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Abstract 

A study has been made of theoretica! models descrihing ion-atom interactions in solids 
applied in Monte Carlo channeling simulation programs. The channeling simulation program 
LAROSE present in the group Nuclear Physics Techniques has been utilized to investigate 
distortion of channeling phenomena by beam divergence effects. 

Furthermore, a model descrihing spatial variations in electTonic stopping powers in 
semiconducting crystals has been deve1oped and implemented in LAROSE. The model is 
based on free electron gas stopping powers implemented within the framework of the Local 
Density Approximation (LDA). Local electron densities are determined using Hartree-Fock
Slater wave functions for core electrans and Pseudopotential-Density-Functional theory for 
valenee electrons. Absolute energy loss spectra for 4 Me V a particles channeled in the <111 >, 
<110> and <100> axial directionsin si1icon have been obtained with the LDA model. Based 
on these spectra, the individual contributions of the core and valenee electrons to stopping 
powers for axially channeled particles have been evaluated. It is shown that the core electrans 
give rise to a long high energy loss tai1. The shapes of calculated energy loss spectra closely 
resembie those of experimentally obtained energy spectra reported in the literature. Average 
stopping powers in the axial channeling directions are found to be lower than for random 
directions. Channeled-to-random ratios for the <111>, <110> and <100> directions are 
respectively 51%, 46% and 58%. These values are in good agreement with experimentally 
determined values. The differences between the three axial directions can be explained in 
terms of differences in the geometrical structure of the channels. Finally, it is shown that 
spatial variations in the stopping power within a channel due to local electron density 
variations, produce a fundamental contribution to the broadening of energy loss distributions 
of channe1ed particles. This contribution is found to be in the order of Bohr straggling. 
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Introduetion 
The work described in this report, has been carried out in the group Nuclear Physics 
Techniques at the Physics Department of the Eindhoven University of Technologyin The 
Netherlands. At the moment, an experimental set up for ion channeling is being built in this 
group. The set up will be used for structural analysis of crystalline materials using a beams 
with energiesin the range between 2 and 30 MeV. 

This work mainly concerns a study of theoretica! models descrihing channeling phenomena 
in crystals. These models are of great importance for the channeling technique, since they are 
indispensible with respect to correct interpretation of results obtained in channeling 
experiments. The study is based on the Monte Carlo channeling simulation program LAROSE 
present at the institute. Apart from a detailed evaluation of the physical concepts implemented 
in the program, and application of it for investigation of beam divergence effects on 
channeling measurements, a model for spatial variations in local stopping powers in 
semiconducting crystals has been implemented. In this model, energy losses of ions in a 
crystal structure are treated within the framework of the local density approximation. This 
approximation is based on locally constant free electron gas stopping powers arising from 
locally constant electron densities in the crystal structure. In semiconducting crystals, the 
electron density distribution is assumed to consist of two independent contributions. The frrst 
contribution arises from the electroos tightly bound to the nuclei (core electrons), and the 
second contribution represents the electroos that are loosely bound to the nuclei and adjust 
themselves to their crystalline environment (valence electrons). With the local density 
approximation stopping power model, energy loss spectra of energetic a particles moving in 
main axial directions of silicon are ca1culated and the results are compared with experimental 
data. 

In chapter 1, a description of the basic principles and concepts involved in ion channeling is 
given in terms of the continuurn potential model. Furthermore, various illustrative examples 
of the application of channeling concepts in materials analysis are given. 

In chapter 2, the physical model on which the Monte Carlo channeling simulation_program 
LAROSE is based, is outlined and relevant details related to computational methods applied ' 
in the program are discussed. 

In chapter 3, the influence of beam divergence effects on channeling measurements is 
investigated based on angular scan simu1ations performed with LAROSE. 

Chapter 4 is concemed with the local density approximation stopping power model in 
LAROSE. Relevant details related to the theories for electron density calculations in 
semiconducting crystals and stopping powers in a free electron gas are provided. Furthermore, 
computational methods applied for the implementation in LAROSE are discussed. Finally, the 
model is tested by a comparison of results obtained with the model with experimental data. 

Experimental work, conceming quantification of hydrogen detection in ERD experiments 
using (a,p) reactions, carried out in the beginning of the graduation project and not related 
to the channeling project, has been included as a separate intemal report. 
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Chapter 1 

Principles and applications of channeling in ion beam 
analysis techniques 

In this chapter we discuss ion channeling in structural material analysis. First in section 1.1 
we briefly review three of the most widely applied ion beam analysis techniques used in 
combination with channeling and summarize their specific characteristics. Next, in section 1.2 
we discuss the theory of the channeling phenomenon and explain specific channeling effects 
in terms of the theory. In section 1.3 we give detailed examples of possible applications of 
ion channeling in materials analysis. Finally in section 1.4, we justify the use of computer 
simulations for a proper interpretation of channeling experiments. 

