the 63% sample with 2 Me V He+ ionsas incoming 
particles directed 0.14° to the <011> axis in the {100} plane. The total NEP is plotted, 
thus for the ultra-thin layer the NEP of germanium is added to the NEP of silicon. 

Figure 5-9 shows that the ultra-thin strained layer causes extra dechanneling. The substrate 
forms new shadow cones, what results in a new (small) surface peak. This peak is not found 
in the experiments because of the detector resolution and energy straggling effects. 
Figure 5-9 (a) showshow the step size (MI) in the NEP is obtained. 
As mentioned in paragraph 3 .6.3 FLUX7 also has the possibility to transform the NEP in an 
energy spectrum (RBS spectrum). This option is not used because the step size in the energy 
spectrum and the step size in the NEP can both be normalised [14]. Consequently all 
calculated step sizes in the NEP are scaled to the large st step size in a set of simulations of a 
particular sample. 

5.4.3 Step size as a function of the angle 1f1 
The results of the calculations are presented in a similar manner as the results of the 
experiments, thus the step size is plotted as a function of the angle 'I'· The input value for the 
layer thickness is varied within the error margins of the TEM measurements to find the best 
overlap between the calculations and the measurements. From the channeling measurements 
in the <001> direction in paragraph 5.2.1 follows that the ultra-thinlayers are coherent and 
therefore the tetragonal distortion is not varied in the simulations. The plots are normalised by 
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dividing every step size by the maximum step size. Figure 5-10 shows the step size as a 

function ofthe angle !f!for FLUX7 simulations performed for the 45% and 63% sample with 
2 Me V He+ i ons as incoming partiel es. 
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Figure 5-10: Calculated normalised step size as a function ofthe angle to the <011> axis 
in the {100} plane for the 45% (dashed curve) and the 63% sample (solid curve). The 
FLUX7 simulations are performed with 2 MeV He+ ionsas incoming particles. The 
error bars in the step result from the statistics in the simulations of the NEP and the 
error in the determination of the step size. 

The thickness of the ultra-thin layer is varied within the error margins of the TEM 
measurement. Table 5-3 gives the thicknesses (used in figure 5-10) ofthe ultra-thin layers, 
which give the best results (best overlap ofthe maxima) compared with the measurements. 

Table 5-3: Measured (TEM) and simulated (FLUX7) thickness ofthe ultra-thin layer. 

Measured thickness Optimal thickness 
(A) (A) 

Sample 63% 22±2 23.0 ± 0.5 
Sample 45% 22±2 23.7 ± 0.5 

In Figure 5-11 the plot ofthe step size as a function ofthe angle Ij/Of a FLUX7 simulation of 
the 63% sample with an ultra-thin layer of23.0 A is compared with the measurements, 2 
Me V He+ ions are used as the incoming particles. 
Figure 5-11 shows that the distance between, and the shape of the maxima can be simulated 
adequately, although small deviations are found in the step sizes for angles large then the 
angles at which the maximum steps occur. Since the distance between the peaks is the 
important parameter needed for the calculation ofthe tetragonal distortion (see paragraph 5.5) 
the simulations are adequate. 
It can be calculated that the shift ofthe <011> axis ofthe substrate compared with the <011> 
axis ofthe cappinglayer is 0.55 ± 0.05 A for the 45% sample and 0.74 ± 0.06 A for the 63 % 
sample. 
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Figure 5-11: Calculated normalised step size as a function ofthe angle to the <011> axis 
in the {001} plane for the simulation ( dasbed line) and the measurement (solid line). The 
simulation is performed with 2 Me V He+ ionsas incoming particles. 

Finallyin figure 5-12 an error analysis has been carried out. Full simulations have been 
performed for two artificial samples with a difference of 2 A in the thickness of the fully 
strained ultra-thin layer. Simulations are presented for two artificial 63% samples with ultra
thinlayers of21.8 A and 23.8 A respectively. 
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Figure 5-12: Calculated normalised step size as a function ofthe angle to the <011> axis 
in the {001} plane. The solid curve is a FLUX7 simulation for the 63% sample with an 
ultra-thin layer of 21.8 Á. The dasbed curve is a FLUX7 simulation of the 63% sample 
with a layer thickness of 23.8 Á. 

Figure 5-12 shows that lflmax can be simulated adequately. It is clear from a number of 
simulations performed that a difference in thickness ofthe ultra-thin layer of± 0.5 A can be 
measured. 
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5.5 Calculation of the tetragonal distortion 

5.5.1 Introduetion 
In the previous paragraphit was concluded that the measurements on the 45% and the 63% 
sample can be simulated adequately with FLUX7. The thickness ofthe ultra-thin layer and the 
tetragonal distartion ofthe fully strained ultra-thin layer are known for the 45% and the 63% 
samples. Therefore with these samples it has been proven that the tetragonal distartion of 
ultra-thinlayers can be determined by RBS channeling measurements in combination with 
FLUX7 simulations. 
In paragraph 5.5.2 is described how to relate the measured angular distance between the step 
maxima ( '1/max) to the tetragonal di stortion of the ultra-thin layer, fora wide range of 
germanium concentrations in the ultra-thin SixGe1_x layer. 
In paragraph 5.5.3 a detailed comparison is made between the '1/max found with FLUX7 and 
with the Feldman model. 

5.5.2 Relation between lf/max and the tetragonal distortion 
In order to simulate experiments on samples ofwhich the tetragonal distartion of an ultra-thin 
layer is unknown, the thickness of the ultra-thin layer must be known. It can be measured 
with HRTEM (High Resolution Transmission Electron Microscopy) to an accuracy of 
approximately 2A. The thickness canthen be used as input for the FLUX7 simulations and 
the only unknown parameter needed for the simulations is the tetragonal distortion. Next, the 
experiments can be simulated by varying the tetragonal di stortion in stead of the thickness of 
the ultra-thin layer (as was done in paragraph 5.4.3). 
In figure 5-13 the relation between tetragonal distartion and '1/max is shown as derived from 
FLUX7 simulations with 2 MeV He+ ions on silicon samples with an ultra-thin layer of22 A. 

x 
co 

0.7 

0.6 

E 0.5 
=> 

0.4 

0.3 -1------,--------,------.--------r----,------, 

0.01 0.02 0.03 0.04 0.05 0.06 0.07 

Tetragonal distortien 

Figure 5-13: The angular distance between the maxima ('1/max) as a function ofthe 
tetragonal distortion for FL UX7 simulations performed with 2 Me V He+ i ons on a silicon 
sample with an ultra-thin layer of 22 Á. 

This type of graph can be used to retrieve the tetragonal distartion from RBS channeling 
measurements. In the remainder of this subparagraph the errors occurring in the measurement 
of the tetragonal di stortion using the above-explained metbod are treated. 
The error in the determination of the tetragonal distortion, resulting from the error in the 
measured and in the simulated '1/max, on average is± 8%. 
Next, the error in the measurement ofthe tetragonal distartion resulting from HRTEM 
measurement ofthe thickness ofthe ultra-thin layer is treated by assuming the shift (Llx) to be 
constant. The error margin is derived by calculation of the tetragonal di stortion necessary to 
obtain equal shifts for the 63% sample with ultra-thinlayers of 20 A, 22 A and 24 A. These 
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thicknesses are the minimal, the measured and the maximal thickness derived from (the error 
margins of) the HRTEM measurement. The tetragonal distartion can be calculated with 
equation (2.22) using the shift angle l:lB, the result is shown in table 5-4. 

Table 5-4: Tetragonal distortion and thicknesses to obtain equal shifts l:lx. 

Thickness (A) Shift angle ( degrees) Tetragonal distartion 
20 1.219 0.0425 
22 1.332 0.0465 
24 1.469 0.0513 

The last column of table 5-4 shows that the maximum error in the tetragonal distartion 
resulting from the HRTEM measurements is approximately ±10%. 
FLUX7 simulations show that the thickness - shift angle combinations presented in table 5-4 
all give exact the same lf/max· 

Thus the accuracy of the thickness measurement largely determines the error in the tetragonal 
distortion. 

5.5.3 Comparison between FLUX7 simulations and the Feldman model 

An estimation of lf/max with the model ofFeldman was made in paragraph 5.3.2. It was found 
that the measured lf/max is only approximately 41% of the lf/max estimated with the Feldman 
model. Furthermore in paragraph 5.4 it was shown that FLUX7 simulations are in good 
agreement with the experiments. 
Therefore FLUX7 simulations for samples with a number of tetragonal distortions are 
performed to see if a constant correction factor can be used to scale lf/max from the Feldman 
model to the experimental lf/max· The sample thickness taken in these simulations is 22 A. 
In figure 5-14 a constant correction factor of0.40 is used in a large range ofphysically 
interesting tetragonal distortions to campare the curve derived from the Feldman model to the 
curve of the FLUX7 simulations. 
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Figure 5-14: lf/max as a function ofthe tetragonal distortion from FLUX7 simulations 
(solid curve) and the Feldman model (dashed curve) with a correction factor of0.40. 

Figure 5.14 shows that the Feldman model can be used fora quick estimation ofthe 
tetragonal distortion. In order to get a better understanding of the difference between FLUX7 
simulations and the Feldman model, more FLUX7 simulations are performed. 
FLUX7 has the possibility toplot the flux distribution at the end of a layer. In figure 5-15 the 
flux distribution is plotled for ions that channeled through 3960 A of silicon. FLUX7 only 
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gives the flux distribution in a cell (see paragraph 3.2.2), for clarity reasons this flux 
distribution is rotated and fetched together four times. 

(a) (b) 

Figure 5-15: Flux distribution of2 Me V He+ ions after channeling in the <011> direction 
through 3960 Á of silicon. Black indicates low flux concentration and white high flux 
concentration. The six "black points" indicate the atomie strings. The plots are made 
respectively for; 0° (a), 0.14°(b}, 0.28° (c) and 0.35° (d) to the <011> axis in the {100} 
plane. 

It can beseen from figure 5-15 and figure 2-9 that the simulated flux distributions differ from 
the distributions predicted by the Feldman model. 
The two plots at the bottorn of figure 5-15 clearly show that the axial flux distribution 
evaluates toa {001} planar flux distribution. It can be concluded that the Feldman model only 
holds for smallangles in these experiments. For large angles the flux is concentrated in the 
{00 1} plan es and the displacement of the atomie strings will not result in much extra 
dechanneling. Therefore, the maximum step size is found at a small angle !//in the 
measurement compared with the angle 1//found with the Feldman model. It also clear that a 
constant is found to normalise the 11/max derived from the Feldman model (see tigure 5-14), 
because in all experiments the same effect will occur. 

5.6 Important FLUX7 simulation features 

5.6.1 Introduetion 

FLUX7 has the possibility to deliver output, which can not be derived from experiments. This 
output can be used to get a better insight in the channeling experiments at samples with ultra
thin layers. In this paragraph output of two of such simulations is presented. 
First a simulation is shown where the influence of the atoms present in the ultra-thin layer is 
investigated. This is done by simulating a sample consisting of two displaced silicon crystals 
without an ultra-thin layer and camparing the results with simulations of a sample with an 
ultra-thin layer. 
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Subsequently, the difference in stopping power as a function of the position in the channel is 
investigated, by platting the total energy loss of dechanneled particles as a function of the 
depth. 

5.6.2 Stacking fault versus ultra-thin layer 
In paragraph 2.3.3 the step in the energy spectrum was explained by consiclering the ultra-thin 
layer as a stacking fault. In this assumption the displacement at the interface between the two 
silicon layers is determined by the tetragonal distartion and the thickness of the ultra-thin 
layer. It is possible with FLUX7 to simulate two silicon layers shifted with respecttoeach 
other. It is found that the plot ofthe step size as a function ofthe angle !f'is identical (within 
the statistica} error) to the plots fora simulation of a sample with an ultra-thin layer. In figure 
5-16 the NEP is plotled as a function of the depth for a simulation with 2 Me V He+ i ons 0.21 o 

to the <011> axis in the {100} p1ane. 
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Figure 5-16: FLUX7 simulations performed fora sample with an ultra-thin layer (solid 
curve) and a sample consisting oftwo silicon layers ( dasbed curve) shifted with respect 
to each other over the same distance and direction as the ultra-thin layer would cause. 
The simulation is performed for the 45% sample 0.21° to the <011> axis in the {100} 
plane with 2 Me V He+ ionsas incoming particles. 

From figure 5-16 it is derived that the step size is equal for the two situations with an 
accuracy of about 3%. The higher NEP in figure 5-16 in the peak at the depth ofthe ultra-thin 
layer for the sample with the ultra-thin layer is caused by the germanium in the u1tra-thin 
layer. 

5.6.3 Stopping power as a function of the position in the channel 
In paragraph 2.2.4 it was explained that the stopping power in channeling RBS experiments 
differs from the stopping power in random RBS experiments. Transmission channeling 
experiments and simulations have shown that ions, which are transmitted through a silicon 
sample, experience a stopping power of about 50% ofthe value in normal RBS experiment 
[5]. These ions have mainly travelled through the centre ofthe channel, where the electron 
density is relatively low. Consequently the energy loss is also relatively low, because the 
stopping power mainly depends on the ion - electron interaction for ions with energies in the 
MeVrange. 
In channeling RBS experiments where i ons are detected which are scattered out of the 
crystalline channels, the stopping power is usually equal to, or even up to 10% larger than the 
stopping power in normal RBS experiments [16]. This can be explained by taking into 
consideration that the ions which undergo large angle deflections must be close to a nucleus. 
Most ofthe deflected ions have trajectories with large amplitudes, which implies that the ion 
spends on average more time in regions with high electron density than ionsin normal RBS 
experiments. 
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It is possible to obtain the total energy lossas a function ofthe depth for the dechanneled 
particles from FLUX7 simulations. In figure 5-17 an example is shown for 2 Me V He+ i ons 
dechanneled from the <011> channels ofthe 63% sample. 
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Figure 5-17: Total energy loss of dechanneled i ons as a function of the depth, obtained 
from a FLUX7 simulation with 2 MeV He+ ions directed 0.14 ° to the <011> direction in 
the {001} plane ofthe 63% sample. The solid line represents the simulation, the dotted 
line is only drawn in the picture as a guide to the eye and the verticalline indicates the 
position ofthe ultra-thin layer. 

Figure 5-17 shows that the total energy loss of the dechanneled particles is directly 
proportional to the depth for the part ofthe curve befare the ultra-thin layer (< 3960 Á). After 
the ultra-thin layer this is also the case, but at the ultra-thin layer a step down in the total 
energy loss occurs. The coefficient ofthe line befare and after the ultra-thin 1ayer is the same 
as expected, because ions with the sameamplitude aftheir trajectories and thus the same 
energy loss per depth interval will dechannel. 
The step down in the curve in figure 5-17 can be explained in the same way as the above
explained difference between the stopping power of the transmitted and the scattered i ons. 
The amplitudes ofthe trajectories ofthe channeled ions change abrupt by the shift in the 
channel, because transverse potential energy is lost or gained by the displacement of the 
atomie strings of the substrate. The step down in figure 5-17 indicates that i ons with small 
amplitudes and thus little energy loss in the capping layer decbannel in the substrate. These 
i ons have gained transverse energy at the shift in the channel and the amplitude of their 
trajectories has increased. 
The ions with trajectories with large amplitudes in the capping layer lose transverse energy 
when entering the substrate channels and therefore asciilate with small amplitudes in the 
substrate and thus will not dechannel. 

5. 7 Discussion and conclusions 

5. 7.1 Equilibrium flux distribution 
Until now it was assumed that the flux distribution has reached the steady state phase at the 
depth of the ultra-thin layer. This means that the flux distribution in the channels at this depth 
only depends on the angle llf/1. Ifthis is the case totally symmetrie curves must be obtained 
when the step size is measured as a funetion of lf/. The experimental as well as the simulated 
curves, however show minor asymmetrie features. The model of steady state flux distribution 
is probably not totally valid at the depth of the ultra-thin layer and there are probably still 
fluctuations in the flux distribution as a funetion of depth. These fluctuations result in 
asymmetrie plots because the shift of the channel at the ultra-thin layer is unidirectional and 
thus asymmetrie. 

41 



Chapter 5: Axial channeling measurements on buried SixGe 1.x layers 

(a) (b) 

Figure 5-18: Flux distribution simulated for respectively 0.14° (a) and -0.14°(b) to the 
<011> axis in the {100} plane at a depth of3960Á with 3.5 MeV He+ ionsas incoming 
particles. Only a bout a fourth of the frontal view of a cell is shown. White indicates a 
high flux concentratio u and black indicates a low flux concentratio u. If the flux 
distribution has reached a steady stated phase the two pictures must be identical. 

In figure 5-18 the simulated flux distribution is plotted after channeling through 3960 A ofthe 
<011> crystalline channels of a silicon sample for incoming angles lf/ = 0.14 and '1/= -0.14. 
Figure 5-18 seems to indicate that the steady state phase is not reached completely at the 
depthof 3960 A, but the difference can also be caused by statistica} differences. 

5.7.2 General condusion 
In this chapter a metbod todetermine the tetragonal distortion ofburied ultra-thincoherent 
layers is presented. This metbod is basedon RBS channeling experiments and on FLUX7 
simulations. Energy spectra resulting from channeling experiments to the <011 > axis in the 
{00 1} plane of crystals with a buried ultra-thincoherent layer show a step in the yield 
resulting from the ultra-thin strained layer. If the size of this step is plotled as a ft.mction of the 
angle between the incoming beam and the <011> crystal axis a curve with two maxima is 
obtained (see e.g. figure 5-3). The angular distance between the maxima depends on the 
tetragonal distortion and the thick:ness of the ultra-thin layer. With FLUX7 simulations the 
experiments are simulated successfully and for a given layer thick:ness an accuracy of 8% in 
the tetragonal distortion can be obtained. This corresponds to a shift perpendicular to the 
<0 11 > of the atomie strings of the capping layer with respect to the atomie strings of the 
substrate of0.55 ± 0.05 A for the 45% sample and 0.74 ± 0.06 A for the 63% sample. 
It should be noted ho wever that the uncertainty in the thick:ness of the distorted layer 
determined by HRTEM is an important factor, which limits the obtained accuracy 
significantly. 
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6 Planar channeling measurements on buried 
ultra-thin SixGet-x layers 

6.1 Introduetion 
In chapter 5 a metbod is derived to measure the tetragonal distartion in ultra-thin coherent 
buried layers by means of axial channeling in the <011> direction. This metbod makes use of 
a step appearing in channeled RBS spectra. Preliminary channeling experimentsin {011} 
planes show a larger step size in the spectra, which can lead to an easier and more accurate 
metbod to quantify the tetragonal di stortion of the ultra-thin coherent layer. Therefore, 
ex tending the metbod to quantify the tetragonal di stortion with { 011} p1anar channeling 
experiments seems to be very interesting. 
In this chapter {011} planar channeling measurements and simulations with 2 and 3.5 Me V 
He+ ion beams on the silicon samples (see paragraph 4.3) are presented and explained. 