1.1 Introduetion 

Since the development of partiele accelerators, beams of energetic charged particles have been 
used for material characterization. Below a schematic representation of a general ion beam 
analysis experiment has been depicted. 

Sample 

Ion beam 

Figure 1.1 Ion beam analysis experiment 

A beam of energetic ions is directed upon the sample which is to be analyzed. The ions 
interact with the atoms present in the sample; they can be scattered by these atoms, induce 
nuclear reactions or produce inner shell X-rays. Using solid state detectors, the scattered ions, • 
nuclear reaction products or X-rays can be measured providing information on the 
composition of the sample under consideration. 

Mainly, ion beam analysis techniques provide information on elemental composition and 
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concentration distributions within a sample. However, if a material possesses a crystalline 
structure these techniques may also reveal infonnation on the structural characteristics. To be 
able to perfonn structural analysis with an ion beam it is directed parallel to a main 
crystallographic axis or plane of the investigated material. This is called channeling. Thus if 
an experiment based on a specific analysis technique is perfonned with a channeled ion beam, 
structural information on the investigated material can be obtained. 

Before we discuss channeling and its applications in full detail, we fust briefly review three 
of the most widely used techniques in materials analysis, which can be combined with 
channeling. 

Rutherford Backscattering Speetrometry (RBS) is based on scattering of the projectiles by the 
atomie nuclei present in the sample. With a solid state detector the energy of the 
backscattered ions is measured from which an energy spectrum is accumulated. The energy 
of the scattered ions for a given scattering angle and projectile energy depends only on the 
mass of the atom by which it was scattered and the energy lost by the projectile while 
travelling through the material. RBS provides quantitative analysis of areal concentrations as 
a function of depth. RBS is most suitable for depth profiling of relatively heavy elements on 
low Z substrates i.e. ~ubstr~vy et· Typical depth resolutions are in the order of 20 nm and 
detection Iimits near 1·1013 atoms/cm2 can be achieved for surface impurities. An extensive 
description of characteristics and applications of RBS can be found in [1]. 

For the detection of light elements (Z~O) in a heavier matrix Nuclear Reaction Analysis 
(NRA) may be used. For the very light isotopes (~10) a number of nuclear reactions have 
sufficiently high cross sections to be appropriate for analysis purposes. The energy of the 
direct products of these reactions (usually 1H, 2H, 3He, 4He or y-rays) is measured and an 
energy spectrum in accumulated. From the obtained spectrum along with detailed knowledge 
of reaction cross section as a function of projectile energy, depth profiling of certain light 
elements may be perfonned. In case of y NRA high resolution depth profiling can be achieved 
using a resonance having a narrow energy width. By varying the incident ion energy the depth 
interval in which the resonance occurs can be selected. 

Partiele Induced X-ray Emission (PIXE) is a technique which is widely used for tracç element 
analysis. The technique is based on ionization of a target atom by knocking out an electron ' 
from the Kor L shells. These holes may be filled up under emission of X-rays which have 
characteristic energies for each element. With PIXE low detection limits (in the order of ppm) 
can be reached, but depth profiling is not possible. 

The possibility of using the mentioned techniques in combination with channeled ion beams 
thus enables structure analysis on various kinds of matenals with crystalline structures. In the 
rest of this chapter we will be concemed with the theory of the channeling phenomenon and 
with examples illustrating the possibilities of stuctural materials analysis with ion beams under 
channeling conditions. 
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1.2 Principles and concepts in ion channeling 

lf a beam of energetic ions is directed along a major crystallographic axis or along a plane 
of a single crystal, channeling occurs. U nder channeling conditions the particles will penetra te 
further into the crystal than in the case these particles would be directed in a "random" (i.e. 
non near-axial or planar) direction. The probability of close encounter events with lattice 
atoms causing large angle scattering, nuclear reacrions or production of inner-sheli X-rays is 
greatly reduced. In this section we will discuss channeling phenomena within the bulk of the 
crystal. These will be explained in termsof Lindhard's continuurn theory of channeling. 

1.2.1 Lindhard continuurn model 

In 1965 Lindhard [2] published an important paper in which he presented an elegant 
description of the channeling phenomenon. Consider figure 1.2 in which a side view of a 
channeling process is shown. 