6.2 Results ofthe {011} planar channeling measurements 

6.2.1 Determination of the step size 
The step size in the energy spectrum of a {011} planar channeling experiment resulting from 
an ultra-thincoherent layer is found to be larger than the step size in a <011> axial channeling 
experiment performed on the same sample. This results from the fact that the distance 
between the {011} planes is halfthe diameter ofthe <011> channels (see paragraph 4.3.4), 
while the shift (Ax) in the channel resulting from the ultra-thincoherent layer is the same for 
both cases. Thus the relative shift is twice as large for {011} planar channeling and therefore 
the step size in the energy spectrum is expected to be higher. 
Figure 6-1 shows a spectrum ofthe 63% sample, this spectrum is obtained by channeling with 
2 Me V He+ ionsas incoming particles 0.1 o to the {011} plane (see paragraph 4.4 fora more 
detailed explanation ofthe direction). Figure 6-1 can be compared with figure 5-1 to get an 
indication ofthe difference in step size between {011} planar and <011> axial channeling 
experiments. 

(a) (b) 

rOm 
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Figure 6-1: Spectrum of a RBS channeling measurement with 2 Me V He+ ionsas 
incoming particles directed 0.1° to the {011} plane in the 63% sample. The detector is 
positioned at a scattering angle of 130°. The plot at the right (b) shows a magnification 
of the part of the spectrum with the step in the yield and it also shows how the step size 
is derived. 

The determination ofthe step size (figure 6-1(b)) is done in the same way as for axial 
channeling, see paragraph 5.2.2. 
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6.2.2 Step size as a function of the angle lf/ 

The step sizes resulting from the {011} planar channeling measurements are plotted in the 
same way as the step sizes resulting from the <011> axial channeling experiments (see 
paragraph 5.2.3), thus as a function ofthe angle ( lf/) between the incoming beam and the 
crystal plane, see figure 6-2. 
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Figure 6-2: Measured normalised step size as a function ofthe angle to the {011} plane 
for the 45% ( dasbed curve) and the 63% sample (solid curve). The experiments are 
performed with 2 Me V He+ ionsas incoming particles. 

Figure 6-2 clearly shows that both curves are approximately symmetrie in lf/ like the curves 
for axial channeling. However, for the 63% sample the two maxima appearing in the curve of 
the axial channeling measurements do not appear. For {011} planar channeling measurement 
on the 45% sample two maxima seem to appear. At first sight, the two maxima seem to 
appear ifthe shift (,ix) is smalland therefore planar channeling might be used for samples 
with small germanium concentrations. 
Furthermore, planar channeling measurements with 2.5, 2.9 and 3.5 MeV He+ ionsas 
incoming particles are performed on the 45% sample. The results of these experiments are 
presented in figure 6-3. 
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Figure 6-3: Measured step size as a function ofthe angle to the {011} plane for the 45% 
sample with 2, 2.5, 2.9 and 3.5 Me V He+ ions respectively. Note that the horizontal axis 
bas been scaled, see text. 
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In order to campare the step size curves for different energies, in figure 6-3 the horizontal axis 
which represents the angle with the {011} plane has been scaled for each energy. For the 
experiment with 2 Me V He+ ions the angles at which the data is plotted corresponds to the 
angles described along the axis. F or all other energies (Ea) the angles to the { 011} plane at 
which the data points have been collected are multiplied by 'lfl2 Me V)llf/l EcJ where lf/2 is the 
characteristic angle for planar channeling [2]. All the data plotled in this chapter has been 
scaled with the procedure described above. 
Figure 6-3 shows that the curves for the 2.5 and 3.5 Me V ions are nat symmetrical in lj/and 
also do nat show two maxima. In the next paragraph this behaviour is explained. 

6.3 Explanation of tbe results 

6.3.1 Feldman model for planar channeling 
In the previous chapter the Feldman model for the steady state flux distribution in axial 
channeling experiments is used to explain the outcome of the axial channeling experiments. 
Feldman et al. [2] also derived a steady state flux distribution model for planar channeling. 
The flux distributions resulting from this model are plotled in figure 6-4 as a function of the 
distance between the crystalline planes for a number of angles llfll, the absolute angle between 
the incoming ion beam and the {011} plane. 
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Figure 6-4: Steady state flux distribution between two crystal planes calculated 
analytically by Feldman [2]. The steady state flux distribution depends on the angle llfll· 
Ifthe flux distribution is steady state at the depth ofthe ultra-thin layer then the curve ofthe 
step size as a function of Ij/must be symmetrie. Figure 6-3 indicates that this is nat the case 
for the '2.5 Me V' and '3.5 Me V' experiment. Therefore it can be concluded that the flux 
distribution is nat steady state in the {011} planar channeling experiments at the depth ofthe 
ultra-thin coherent layer. 

6.3.2 Trajectories of the ions between the atomie plan es 
In paragraph 2.2 is explained that in the first part of a channel the flux distribution varies with 
the depth. The interaction of the channeled i ons with target valenee electrans causes the ion 
trajectories to loose their coherency and after 1500 to 2500Á the steady state flux distribution 
is reached for axial channeling [2, 12]. For planar channeling however the steady state flux 
distribution is reached at greater depths. According to Feldman et al. [2] this is due tothefact 
that in planar channeling the oscillations of the i ons are one-dimensional and because planar 
channeling is govemed by a continuurn potential which is approximately harmonie (see figure 
6-5 (b)). 
The trajectory of a channeled ion in the channel mainly depends on three parameters; the 
incoming energy, the entering position (impact parameter to the adjacent plane) and the 
potential ofthe atomie strings. Ifthe atomie stringpotentialis harmonie, all incoming 
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particles will describe trajectories with equal wavelengths (see figure 6-5 (a), [19]) and a 
regular pattem of nodes and antinocles will be found. The potential of the atomie strings is 
however notharmonie and therefore the wavelength for planar channeling is dependent on the 
ion's impact parameter with the atomie string. The variation in wavelength is nevertheless 
small enough to obtain coherency between the individual channeled ion trajectmies for 
several oscillation wavelengths [ 18]. The wavelength of the traj ectories used in this chapter is 
the average wavelength of the various individual ion trajectories. 
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Figure 6-5: Trajectories of the ions for planar channeling with different continuurn 
string potentials. Ifthe potentialis harmonie (a) all the trajectories have the same 
wavelength. For the universa} potential (b) the particles with largest amplitudes have the 
smallest wavelength [18]. 

6.3.3 Step size resulting from the depth dependent flux distribution 

In paragraph 6.3.2 it is concluded that the flux distribution has not reached the steady state 
phase as the ultra-thin layer is reached for {0 11} planar channeling on the samples used in the 
experiments. The results of the experiments are thus dependent on the flux distribution which 
reaches the ultra-thin layer and thus a.o. on the thickness ofthe capping layer. 
If the angle I 'I' I is not equal to zero, the nodes of the flux distribution are not expected to be 
in the centre between the planes, but they will oscillates with the depth, see figure 6-6. 

Figure 6-6: Assumed partiele trajectories for planar channeling, when the angle I 'I' I is 
not equal to zero. 

The results ofthe experiments presented in figure 6-3 can now be explained. 
If a node in the flux dis tribution is situated at the ultra-thin layer and if the node is at the same 
side as the shift into the channel, many ions will dechannel (figure 6-7 (b)). Ifthe incoming 
angle is changed from lfltO -lflthe node is situated at the opposite side ofthe channel and 
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almost no ions dechannel (figure 6-7 (a)). Thus ifthe ultra-thin layer is situated at the same 
position as a node in the flux distribution an asymmetrie plot is found for the step size as a 
function of the angle 1f1. 

(b) 

-lj/ 

Figure 6-7: Two situations occurring if a node in the flux distribution is positioned at the 
ultra-thin coherent layer. If the node is at the opposite side as the shift into the channel 
(a) few extra ions decbannel at the ultra-thin layer. Ifthe incoming angle is changed to 
-lj/the node is at the same side as the shift into the channel and many extra ions will 
decbannel (b ). 

Figure 6-6 also shows that the antinode does not oscillate between the planes with depth, thus 
if an antinode is situated at the place ofthe ultra-thinlayera symmetrie plot is found, because 
the flux distribution is more or less equal for the angles lf/ and -Ij/. 

6.3.4 Variation of the pathlength through the capping layer 
The above-explained theory of the asymmetrie positioning of the nodes between the planes 
can be confirmed by varying the pathlength ofthe ions through the capping layer. To be able 
to perform those experiments an estimation of the wavelength is needed to determine the 
necessary pathlength to situate a node on the ultra-thin layer. From preliminary FLUX7 
simulations the average wavelengths are found, by measuring the depth to the position of the 
first maxima in the NEP plots. 

Table 6-1: Estimations of the average wavelength of He+ ions for plan ar channeling in 
the {011} plane in silicon and the number of half wavelengtbs to the ultra-thin layer. 

2MeV 2.5 MeV 2.9MeV 3.5 MeV 
Half 570 ± 20 610 ± 20 670 ± 20 730 ± 20 

Wavelength (A) 
Number of half 7 6.5 5.9 5.4 

wavelengths to the 
ultra-thin layer 

The values inthelast row oftable 6-1 shows that for experiments with 2.5 and 3.5 Me V He+ 
i ons a node is situated at or near the ultra-thin layer and for experiments with 2 and 2.9 Me V 
He+ i ons an anti node is situated at or near the ultra-thin layer. Just as expected from figure 6-
3 and paragraph 6.3. 
The longer path through the capping layer is achieved by increasing the angle between the ion 
beam and the sample while stayingin the {011} plane, this is shown in figure 6-8. 
Experiments with 2.5 MeV He+ ions are performed with the ions travelling through 4270 A (7 
halfwavelengths) and 4575 A (7.5 halfwavelengths) respectively ofthe capping layer before 
the ultra-thin layer is reached. The results of those two measurements are shown together with 
the experiment with 2.5 Me V He+ i ons and the capping layer at a depth of 3970 A (figure 6-3) 
in figure 6-9. 
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~' 
Ultra thin layer 

{011} 

Figure 6-8: The pathlength of the i ons through the capping layer can be increased by 
increasing the angle between the sample and the incoming beam (a). From the cubic unit 
eeD (b) can beseen that the length ofthe path can be increased while stayingin the {011} 
plane. 
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Figure 6-9: Measured normalised step size as a function of the normalised angle to the 
{011} planeon the 63% samples with 2.5 MeV He+ ionsas incoming particles. The 
pathlength through the ultra-thin layer are respectively 3970Á (solid gray curve), 4270 
Á (solid black curve) and 4575 Á ( dasbed curve). 

It is expected that for the pathlengths of 3970 A and 4575 A a node is situated at or near the 
ultra-thin layer and for the pathlength through the capping layer of 4270A an antinode is 
situated at or near the ultra-thin layer. Although the curves with a path through the capping 
layers of 3970 A and 4575 A are displaced at opposite sides ofthe {011} plane, they contain 
a different fine structures and are not symmetrically placed around !f= 0 (see figure 6-9). 
Furthermore the curve of the sample with a path through the capping layer of 4270 A is not 
centred at !f= 0. Although the general behaviour is accordingly to predictions given in 
paragraph 6.3.3 a study with Monte Carlo simulations is required to find a detailed 
explanation of the observed step size curves. 

6.4 Calculations with FLUX7 

6.4.1 Step size as a function of the angle 'f/ 

The results ofthe FLUX7 simulations are obtained again as the NEP (Normalised Nuclear 
Encounter Probability) as a function of depth. The step size in the NEP is derived in the same 
way as explained in paragraph 5.4.2 for axial channeling simulations, and it is plottedas a 
function of the angle (V/) between the incoming ion beam and the { 011} plane. In figure 6-10 
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the results of a FLUX7 simulation of a { 011} planar channeling experiment with 2 Me V He+ 
ions on the 63% sample is presented tagether with the outcome ofthe planar measurements. 
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Figure 6-10: Normalised step size as a function ofthe angle to the {011} plane. The 
simulation and the measurement are performed for the 45% sample with 2 Me V He+ 
ions in the incoming beam. The solid line represents the FLUX7 simulation and the 
dasbed line the equivalent measurement. 

The general shape of the measurement and the FLUX7 simulation is similar, but most of the 
step sizes of the experiment and the simulation are not within the error margins. Furthermore, 
the angle for which the maximum step is found ( lf/p) in the simulations differs from the 
experiment. Similar simulations are performed with FLUX7 with 2.5, 2.9 and 3.5 MeV He+ 
ions respectively as incoming particles, the results are plotted in figure 6-11. 
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Figure 6-11: Calculated normalised step size as a function ofthe normalised angle to the 
{011} plane. The simulation are performed with 3.5 MeV ( dasbed black curve), 2.9 MeV 
(solid black curve) and 2.5 Me V (gray curve) He+ ions on the 45% sample. The 
characteristic parameters for 2.9 Me V are indicated. 

The curves in figure 6-11 show the same general behaviour as the measurements depicted in 
figure 6-3. In order to campare the step size curves quantitatively, the curves are 
characterised by width (/J) and the angle of the maximum step size ( lflp), defined as shown in 
figure 6-11 for the '2.9 Me V' simulations. These characteristic parameters are scaled in the 
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same manner as the horizontal axis (see paragraph 6.2.). The characteristic parameters for the 
simulations and the experiments are shown in table 6.2. 

Table 6-2: Characteristic parameters of the measured and simulated step size curves 

FLUX7 Simulations Measurements 

f3 lj/p f3 lj/p 

2MeV (0.40 ± 0.03)0 (0.07 ± 0.01)0 (0.40 ± 0.03t (0.05 ± 0.02)0 

2.5 MeV (0.40 ± 0.03)0 (0.09 ± 0.01)0 (0.30 ± 0.03t (0.11 ± 0.01)0 

2.9MeV (0.35 ± 0.03)0 (0.1 0 ± 0.02)0 (0.35 ± 0.03)0 (0.04 ± 0.02)0 

3.5 MeV (0.38 ± 0.04)0 (-0.06 ± 0.01)0 (0.27 ± 0.04)0 (-0.10 ± 0.01)0 

The curves derived from the FLUX7 simulations with 2.5 Me V and 3.5 Me V ions have a 
larger width (/3) than the curves extracted from the measurements. It can be envisaged that 
when at the depth ofthe ultra-thin layer the trajectories ofthe ions are less coherent in the 
simulations than in the experiments, the larger f3 can be expected. This can be verified by 
performing simulations with thinner capping layers, while maintaining a node at the ultra-thin 
layer, because at shorter pathlengths the ion trajectories are expected to be more coherent. 
These calculations are shown in paragraph 6.4.2. 
Furthermore, the angles lf/p where the maximal step size is found in the simulations with 2.5, 
2.9 MeV and 3.5 MeV He+ ions differ from the angles lf/p found in the measurements. The 
position of the maximum step size probab1y depends on the exact position of the node with 
respect to the position ofthe ultra-thin layer. The position ofthe ultra-thin layer depends on 
the thickness of the capping layer. Explorative calculations are presented in paragraph 6.4.3. 
Finally, for the curves ofthe simulation and the measurements with 2 and 2.9 Me V He+ ions 
as incoming particles (see figure 6-11) the widths (/3) ofthe experiments and the simulations 
are equal. However two maxima seem to appear in the simulated step size curves. 

6.4.2 Investigation of the coherency of the ion trajectories 
In the previous paragraph differences between the simulations and the measurements are 
found. A possible explanation for some of these differences is that the coherency between the 
ion trajectories vanishes at shallow depth in the FLUX7 simulations. This can be verified by 
performing simulations with thinner capping layers. In order to perfarm these simulations the 
depth ofthe nodesin the flux distribution must be known. Therefore, the average wavelength 
ofthe trajectoriesis calculated with FLUX7. The position ofthe node is extracted from the 
plots ofthe NEP as a function ofthe depth for simulations in the {011} planar direction in 
pure silicon samples, see figure 6-12. 
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Figure 6-12: NEP as a function ofthe depth fora number of angles to the {011} planeon 
pure silicon samples for He+ i ons with an energies of 2.5 Me V (a) and 3.5 Me V (b ). The 
incoming beam is respectively (from the upper to the bottorn curve) 0.089, 0.045 and 0 
degrees to {011} plane for the '2.5 MeV curves'(a) and 0.076, 0.038 and 0 degrees to the 
{011} plane for the '3.5 Me V curves' (b). 
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In figure 6-12 the nodes are found at the position where the NEP is minima!, because at a 
node the flux is concentrated in the centre of the channel and few i ons will dechannel. 
From the strong asymmetry in the step size curves (figure 6-3 and table 6-2) it can be 
concluded that if2.5 MeV or 3.5 MeV ions are used as incoming particles a node is situated 
on or near the ultra-thin layer. However, simulations in figure 6-12 show that the coherency 
between trajectories corresponding to different values ofthe angle '!fiS nearly lost at 3970 A. 
Apparently the computer simulations tend to overestimate the coherency loss. To provide 
insight in the effects of the strong coherency loss calculations with thin capping layers have 
been performed. 
In order to compare the simulations with thinner capping layers to the simulation with the 
ultra-thin layer at 3970 A, the node on the ultra-thin layer must be situated at the same side of 
the channel. It was found that in the FLUX7 simulations with 2.5 MeV He+ ions the fourth 
node can be used and with 3.5 Me V He+ ions the third node. The third and the fourth node are 
chosen, because if the simulations are performed with even thinner capping layers (e.g. after 
two nodes) the determination ofthe step size becomes difficult because ofthe large wiggles in 
the NEP. The average depths are 2420 ± 20 A ofthe fourth node for 2.5 Me V ions and 1990 ± 
20 A ofthe third node for 3.5 Me V ions. 
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Figure 6-13: Calculated normalised step size as a function ofthe normalised angle to the 
{011} plane on the 45% sample with 2.5 Me V He+ i ons and 3.5 Me V He+ ions as 
incoming particles. The capping layers are 2420 Á (solid gray curve) and 3970 Á (solid 
black curve) for the '2.5 Me V He+ ions' simulations and 1990 Á ( dasbed gray curve) and 
3970 Á ( dasbed black curve) for the '3.5 MeV He+ ions' simulations. 