\LLLLLLL I 
BINARY COLLISION ,-------,/ 

0000000000000000000 0000000 0000000000000 

--.; 

CONTINUUM 

Figure 1.2 Part of the trajectory of a channeled particle. 

Tra jeetorles of channeled particles are such that they undergo glancing angle impact collisions 
with axes or planes of a crystal and are steered by a series of sequentia! binary collisions with 
the atoms in those axes or planes. From the inset in figure 1.2 it can be seen that the total 
scattering angle is established by many individual collisions giving rise to a change in angle 
Acp that is small compared to the total scattering angle. In that case one may describe the 
motion of the channeled partiele having a continuurn potential energy. This is a potential, 
dependent only on the perpendicular distance r to the row or plane, obtained by averaging the 
individual potentials of the atoms along the row or plane. We note that the potentials referred 
to here are actually potential energies. The continuurn potenrial actually represents the 
potenrial energy of an ion of charge Z1e, in the Coulomb field of an axis or plane as we will 
see below. From now on, the use of the word "potential" will always indicate a potential 
energy unless explicitly stated otherwise. 
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The axial continuurn potential U3(r) fora row with atomie spacing dis found to be 

(1.1) 

where r is the perpendicular distance from the row, z is a coordinate running along the atomie 
row, V(r') is the screened Coulomb potential of the individuallattice atoms and r' is the 
spherical radial coordinate, r...z=z2+r. For convenience we will use a simple screened Coulomb 
potenrial that allows analytica! treatments of channeling effects. In more sophisticated models, 
more elaborate screened Coulomb potentials are used as we will see in chapter 2. 

In Lindhard's continuurn theory the standard potenrial is given by 

(1.2) 

in which Eo is the permittivity of the vacuum, Z1 is the atomie number of the projectile, ~ 
is the atomie number of the target atoms, C2 is a factor usually taken equal to 3 and a is the 
Thomas-Fermi screening distance. Inserting (1.2) in (1.1) and evaluating the integral yields: 

z z e
2 [(caJ ] U (r) = 1 2 In - + 1 . 

a 4xeod r 
(1.3) 

So far, we have only given expressions for axial channeling. For the planar case, similar 
expressions can be obtained using similar methods. These can be found in [3]. In the 
following, we will only refer to axial channeling unless explicitly stated otherwise. 

1.2.2 Critical angle 

The concept of the critical angle may be illustrated by the law of conservation of energy in 
the channel. The total energy E of a partiele inside the crystal is 

2 2 
PI P.L E=_+_+U(r), 
2M 2M a 

(1.4) 

where p1 and p .L are the parallel and perpendicular components of the total momenturn p with 
respect to the string direction (see figure 1.3) and Ua(r) is the axial continuurn potenrial given 
by (1.3). The perpendicular and parallel components of p are given by 

(1.5) 

where 'I' is the angle with respect to the atomie string. 
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Figure 13 

• • • • 
~p 

~~-------------

• • • • 

Parallel and perpendicular components of the initia/ momentum vector 

We may use a small angle approximation in (1.5) with which insertion of (1.5) in (1.4) yields 

E=E +E =L+ L!_+U(r) . 2 ( 2 2 ) 

I .L 2M 2M a 
(1.6) 

Assuming both the total energy and the energy in the forward direction constant over the 
dimensions involved in the steering of a channeled particle, the remaining transverse energy 
will also be constant. Now based on the concept of conservation of transverse energy we can 
defme a critica! angle 'l'c· Por projectiles approaching an atomie row within a minimum 
distance of approach rmin• large angle scattering events will occur. Consequently there is a 
corresponding maximum incident angle, the critica! angle 'l'c• for which the incident particles 
cao besteered by the atomie rows (see figure 1.4). The critica! angle is defined by equating 
the transverse energy at the turning point U(rmJ, where all transverse kinetic energy has been 
converted in potential energy, to the transverse energy at the midpoint of the channel. 

Figure 1.4 Distance of ciosest approach r mi• in channeling 

Thus we obtain 

(1.7) 

or 
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(

U(r . ) )tfl 
'lfc= ;m (1.8) 

Any trajectories of which the angle of incidence is larger than this value will reach beyond 
rmin and are dechanneled. The magnitude of rmin is determined by the thermal vibrations of the 
atoms in the string. These will be discussed in further detail in chapter 2. Now, if we set 
rmm=P in which pis determined by thennal vibration theory and combine (1.3) and (1.8) we 
find 

(1.9) 

where 

(1.10) 

This last expression is often used as a frrst approximation of the critica! angle in an 
experimental situation. Important to note is that 'lf1 decreases with increasing energy. This 
effect may be utilized in measuring strain in strained layer lattices. 

1.2.3 Minimum yield 

With a defmition of rmin as distance of ciosest approach, we can easily derive an expression 
for the fraction of the total number of particles incident parallel to a crystal axis ('lf=Ü) that 
is channeled. This fraction is also referred to as the minimum yield Xmm· Consider figure 1.5 
below, in which we are looking upon a plane perpendicular to the crystal axis under 
consideration. 

CRYSTAL SURFACE 

Figure 1.5 Front view of crystal structure in axia/ direction 

Every black dot represents a row of lattice atoms. Around each string of atoms is an area 
mmin2 in which particles cannot channel, while particles incident at r>rmin can. Then the 
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fraction not channeled is simply 1trm~n2/rcr02, where m0
2 is the area associated with each string, 

2 1 
1tro =-. 

Nd 
(1.11) 

N is the atomie concentration and d is the atomie spacing along a string. The minimum yield 
Xmm defined as rcrmin2/rcr0

2 usually is in the order of 1%. 

1.2.4 Flux distributions in axial channeling 

Another important effect used in impurity location analysis with ion channeling is the so 
called flux peaking. Because of con servation of transverse energy E J.• a channeled partiele is 
confmed within equipotential contours. Consider tigure 1.5, in which equipotential contours 
U~r) of the axial continuurn potential are shown for the <110> direction in Si. A partiele 
with a transverse energy smaller than, for instance, 3 e V will be confined within the region 
bounded by the 3 eV equipotential contour. 

Figure 1.6 Equipotential contours in <110> Si 

Based on this confmement to a region, we can derive the probability of finding a partiele with 
a certain transverse energy somewhere in its allowed area A(E .J. Normalized to unity this 
probability density is 

(1.12) 

The area A(E .J is defmed by an equipotential contour such as those shown in tigure 1.6. 
Equation (1.12) implies that the probability density is uniform in the allowed region and zero 
outside this region. To demonstrate the flux peaking effect, we calculate the flux distribution 
of ions for a channeled beam ('lf=Ü). The assumptions we make are: 

8 



1. Conservation of transverse energy: A partiele that enters at rio cannot get closer than 
rio to the string. 

2. For two-dimensional axial channeling bas a uniform probability of being found in its 
"allowed" area; for cylindrical symmetry, the allowed area= m0

2-mio2 where r0 is the 
radius associated with the string. 
Thus we get 

1 
1--"--"""""" , r>r. 

2 2 m 
p ( ) 1tro -1trio rio,r = 

(1.13) 

3 We assume cylindrical symmetry for simplicity (see tigure 1.7) . 

• • • 

• t-;\ 
\ ) • -

• • • 
I 
I 
I 
I 

U0 CrJ I ALLOWED REGION 
I 

r 

Figure 1.7 Cylindrica/ symmetry in flux dis tribution estimates 

The flux distribution inside the crystal, f(r), can be found by integrating over all initia! 
impact parameters which are distributed uniformly: 

~ ~ 

f(r) = JP(r. ,r)21tr. dr. = J 1 
21tr. dr. m mm 2 2 mm 

0 r 1tro -1trio 
(1.14) 
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In figure 1.8, a plot of this flux distribution as a function of the radial distance to the string 
is depicted. It is clear that channeling has the property of taking a uniform flux distribution 
outside the crystal and tuming it into a peaked distribution inside. Note that the flux becomes 
greater than 1.0 (the value corresponding to the non-ebanneling normalized partiele density) 
as r ~ r0• This is called flux peaking. Because of this, the close encounter yield from an 
interstitiallocated in the center of a channel can be much greater than 1.0, the non-ebanneling 
value. Obviously, this effect can be used to locate interstitials within the channel. 

ROW CHANNEL CENTER 

~ + 

2 

AXIAL CHANNELING "' 

<l/1=0) "' 

1 •••• ~~~~~~.~.~!:!-:~.'? ........ . 
LEVEL 

DISTANCE FROM ROW, r/r0 

Figure 1.8 Flux distribution in an axial channel 

1.3 Utilization of ion channeling conceptsin materials analysis 

The channeling concepts discussed in the previous section can be applied in material analysis. 
In the following we will give a few ilustrative examples which demonstrate the various 
application possibilities of ion channeling in the characterization of structural features of solid 
materials. 