The FLUX7 simulations presented in figure 6-13 are performed to investigate the influence of 
the coherency ofthe ion trajectories. The characteristic parameters ofthe simulations 
presented in 6-13 are shown in table 6-3. 

Table 6-3: Characteristic parameters for FLUX7 simulations with 2.5 Me V and 3.5 Me V 
ions on samples with different thickness of the capping layer. 

2.5 MeV He+ ions 3.5 MeV He+ ions 
Thickness of the 

capping layer 3970A 2420A 3970A 1990 A 

1//o (0.09 ± 0.01)0 (0.07 ± 0.01)0 (-0.06 ± 0.01)0 (-0.09 ± 0.01)0 

/3 (0.40 ± 0.03)0 (0.40 ± 0.03)0 (0.38 ± 0.03)0 (0.35 ± 0.03)0 

From table 6-3 is found that the width of the curves (/J) are within error margins for the two 
simulations. Thus the expected smaller curves for thinner capping layers are not found. 

51 



Chapter 6: Planar channeling measurements on buried SixGe1_x layers 

6.4.3 The position of the node relative to the ultra-thin layer 

It is found (table 6-2) that the angle ( lf/p) of the maximum step size differs for the experiments 
and the FLUX7 simulations. Therefore additional FLUX7 simulations are performed in which 
the thickness ofthe capping layer is varied slightly, to alter the position ofthe node relative to 
the ultra-thin layer. Simulations are performed for the 45% sample with 3.5 MeV He+ ionsas 
incoming particles, the thickness ofthe capping layers was respectively 3850, 3900, 3970 and 
4050 A. The step size curves are shown in figure 6-14. 

1.2 

41 
N 0.8 ëii 
Q. 

.$ 
UI 

"C 0.6 41 
.!!! 
iii 
E .... 

0.4 0 z 

0.2 

0 
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 

Normalised angle to the {011} plane 

Figure 6-14: Calculated normalised step size as a function ofthe normalised angle 
perpendicular to the {011} plane. The simulations are performed for the 45% sample 
with 3.5 Me V He+ i ons, with capping layers of respectively 3850 Á ( dashed gray curve), 
3900 Á (solid black curve), 3970 Á (dashed black curve) and 4050 Á (solid gray curve). 

Figure 6-14 shows that the curves preservetheir shape, when the thickness ofthe capping 
layer is varied slightly. In table 6-4 the characteristic parameters ofthe simulations presented 
in figure 6-14, are shown. 

Table 6-4: Characteristic parameters for FLUX7 simulations with 3.5 Me V He+ ions for 
sample with different capping layers. 

Thickness of the 
capping layer 3850 A 3900 A 3970A 4050 A 

lf/p ( -0.07 ± 0.02)0 ( -0.08 ± 0.02)0 (-0.06 ± 0.02)0 (-0.05 ± 0.02)0 

fJ (0.40 ± 0.03)0 (0.39 ± 0.03)0 (0.38 ± 0.04)0 (0.35 ± 0.03)0 

Paragraph 6.4.1leamed that the angles lf/p ofthe maximal step size in the simulation and the 
experiment do not correspond. Table 6-4 shows that changing the thickness ofthe ultra-thin 
layer can vary lf/p· For the simulation with a 3900 A capping layer the largest angle lf/p is 
found. Note that it is smaller than the angle lf/p found in the experiment with the 3.5 Me V He+ 
ions (table 6-2). Thus a complete overlap between the angle lf/p in the simulations and the 
measurements is not achieved by varying the thickness of the capping layer. 

6.4.4 Molière potential 

Another parameter which is of fundamental importance to the coherence of the ion 
trajectoriesis the potential used in the impulse approximation ofthe binary callision and in 
the continuurn string potential. Therefore the universa! potential incorporated by default in 
FLUX7 is replaced with the Molière potential (see paragraph 3.3.1). 
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Simulations for the 45% sample with 3.5 MeV He+ ionsas incoming particles are performed 
with the Molière potential incorporated in FLUX7 and the results are shown in figure 6-15. 
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Figure 6-15: Calculated normalised step size as a function ofthe normalised angle to the 
{011} plane. The simulations are performed for the 45% sample with 3.5 Me V He+ ions 
as incoming particles. The results are presented for the Molière potential (solid curve) 
and the universa! potential (dashed curve) incorporated in FLUX7. 

Figure 6-15 shows that the step size curves for planar channeling are sharply dependent on the 
incorporated potential. Smulderset al. [16] showed that the average wavelength for the ion 
trajectories simulated with the Molière potential incorporated in FLUX7 differs from the 
average wavelength of the ion trajeetori es with the universa! potential incorporated. 
In figure 6-16 the NEP is plotted as a function of depth and it is compared with the NEP as a 
function ofthe depth found with the universa} potential incorporated. Figure 6-16 shows that 
the wavelength of the ion trajeetori es in silicon for FLUX7 simulations with the Molière 
potential differs significantly from the wavelength with the Universa} potential incorporated 
in FLUX7. These results show that a detailed resemblance between the measured step size 
curves and the simulated step size curves will depend strongly on the incorporated potential. 
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Figure 6-16: NEP as a function ofthe depth fora number of directions to the {011} 
plane on pure silicon samples for He+ ions with an energy of 3.5 Me V simulated with the 
Molière potential incorporated in FLUX7 (a). The incoming beam is directed (from the 
upper to the bottorn curve) 0.089, 0.045 and 0 degrees respectively to the {011} plane. At 
the right (b) NEP plots of the Molière potential ( dotted line) are compared with the NEP 
plots with the universa! potential (solid line). 

6.5 Calulations with LAROSE 
LAROSE is like FLUX7 a Monte Carlo simulation code to simulate channeling experiments. 
LAROSE is the first developed and the most frequently used channeling simulation code, but 
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it is less flexible than FLUX7. LAROSE (see [6,7,14]) is basedon the sameprinciplesas 
FLUX7 (see chapter 3), however a number of small differences between the two programs 
exist. The two most important differences between the programs are listed below: 

Different potentials are incorporated; in LAROSE by default the Molière potential is used 
in the impulse approximation ofthe binary collision and in the continuurn string potential, 
while in FLUX7 the universa! potential is incorporated by default. 
The electron-ion interaction is incorporated in FLUX7 as treated in paragraph 3.3, in 
LAROSE the energy loss by interactions with electrons is omitted. 

In figure 6-17 the results of a LAROSE simulation with 3.5 Me V He+ i ons on the 45% 
samples are shown together with the equivalent measurements and FLUX7 simulations. 
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Figure 6-17: Normalised step size as a function ofthe angle to the {011} plane for 
LAROSE simulation (solid black curve) with 3.5 MeV He+ ions directedon the 45% 
sample. The measurements ( dasbed curve) and the FLUX7 simulations (gray curve) are 
also shown. 

It is interesting to note that figure 6-17 shows that the angle lf/p of the LAROSE simulation is 
larger than the angle lf/p of the experiment. In table 6-5 the characteristic parameters are listed. 

Table 6-5: Characteristic parameters ofthe LAROSE simulations with 3.5 Me V He+ 
ions. Also the parameters of the FLUX7 simulations and the measurements are shown 
again. 

LAROSE FLUX7 Measurement 

lf/o (-0.12 ± 0.01)0 (-0.06 ± 0.01)0 (-0.10 ± 0.01)0 

/3 (0.40 ± 0.03)0 (0.38 ± 0.04)0 (0.27 ± 0.04)0 

By changing the thickness of the capping layer it is probably possible to obtain agreement 
between angle lf/p simulated with LAROSE and the measured angle lf/r However, the width 
(/J) ofthe curve simulated with LAROSE is larger than the experimental width (/3). 
In order to obtain insight in the cause of the different step size curves in figure 6-17 the NEP 
is plotted as a function of the depth for LAROSE simulations in { 011} plan es of pure silicon 
samples. This figure can be compared with figure 6-12 (a) where the same is done for FLUX7 
simulations. 
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Figure 6-18: NEPfora number of angles to the {011} plane for 3.5 Me V He+ ions on 
pure silicon samples. The incoming beam is directed (from the upper to the bottorn 
curve) 0.076, 0.038 and 0 degrees respectively to the {001} plane. 