1.3.1 Crystal quality characterization based on minimum yield 
determination 

The value of the minimum yield is a measure of crystal quality. If a material is perfectly 
crystalline, close encounter probabilities for large scattering events will be very low resulting 
in a minimum yield in the order of 1%-3%. On the other hand if a crystal structure contains 
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defects or is damaged in any other way, the close encounter probabilities will be higher 
producing a higher minimum yield. The most important applications of crystal quality 
characterization by minimum yield analysis are defect characterization in epitaxiallayers and 
determination of induced damage by ion implantation. In both cases detection of backscattered 
ions is most appropriate to allow for depth profi.ling. 

Below, we provide an illustrative example concerning laser annealing of As implantation of 
a single silicon crystal as studied by White et a/.[4]. They investigated the metbod of laser 
annealing for achieving high substitutional As dopant concentrations and recrystallization of 
the damaged silicon structure after implantation of the As atoms. The sample they investigated 
was obtained by implantation of 1.4·1016 As atoms per cm2 at an energy of 100 keV in the 
<100> direction of silicon. After the implantation, the sample was annealed with a pulsed 
ruby laser having a single pulse energy density of 1.6 J/cm2

• RBS/channeling spectra were 
recorded before and after the laser annealing procedure and are shown in figure 1.9. 

Figure 1.9 
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2.2 

Channeling backscattering analysis of arsenic-implanted silicon before and after laser annealing 

From the spectrum obtained before the annealing we see the implantation damage in silicon 
is sufficiently extensive to convert the implanted region to an amorphous layer. This may be 
concluded from the fact that the silicon yield in the channeling direction is equivalent to the 
reference random across the implantation region. The high yield from the implanted impurities 
also shows that they are distributed in a disordered matrix. The effects of a single laser pulse 
on the channeling spectra are shown along with the aligned yield from a virgin silicon crystal. 
It is seen that a single pulse restores the channeling spectra of the implanted material very 
nearly to that of the original crystal and also drastically reduces the channeling yield of the 
impurity. This is interpreted as a conversion of the silicon amorphous layer to recrystallized 
material and massive incorporation of the dopants into substitutional positions in the 
recrystallized lattice. 
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1.3.2 Applications of the critica) angle concept and flux peaking 
phenomena 

The discussion of the critica! angle concept and flux peaking we outlined previously, can be 
utilized by measuring close encounter yields as a function of the angle between the beam and 
the channeling direction under consideration. These so-called angular scans can be constructed 
for bulk material as well as possible impurity atoms by selecting an appropriate energy 
window in the spectrum of for instanee backscattered ions. 

One of the most direct applications of angular scan analysis is the determination of the 
location of impurities in a single crystal. In tigure 1.10 two different impurity configurations 
are depicted. First we have the situation of a pure substitutional impurity, which implies that 
all impurity atoms are located on lattice sites of the host crystal. Secondly we see a situation 
in which impurities occupy an ensemble of different sites as in an impurity cluster. The 
impurities are "randomly" distributed within the channel. 

-----::::: / SU8STITUTIOHAL 

~ :: :: :, : :: [ :?r~=TITUTIONAL 

Figure 1.10 A single crystal containing impurities 

If we perform a channeling experiment for both cases and accumulate angular scans for the 
impurities we see striking differences as can be seen from figure 1.11. For the substitutional 
case the angular scan of the impurity exhibits the same angular dependenee as that of the host 
lattice. The explanation for this is that since the concentration of impurities usually is small 
( <1% ), the channeling properties of the host crystal remain unaffected by the impurities. As 
the impurities are located in the lattice rows of the host crystal, the angular scan of the 
impurity and the host coincide (of course only if the impurities are 100% substitutional). For 
the "random" cluster we observe a totally different behaviour. Because of the random 
distribution of the impurities within the channel, the angular dependenee of the angular yield 
curve totally disappears. This is caused by the fact that the channeled motion of the ions is 
completely disrupted by the cluster resulting in a "random" yield. 
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Figure 1.11 Angular scans for a substitutional impurity and a cluster of nonsubstitutional impurities 

Another very interesting situation occurs when impurities occupy well defined sites between 
lattice sites of the host In this case the angular scan for the impurity differs substantially 
from those shown in figure 1.11. As an example we consider the channeling experiment 
carried out by Andersen et.al [5], with a Si crystal implanted with relatively low amounts of 
Yb(- 1014 atoms/cm2

). The angu1ar scans, accumulated in the <110> axial direction, of the 
host (black curve) and the impurity (dashed curve) for this case are shown in figure 1.12. 
Because the impurities are located on a well defmed site in the center of the <110> channel 
a sharp peak appears in the center of the angular scan. It is interesting to see that the intensity 
of this peak is far greater than 1.0 which is caused by the flux peaking effect at the center 
of the channel. In fact, this experiment provided the frrst experimental evidence fortheflux 
peaking phenomenon. 

Figure 1.12 
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From the examples sbown bere it is clear that the angular scan is of indispensible value in 
impurity location analysis, because it provides direct qualitative information about the 
positions of the sites occupied by impurity atoms. 

As a second example mustrating the value of angular scan measurements we consider the 
characterization of strain in epitaxial Si1_xGexfSi multilayers (the subscript x denotes the Ge 
fraction) using ion cbanneling. Consider figure 1.13 in wbicb a two-dimensional schematic 
representation of a Si1_xGexfSi multilayer is shown. The vertical dasbed line represents the 
perpendicular crystallograpbic axis. 

~ 

I 6'~ 
I V I ' 
I ' / I ' 
I :v I Si top-layer 
:y 
y 
I 
I 
I Si1_xGex 

1/ I 
I 
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V I 
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V I 
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V I 
I 

Si [1 00] substrata 

/ I 
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I 

Figure 1.13 An epitaxial Si1 .. Ge)Si S)'Sfem showing angu/ar shift of the <1 11 > channel 

During beteroepitaxial growth of Si1_xGex on a Si substrate tbe in-plane lattice constant is 
preseiVed. Since the lattice constant of a free standing Si1_xGex crystal is larger than that of 
a single Si crystal, an in-plane compressing strain arises in the epitaxial Si1_xGex layer. This 
strain causes an increase in the perpendicular lattice constant of the Si1_xGex layer. 11ris effect 
can be recognized in figure 1.13. The strain ~ can be written in terms of the lattice constants ' 
in plane and perpendicular to the interface (asiGel and asiGe.L respectively): 

E = aSiGe.L - aSiGel 
T a 

(1.15) 

in which a is the lattice constant of an unstrained Si1_xGex crystal. 

If the epitaxial layer has been grown on the [100] plane of a Si substrate, tbe <100> axial 
direction will not be distorted. On the other hand, because of the distorted perpendicular 
lattice constant, the <111> direction will be distorted. This distortion is a measure for the 
strain in the epitaxial Si1_xGex layer. 

Using ion channeling it is possible todetermine the strain wbicb we will illustrate below. The 
increase in the Si1_xGex perpendicular lattice constant doe to the distortion results in a shift 
d8 of the position of the channeling minimum relative to that for the unstrained Si layers and 
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substrate. This effect has been depicted in figure 1.13. The angular displacement de of the 
channeling minimum is a measure of the strain in the epitaxial layer. The angular shift can 
be obtained by accumulating angular scans for Si and Ge in the strained layer and Si in the 
substrate and top layer. Examples are shown in figures 1.14 a) and 1.14 b) which show the 
angular scans through <111> minima of two samples containing epitaxial Si1_xGex layers with 
different Ge fractions as measured by van de Walle et al. [6]. The individual contributions 
of the Si and Ge in the layer are represented by separate curves in the figure. In 1.14 a) 
(x=0.16) one can see that the minima for Ge and Si in the strained layer coincide with the 
minimum of Si in the unstrained top layer. The reason for this is the relatively small value 
of de of the Si1_xGex layer, which allows ions to continue their trajectories from the <111> 
channel in the Si top layer to the <111> channels in the strained layer. The shou1der in 1.14 
a) represents channeling in the Si1_xGex layer. 

Figure 1.14 
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Angular scans for Si and Ge in the strained layer and for Si in the top layer and the substrate 
Ge fractions are respectively x=0.16 (a) and x=033 (b) 

It should be noticed that a simple geometrie interpretation of de via 

de= tan-I (llsufasiGel)- tan-l(asïoelllsïoel) • (1.16) 

is not always applicable because steering of the ions results in a change of the channeled 
beam direction with respect to the axial direction as a function of depth. 

With respect to the measurement of de in strained layers we note that if de gets very small, 
the angular width of the channeling dip might be too large to be able to resolve the angular 
displacement For a solution of this problem we take another look at the expression for the 
width of the axial channeling dip given by (1.10) at page 6. The only experimental parameter 
in this expression is the projectile energy E which appears in the denominator of the square 
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root. Consequently, an increase of the projectile energy results in a decrease of the angular 
width and thus in a better angular resolution. Using high projectile energies thus 
enables resolvation of small angular displacements in strained layer materials. 