Figure 6-18 and figure 6-12 (a) show that the coherency is conserved better in the LAROSE 
simulations and that the wavelength differs. The difference in the wavelength is probably a 
result from the different potentials incorporated in the programs. The coherency is probably 
better conserved because the ion-electron interaction is omitted in LAROSE. 

6.6 FLUX7 calculations without ion-electron interaction 
In the previous paragraphit was concluded that the coherency of iontrajectoriesin LAROSE 
simulations is conserved better than in the FLUX7 simulations. One ofthe differences 
between LAROSE and FLUX7 is that the ion-electron interaction is omitted in LAROSE. 
Therefore FLUX7 simulations with 3.5 MeV He+ ions directed to the {011} plane are 
performed with the ion-electron interaction set to zero. The NEP plots of these simulations are 
shown in figure 6-19 together with NEP plots of the FLUX7 simulations with the ion-electron 
interaction. 
It can be seen from figure 6-19 that for simulations without the ion-electron interactions the 
NEP is lower and the coherency is conserved better. This confirms that the ion-electron 
interaction is an important factor in the conservation of the coherency between the ion 
trajectories. 
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Figure 6-19: NEP as a function ofthe depth fora number ofangles to the {011} planeon 
pure silicon samples for He+ i ons with an energy of 3.5 Me V. The incoming beam is 
respectively (from the upper to the bottorn curve) 0.076, 0.038 and 0 degrees to the {011} 
plane. The dotted lines are simulations with ion-electron interaction, the solid lines 
without ion-electron interaction. 

6. 7 Discussion and conclusions 

Planar channeling measurements on silicon samples with ultra-thinlayers result in a relative 
large step size in the energy spectrum compared with axial channeling measurements. This 
step size depends on the angle between the incoming ion beam and the crysta1 axis as in axial 
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channeling. The shape of the plots of the step size as a function of the angle lf/ depends on the 
energy ofthe incoming particles (see figure 6-3). The results of these {011} planar channeling 
experiments can be qualitatively explained by assuming that the ion flux distribution between 
the crystalline planes is not yet steady statewhen the ultra-thin layer is reached. Simulations 
performed with FLUX7 and LAROSE and measurements confirm this assumption. 
The experimentscan not be simulated in detail with FLUX7 and therefore the tetragonal 
distartion of the ultra-thin layer can not be quantified with { 011} planar channeling 
experiments. 
A number of reasons is found why the simulations are not matching the experiments. 
Although the coherency between the ion trajectories seems to be largely vanished at the depth 
of the ultra-thin layer a steady state flux distribution is not yet achieved. The resulting flux 
distributions is a.o. extremely sensitive to the following physical parameters and models used 
in the simulations: 

a) The potential used in the binary callision approximation and in the atomie string 
potential. Incorporation of different string continuurn potentials leads to a different average 
wavelength ofthe ion trajectories. Simulations with the Moliere potential incorporated in 
FLUX7 leads to completely different results for the step size curves compared with FLUX7 
simulations with the universa! potential incorporated. 
b) The models incorporated to treat the ion- electron interaction. LAROSE simulations and 
FLUX7 simulations with the electron-ion set to zero show that the wiggles in the NEP as a 
function of the depth plots maintain up to greater depths than in FLUX7 simulations where 
the ion-electron interaction is incorporated. 
c) The position of the node compared with the ultra-thin layer. The thickness of the capping 
layer is an important quantity and in paragraph 6.4.3 it is shown that small variations result 
in large variations in the angle of the maximal step size, which makes the simulations more 
difficult. 
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7 Axial channeling measurements on buried 
ultra-thin InAs layers 

7.1 Introduetion 
In chapter 5 axial channeling measurements and FLUX7 simulations on silicon samples with 
an ultra-thin coherent SixGe1_x layer are described and a metbod to measure the tetragonal 
di stortion of the ultra-thin layer is developed. In this chapter the same techniques are used for 
the GaAs/InAs sample described in paragraph 4.3.3, to find out ifthe metbod to quantify the 
tetragonal distartion can be applied to crystalline samples with different and more complex 
compositions. 

7.2 Results of the axial channeling measurements 

7.2.1 Determination of tbe step size 
First a spectrum of a axial channeling measurement 0.25° to the <011> axis in the {100} 
plane is shown to give an idea of the step size in the raw data. 
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Figure 7-1: A measured spectrum (a) and a magnification ofthe step size in the 
spectrum (b) of a channeled RBS measurement with 3.5 Me V He+ ions as incoming 
particles directed 0.25° to the <011> axis in the {100} plane ofthe GaAs/InAs sample 
(see paragraph 4.3.2). In tigure (b) the startand the end ofthe step are marked. 

The step size is derived from the spectrum in the same way (see figure 7-1 (b)) as in the axial 
channeling experiments on silicon with ultra-thinlayers (paragraph 5.2.2). 
The difference between the kinematic factors of the interaction of He+ i ons with gallium and 
arsenic nucleï is small and thus the difference in the measured energy between He+ i ons that 
interacted with gallium and arsenic is also small. Because of the detector resolution only one 
surface peak can be distinguished in the energy spectrum (see figure 7-1). 
IntheGaAs sample 10 tetragonal distorted monolayers (ML) InAs are incorporated. Figure 7-
1 shows that the individual steps can not be distinguish in the spectrum, but that the total step 
is spread over a large number of channels compared to the measurements on the silicon 
samples (see figure 5-2). The stopping power of channeled 3.5 Me V He+ ionsin GaAs is 
about 100 eV/Á and the detector resolution is about 15 KeV, which results in a depth 
resolution of 150 A. Because of this depth resolution, energy straggling effects and the 
difference in the kinematic factors of gallium and arsenic the individual step sizes in the 
spectra cannot be distinguished. Thus the tetragonal di stortion of the individuallayers can not 
be measured. Therefore in the next paragraph measurements and simulations are performed to 
obtain characteristics ofthe total sample. 

57 



Chapter 7: Axial channeling measurements on buried InAs monolayers 

7.2.2 Step size as function of the angle 11f 

In chapter 5 the tetragonal distartion of the ultra-thin layers in the silicon samples is derived 
from plots of the step size in the measured spectra as a function of the angle lf/ between the 
incoming beam and the <011> crystal axis. In tigure 7-2 the step sizes in an angular scan 
through the <011> axis in the {100} plane ofthe GaAs/InAs samples are shown in a similar 
manner. 
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Figure 7-2: Measured normalised step size as a function ofthe angle to the <011> axis in 
the {100} plane fortheGaAs/InAs sample. The detector is positioned at an angle of 110°. 
The error bars in the step size result from the stafistics in the measurement of the 
energy spectrum and the error in the determination of the step size. The centre of the 
plot (the <011> direction) is determined by the minimum yield ofthe GaAs. The plot is 
normalised by dividing every step size by the maximal step size. 

The two maxima in the curve in tigure 7-2 can be explained in the same way as for the silicon 
samples (see chapter 5.3). The difference in size ofthe two maxima in tigure 7-2 indicates 
that the ion flux distribution is not steady statewhen the tirst ultra-thin layer is reached. So 
although 10 tetragonal distorted ML are incorporated in the samples the same behaviour is 
found as for the silicon samples with one ultra-thin tetragonal distorted layer. 

7.3 Calculations with FLUX7 

7.3.1 Introduetion 

In chapter 5 FLUX7 simulations are used to extract the tetragonal distartion from the axial 
channeling measurements. Therefore, in this paragraph the experiments on the GaAs/InAs are 
simulated and compared to the results of the measurements. 
It should be noticed that FLUX7 can handle only two different compositions oflayers. 
Therefore the Alo.33Ga0.67As in the samples is substituted by a GaAs layer, this is done 
because the difference between GaAs and Al0.33Ga0.67As in the channeling simulations is 
supposed to be negligible. 

7.3.2 Output characteristics 

First a plot of the NEP as function of the depth is shown for a FLUX7 simulation of the 
GaAs/InAs sample with an incoming beam of3.5 MeV He+ ions directed 0.3° to the <011> 
axis in the { 100} plane. 
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Figure 7-3: NEP as a function ofthe depth, for FLUX7 simulation. The incoming ion 
beam is directed 0.3° to the <011> axis in the {100} plane. The effect ofthe 10 ultra-thin 
coherent InAs layers is clearly visible. In this simulation 20000 trajectoriesof 3.5 Me V 
He+ i ons are calculated. 

In figure 7-3 is shown how the step size is derived; the NEP before the first ultra-thin layer is 
compared with the NEP after the last layer. The individual ultra-thin layers resulting from the 
10 monolayers (ML) InAs can be clearly distinguished. The sizes ofthe peaks are not equal, 
probably because the flux distribution is not steady state between two consecutive ML's, what 
can result in flux peaking effects. 