1.4 Simulation of channeling phenomena 

For several reasons, computer simulation of channeling effects in crystals is an indispensible 
tooi in interpreting spectra obtained in channeling experiments. Since the applications of 
channeling are mainly based upon the special behaviour of ion trajectories within the channels 
a correct interpretation of spectra obtained in channeling experiments requires detailed 
information on this behaviour. 

For instanee with respect to impurity location analysis based on flux peaking, detailed 
information on flux peak intensities and positions within the channel are necessary for a 
correct interpretation of angular scans. Conceming measurement of strain in strained-layer 
lattices based on angular shift determinations of angular scans it is important to know how 
ion trajectories behave at the interface between the slightly distorted channeling directions. 
Another aspect is the fact that depth proflling of structural characteristics of crystalline 
matenals measuring backscattering yields in channeling directions is highly dependent of the 
availability of stopping powers within the channel. For "random" directions experimental data 
on stopping powers are available for a wide range of elements and ion energies so that spectra 
can be analyzed immediately. For channeling directions the stopping powers are known to 
differ substantially from the random case because of the completely different behaviour of the 
ion trajectories. Ho wever, since experimental data on stopping powers in channeling directions 
are not sufficiently available, direct analysis of depth dependent characteristics from channeled 
spectra is not possible. For this reason, the possibility of stopping power calculations in 
channeling directions would be of great value. 

Following the arguments given here it is obvious that computer simulation of ion tra jeetorles 
in major symmetry directionsof crystalline solids is necessary for proper analysis of spectra 
obtained in channeling experiments. Detailed descriptions of methods utilized for channeling 
simulation purposes will be given in chapter 2 and 4. In chapter 2, general concepts of the , 
simulation of ion trajectories through a crystal structure are discussed. In chapter 4 specific 
aspects related to the computation of stopping powers in channeling directions are discussed. 
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Chapter 2 

Monte Carlo channeling simulations with LAROSE 

The importance of simwation of channeling phenomena has been pointed out in the previous 
chapter. Analytic as well as numerical methods for simulation purposes have been described 
in the literature. In this chapter we will not further discuss the possibilities of simwation 
basedon purely analytic methods such as Lindhard's continuurn model but concentrate on 
Monte Carlo simulation of channeling phenomena. The Monte Carlo method is still regarded 
as the most flexible and reliable technique which can be seen from the large number of Monte 
Carlo channeling programs discussed in the literature. 

At the Physics Department of the Eindhoven University of Technology, the Monte Carlo 
channeling simulation program LAROSE is used. This program has been developed at Oak 
Ridge National Labaratory by J.H. Barrett [7], [8]. In this chapter it is our purpose to discuss 
the important features of the program. In section 2.1 we will describe the physical model on 
which LAROSE is based and pay attention to present shortcomings of this model. In section 
2.2 we will concentrate on the computational details such as the coordinate system, trajectory 
calculation procedures etcetera. Finally, in section 2.3 we will give an overview of the 
different kinds of output information that can be collected during a run of the program. 

2.1 Physical model in LAROSE 

In this section we discuss the physics on which the program is based. The frrst important 
characteristic of the model is that the motion of the ions in the crystal structure is treated 
elassically. This can only be done if quanturn mechanica! effects in ion-atom scattering 
processes are negligible. A criterium for this is a comparison of the wavelength corresponding 
to the rnaving ion with the lattice dimensions of the crystal structure in which it is moving. 
According to de Broglie, the wavelength corresponding to a partiele with momenturn p is 
given by: 

h 
A.=-' (2.1) 

p 

where h is Planck's constant. To avoid phenomena related to the wave character of the 
partiele such as Bragg diffraction, the wavelength of the partiele should be much smaller than 
the lattice dimensions. In realistic situations lattice parameters are in the order of 1 A. With 
projectile energies in the order of 100 ke V or larger, A. is in the order of 104 A, so that 
diffraction phenomena will not occur. In these situations, a classica! treatment is allowed. 
Furthermore, it is assumed that the motion of the ions may be treated in a non-relativistic 
manner. 