7.3.3 Step size as a function of the angle '1/ 
FLUX7 simulations are performed and the results are plotted in figure 7-4 together with the 
results ofthe measurements. The simulations are performed with 3.5 MeV He+ ionsas 
incoming particles for an angular scan through the <110> axis in the {001} plane. The layers 
InAs are assumed to be fully strained which results in a shift in the channel of 0.31 A for each 
ML. In the simulations both the layers thicknesses and the tetragonal distartion are taken 
constant, contrary to the simulations for the silicon layers with the ultra-thin SixGe1_x layers 
where the layer thickness was varied to obtain a good overlay between experiments and 
simulations. FortheGaAs/InAs samples the growth procedure of 1 ML InAs can be 
controlled extremely well, which implies that the sample certainly consists of 10 fully 
strained InAs layers of exactly 1 ML. 
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Figure 7-4: Measured and simulated normalised step size as a function ofthe angle to 
the <011> axis in the {100} plane fortheGaAs/InAs sample. The simulation ( dasbed 
curve) is performed for 3.5 Me V He+ ionsas incoming particles. The plot is normalised 
by dividing the step sizes by the maximum step size. The step sizes resulting from the 
measurements are represented by the solid curve. 
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Figure 7-4 shows that the position of the maxima in the step size and the general shape of the 
curves of the FLUX7 simulations and the measurements are in good agreement with each 
other. The curve of the FLUX7 simulations is ho wever generally lower than the curve of the 
measurement. In chapter 5 for axial channeling in silicon samples with one ultra-thin layer 
also small deviations in the normalised step size between the simulations and the experiments 
are found. 
However, the simulations are still useful, because the distance between the two maxima in the 
step sizes is equal for the simulations and the measurements. 
It the can be concluded from this and from chapter 5 that the axial channeling experiments at 
samples with ultra-thinlayers can be simulated adequately with FLUX7 even ifthe steady 
state flux distribution is not totally reached. 

7.3.4 Variation ofthe sample compositions 
In this paragraph FLUX7 simulations are presented in which the thickness ofthe InAs ML is 
varied. The simulations are shown to be able to compare the results qualitative with the 
silicon samples and probably they can predict which effects can be expected as incomplete 
ML's are grown. 
FLUX7 simulations are performed for samples with 10 ultra-thin coherent InAs layers of 
respectively 3.1 A and 7 A (50% thinner and thicker) insteadof 4.7 A (thickness ofthe 
strained ML along the <011> direction). The shift in the channel is found to be respectively 
0.47 A and 0.21 A insteadof 0.31 A. These thicknesses can be incorporated in FLUX7, but it 
is impossible to grow them coherently in samples. 
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Figure 7-5: Calculated normalised step size as a function ofthe angle to the <011> axis 
in the {100} plane for GaAs/InAs samples. The simulations are presented for ultra-thin 
layers of3.1 Á (gray curve), 4.7 Á (dashed curve) and 7 Á (solid black curve). 

The FLUX7 simulations plotled in figure 7-5 show similar behaviour as the measurements 
and simulations performed for the silicon samples with ultra-thinlayers (chapter 5). Thus the 
angular distance between the maxima increases as the shift in the channel decreases. 
Figure 7-6 shows FLUX7 simulations for the case that only 5 ML layers are incorporated in 
the sample and for the case that the thickness of the GaAs layers between two ML InAs is 
increased from 255.7 A to 275 A. 
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Figure 7-6: Calculated normalised step size as a function ofthe angle to the <011> axis 
in the {100} plane fortheGaAs/InAs sample. The simulations are performed for 3.5 
Me V He+ ionsin the incoming beam. The simulations are plotted for 5 ultra-thinlayers 
( dasbed black curve), for 10 ultra-thinlayers separated by GaAs layers with a thickness 
of 275 Á insteadof 255.7 Á (gray curve) and for the real sample (solid black curve). 

Figure 7-6 shows that for GaAs samples with 5 and 10 ML InAs layers the angular di stance 
between the maxima ( lf/max) is equal. The curve for 5 ultra-thinlayers is generally lower than 
the curve for 10 ultra-thin layers. This seems reasonable since 5 ML less are incorporated and 
therefore fewer particles will decbanneL The distance between the maxima in the step sizes is 
equal. Ifthe flux distribution before and aftereach ML is (more or less) equal this can be 
expected. It can be concluded that the shift in the channel is the important parameter and not 
the number ofML's. 
In chapter 6 it is shown that when the steady state flux distribution is not reached the step size 
curves are extremely sensitive to the path length of the i ons through the sample. It is expected 
that for the GaAs/InAs sample the steady state flux distri bution is not complete, but nearly 
reached at the ultra-thin layer, but possibly the flux distribution will be disturbed again by the 
10 monolayers. In order to check this a sample with 10 ultra-thinlayers separated by 275 A 
GaAs in stead of255.7 A is simulated. Figure 7-6 (gray curve) shows that the angular 
distance between the maxima does not change compared to the measured sample. The shape 
of the curve is different, probably because the steady state flux distri bution between two ultra
thin layers is not totally reached. 

7.4 Conclusions 
Measurements and FLUX7 simulations are performed on the GaAs/InAs sample with 10 
coherent InAs ML's, to find out ifthe metbod to measure the tetragonal distortion ofultra
thin coherent layers discussed in paragraph 5.5 also works forthese samples. Although the 
sample consisted out of 10 separated ultra-thinlayers the developed metbod to measure the 
tetragonal distortion can still be applied. 
The 10 coherent ML can not be distinguished as individual steps in the energy spectra, 
because of the detector resolution, the small difference in the kinematic factors of gallium and 
arsenic and energy straggling effects. Therefore the characteristics for the full 10 ML's are 
investigated. 
Axial <011> channeling experiments show the same behaviour as found for the silicon 
samples with the ultra-thinlayers (see also chapter 5); two maxima in the plots ofthe step size 
as function ofthe angle between the incoming beam and the <011> crystalline axis are found. 
The size of the two maxima is not equal, which means that the steady state flux distribution is 
not reached, when the ions impinge on the first ML. The measurements can be simulated 
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adequately with FLUX7. Thus for <Oll>axial channeling, simulations can be performed in 
the depth region where the steady state is not reached. 
FLUX7 simulations show that ifthe thickness ofthe InAs ML's is decreased the angular 
distance between the maxima increases and ifthe thickness ofthe ultra-thin layer is increased 
the distance between the maxima decreases. This behaviour was also found for the axial 
channeling measurements and simulations on the silicon sample (see chapter 5). Furthermore, 
ifthe number ofML's is decreased to 5, the angular distance between the maxima in the step 
sizes doesnotchange and thus the shift (Lh) into the channel of 1 ML is more important than 
the number ofML's. 
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Technology assessment 

Technology assessment 

This graduation project is carried out in the research group Physics and Applications oflon 
Beams at the department of Applied Physics of Eindhoven University ofTechnology. The 
main part of the research carried out in the group is the analysis of the structure and 
composition of materials. The materials used vary in a wide range of physical interest, e.g. 
samples ofbiological tissues, polymers, crystalline structures are often examined in the 
experiments. This reports deals with channeling experiments on crystalline structures with 
buried ultra-thin coherent layers incorporated. 
In the group an experimental set-up is present, which provides the possibility to perform 
Rutherford Backscattering Speetrometry channeling experiments. This facility is used in 
combination with the Philips A VF cyclotron, to perform analyses on silicon and gallium 
arsenide samples with buried ultra-thincoherent layers of SixGe1_x and InAs respectively. 

Silicon is the basic material of all the nowadays produced microchips. In order to develop 
better, faster, smaller etc. microchips it is important to investigate the characteristics ofthe 
used matenals and to he able to quantify the physical properties. 
The method developed in this graduation project to quantify the tetragonal distortion ofultra
thin layers can contribute to the development of smaller microchips with thinner layers 
incorporated. Flirthermore it can lead to a better understanding of the physical properties of 
ultra-thin coherent crystallayers, which can lead to an improvement of silicon based 
microchips in generaL 
The GaAs/InAs samples are used in modem photo-electrical devices like quanturn welllasers. 
Furthermore, devices used in modem data communication by optical signals in glass fibre 
networks are composed of GaAs/InAs structures. In order to optimise the devices the physical 
properties of the materials must he known accurately. The developed technique to quantify 
the tetragonal distortion can contribute to the development of betterand faster devices. 
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Appendix A: Input parameters for FLUX7 
Numberous parameters are needed to simulate a channeling experiment with FLUX7. These 
parameters must be given in the file with the extension inp that is defined in the file 
batflux.ini. 

The following parameters can be given: 
Nlayer: Number of sublayers ( maximal 2). Thus maximal two layers of 

Lattice: 

NL: 
Zl: 
Z2(L,K): 

Al: 
A2(L,K): 
DEBYE(L,K): 

TEMP(K): 
UA(K): 

TO,TMIN: 
EFILE: 

ZVAL(L<K): 
CFILE: 
ROTi(I,J): 
TRANSi(l): 

ENERGY LOSS: 

different composition and structure can be used in one simulation. 
Lattice type and channeling direction (see the file Combin.fig for 
the options), for each layer the following quantities are needed: 

Number ofatom sorts in the lattice (e.g. 1 for Si, 2 for GaAs). 
Atomie number of the induced particle. 
Atomie numbers of the lattice atoms, 
(L=l..NLAYER, K=l..NL). 
Atomie mass of the induced particle. 
Atomie mass of the lattice atoms. 
Debye temperatures for the atomie elements (used for the 
vibration), a negative value is treated as the vibration amplitude. 
Lattice temperature 
Lattice constant (À) 

Initial and minimum energy 
File containing initia} energy distribution ( alternative to TO,TMIN) 

Number of valenee electrans 
File containing initia} coordinates ( optional) 
Rotation matrix (applied to initia} coordinates)(I=1..3, J=1..3). 
Translation vector (applied to initia} coordinates). 

>0, Energy lost (default, ion channeling) 
<0, Energy gain (emission channeling) 
=0, no electronic energy loss 

NBIN: Binfactor for NEP, energy loss, etc (default 100) 
DEDX WEIGTHED: Selected if RBS spectra are simulated. 
DEDX UNWEIGHTED: Selected iftransmission channeling is simulated. 

DEDX V ALENCE: 

DEDXVL(K): 
DEDXVP(K): 

ELCORE(I,L,K): 

ZDIST GAUSS: 
ZIMAX: 
ZIFWHM: 

ZDIST UNIFORM: 
ZIMAX: 

(One ofthe previous two arguments must be selected.) 
Needed for the calculation ofthe energy loss resulting from the 
outer shell electrans (only needed ifEFILE is not given). 

Local valenee contribution (eV/Á). 
Plasma excitation interaction (eV/Á). 
The best results are obtained by the values chosen so that when 
checking the input file withjluxchk.exe the Ziegier random 
stopping value is equal to the totalstopping power [16]. This 
method is expected to give better results than the results 
obtained with dedx.exe program. 

Energy loss resulting from the inner shell electrons. Divided in 50 
steps (1=1..50) from 0.04 A each. The values can be calculated with 
the dettmann.exe program. 

Average depth ofimpurity atoms (À). 
FWHM of impurity distribution (À). 

Maximum depth (À). 



ZDIST EXPON: 
ZIMAX: 
ZIFWHM: 

CROSS SECTION: 
NCROSS: 

ECROSS(J), CROSS(J): 
NCROSS(L): 
ECROSS(L,J): 
CROSS(L,J): 

BEAM DNERGENCE: 
XSD: 
YSD: 

ANGH: 
BEAMSPOT: 

BEAMX: 
BEAMY: 

COLLIMA TE: 
AMAWBEAM: 

INTERFACE: 

ZINTERF(K): 
WINTERF(K): 
ROTM(I,J,K): 
TRANSL(I,K) 

THICKNESS: 

NTHICK: 
THICK(N): 

NSEED: 
IS EED: 

NTRACKS: 
NTRX: 

NREPEAT: 
NRUN: 

ANGLES: 
NANG: 
ANG(l ,Q),ANG(2,Q): 

Appendix A: Input Parameters for FLUX? 

Maximum depth (Á). 
Width ofthe exponential distribution (Á). 

Optional 
Number of values for the ECROSS and CROSS for the 
impurity. 
Energy and cross section. 
The same information for the host atoms. 

Optional, default no spread. 
Beam standard deviation horizontal ( degrees). 
Beam standard deviation vertical (degrees). 
When the adjustment in the program is used, for XSD the width 
of the first slit must be given and for YSD the width of the 
second slit. 
Angle of horizontal direction with scan direction. 

Optional, Size of the incoming beam, default one cell (figure 3-1) 
Beamsize in the x-direction (Á). 
Beamsize in the y-direction (Á). 

Optional, default 15 degrees. 
Maximum permitled angle with the beam. 

Optional, used to define a rotated or translated interface between 
two layers. 

Depth ofthe interface (Á). 
FWHM of spread in the interface (Á). 
3x3 Rotation matrix. 
Translation vector. 

Optional, overrules ZINTERF(K). Is used to define as sample with 
more than 2layers. Notice that only samples with maximal2 kinds 
of layer can be simulated. With the option thickness samples with 
the two kinds of layers altemating can be simulated. 

Number of layers. 
Layer thickness (Á) (N=l..NTHICK). 

Optional, default: program selects. 
Arbitrary integer for the random generator. 

Number of tracks to follow. 
Optional, default 1. 

Number of runs with NTRX tracks. 
In order to estimate uncertainties. 

Incident angles. 
Number of incident angles. 
THETA and PHI in degrees, (Q=l..NANG). 
THETA is the angle between the velocity and the depth (z) 
direction and PHI is the angle between the zx plane and the 
plane defined by the z-axis and the velocity vector. The 
definition of x and y depends on the lattice type and can be 
found using the programplotfig3.exe. 

ANGLES P: Used to calculate the angles for planar channeling. 
NANG: Number of incident angles. 
THETAO(Q), PHIO(Q), TILT(Q): 

PHIO is the angle between the zx plane and the plane defined by 
the z-axis and the velocity vector. 
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Define a plane by PHIO and the z-axis. The beam is tilted an 
angle THETAO away from the axis, in the plane defined by 
PHIO. Subsequently tilted by an angle TILT away from the 
plane defined by PHIO. 
FLUX7 calculates out ofthose 3 input angles, 2 output angles 
(theta and phi). 

Optional. Input ends with either this keyword, or with end of file. 
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Appendix B: Control parameter for FLUX7 
FLUX: 

NF: 
LFLX: 

VFINAL: 
NV: 
ANGPMDG: 

NCHAN: 

CRITXDG: 
CRITYDG: 

EFINAL: 
TFMIN, TFMAX: 

XYOUT: 
IXYOUT: 

SCORE: 

CURVATURE: 
CURPLANE: 
CURRADIDS(K): 

IMPURITY: 
A,DEBYE: 
IAUTO: 

EXITCOORD: 

Optional, Fluxdistribution as output. 
Flux distribution is accumulated in a NF*NF array. 
Layer number after which flux distribution is accumulated. 

Optional, Final velocity veetors as output. 
Final velocity vector distribution accumulated in NV*NV array. 
Angular range at exit of sample. 

Optional, Number of channeled particles as function of the depth 
output as output. 
Critica! angle (x component). 
Critica! angle (y component). 
These values are only used to calculate the number of 
channeled particles as a function of depth. 
Optional, Final ion energy as output. 

Minimaland maximalofrange offinal energy. 
Optional, output of the XY co-ordinates. 

output every IXYOUT collisions. 
Optional, output the effective values of the contributions of the core 
electrans and the valenee electrans as a function of depth. 
Optional. 

Specifies a plane perpendicular to the cylinder axis. 
Radius of curvature (Á). 

Only needed ifthe file is used as input for YIMP. 
Mass number, Debye temperature or -ul(Á). 
Flag, determining which impurity sites to use. 

Optional, Output the values ofx,y (Angstrom) px, py ( direction 
cosines) and final energy (Me V) at the end of each track. 
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Appendix C: Adjustment ofthe beamdivergence 

C -----------------------------------------SUBROUTINE DIVER(X,Y) 
SUBROUTINE DIVER ( X, Y, XD, YD ) 

C usage: CALL DIVER ( X, Y ) 
C METHOD TJA 
c 
C XSD IS THE SPLIT WEIGHT OF THE FIRST SPLIT YD IS THE SPLIT WEIGHT 
OF 
C THE SECOND ONE. 
C USES SUBROUTINE RANMAR TO SUPPLY PSEUDORANDOM NUMBERS. 
C MAKE SURE RMARIN (or RANSET) IS CALLED TO INITIALIZE RANMAR 
C BEFORE THE FIRST CALL TO ENORM. 
c 

REAL RN,X,Y,MAXANG,MINANG,RAN1,RAN2,RAN3 
REAL UNIRANx(3) ,unirany(3) 
integer ar(S) 
L=768 

C CALULATION OF THE MAXIMAL DIVERGENCE ANGLE AND THE ANGLE WHERE 
C THE PLATEAU ENDS. 

MAXANG=ATAN(O.S*(XD+YD)/L) 
MINANG=ATAN(O.S*(XD-YD)/L) 

C write(*,*) maxang,minang 
100 CALL RANMAR(UNIRANx,3) 

RAN1=UNIRANx(1}*MAXANG 
IF (RAN1.LT.MINANG) THEN 

X=RAN1 
ELSE 

FRAC=(YD+L*(TAN(MINANG)-TAN(RAN1)))/YD 
IF (UNIRANx(2) .GT. (1-FRAC)) THEN 

X=RAN1 
ELSE 
GOTO 100 

ENDIF 
ENDIF 
IF (UNIRANx(3) .LT.O.S) THEN 
X=-X 
ENDIF 

200 call ranmar(unirany,3) 
ran2=unirany(1)*maxang 
IF (RAN2.LT.MINANG) THEN 

Y=RAN2 
ELSE 

FRAC=(YD+L*(TAN(minang)-TAN(ran2)))/YD 
IF (UNIRANy(2) .GT. (1-FRAC)) THEN 

Y=RAN2 
ELSE 
GOTO 100 

ENDIF 
ENDIF 
IF (UNIRANy(3) .LT.O.S) THEN 
Y=-Y 
ENDIF 
END 

V 