The crucial part of a physical model which is to describe channeling effects, is the way in 
which ion-atom collisions are treated. Since the channeling phenomenon in crystals is elosely 
connected to collisionsof an energetic ion with a row of lattice atoms, LAROSE views the 
crystal structure as a lattice of rows (The name LAROSE has been derived from this lattice-
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of-rows concept). The advantage of the lattice-of-rows concept is that since many consecutive 
collisions take place with atoms belonging to the same row, no specific search procedure to 
find the next lattice atom with which the projectile willinteract has to be used. Generally, the 
next callision will take place with the next atom in the same row. It is only necessary to 
check for those occasions when a trajectory moves from the vicinity of one row to that of 
another. The callision mechanism used in LAROSE is a binary callision mechanism with an 
additional refinement We will discuss this refinement later in this section and now 
concentrate on the pure binary callision model. 

The basic assumption of the binary callision model is that deflections of a projectile are only 
caused by collisions with the atoms in the nearest row and that the trajectory of the projectile 
is determined by a series of successive binary collisions with individuallattice atoms of this 
row. Consequently, the trajectory of the ion consists of a series of straight line sections 
extending from callision to collision. At each callision point there is a small discontinuous 
change in the trajectory's direction. The magnitude of this change is calculated on the basis 
of binary callision mechanics which we will discuss now, starting with the interaction 
potential descrihing the forces between the projectile and target atom. 

In the single binary collision, the interaction potential is assumed to be dependent only on the 
distance r between the two particles. Clearly, screening effects by the electron cloud 
surrounding the target atom have to be taken into account. In the literature, many different 
interaction potentials have been proposed. The most commonly used potentials in computer 
simulation programs such as LAROSE, form a part of the group of screened Coulomb 
potentials. These screened Coulomb potentials can be written in the form 

(2.2) 

in which <I> is the screening function, Z1 and ~ are the atomie numbers of the projectile and 
target atom respectively and a is the screening length. In LAROSE the Molière approximation 
[9] for the screening function is used: 

<t>(2:.)= È ciexp(-di.:_) , È ei =<I>(O) = 1 
a i=l a i=l 

(2.3) 

The coefficients ei and ~in (2.3) can be found in table 2.1 on the next page. Here we may 
note that many other screening functions have been used in simulation programs, giving 
satisfactory results [10]. No single form has shown to be definitely superior to all others. 
Molière's approximation is the most widely used function because of its universality and its 
reasonable accuracy. 
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Tab/e 2.1 Coejficients for the Molière screening function (2.3) 

i=1 i=2 

I cl I 0.35 0.55 

~ 0.3 1.2 

The value for the screening length a is given by Firsov's fonnula 

a = 0.8853 ~ ( Z/12 + ~lfl r2/3 ' 

in which 3o is the Bohr radius. 

i=3 

0.10 

6.0 

(2.4) 

With the interaction potenrial specified, we can move on to the actual collision mechanics. 
In LAROSE, deflection angles are computed in the so-called impulse approximation. In this 
approximation,the motion of the projectile is calculated regarding the atom with which it 
interacts as being fi.Xed. Consequently, the ion is moving in a static potenrialand momenturn 
is transferred only in a direction perpendicular to the direction of the projectile assuming the 
parallel component to vanish. Lehmann and Leibfried [11] have investigated the validity of 
the impulse approximation and they concluded that the Molière potenrial used in LAROSE, 
is valid if the energy E of the projectile satisfies 

E~ Z1 Z2 x300eV (2.5) 

Now consider figure 2.1 in which a binary collision event is shown. 

Figure 2.1 A single binary col/ision event in the center-of-mass system 

Suppose a projectile (mass M1) is initially moving in a straight line with velocity v0 towards 
the target atom (mass Mz) which is at rest. The impact parameter for the collision is p. The 
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kinetic energy in the center of mass system is given by: 

(2.6) 

in which Jl is the reduced mass 

(2.7) 

Mter a transformation to polar coordinates, conservation of energy yields (the collision is 
supposed to be elastic) 

d(:; J +r'( ~;J ]• V(r) =E,. 

Conservarlon of angular momenturn results in 

r2 d<p = -vop . 
dt 

Insertion of (2.9) in (2.8) allows the time dependenee of r to be determined: 

dr 
-=±vo 
dt 

1 - V(r) -~ :=±vo g(r) ; 
E r 2 

r 

(2.8) 

(2.9) 

(2.10) 

The negative sign of the root applies before the projectile intersects the symmetry axis S. The 
minimum elistance R of the two colliding particles corresponds to the situation in which the 
time derivative of r is zero. Now we can determine the scattering angle in the center of mass 
system. The dependenee of <pon ris derived from (2.9) and (2.10): 

d<p = d<p/dt = ± p 
dr dr/dt g(r)r 2 

(2.11) 

The + sign is valid before the projectile reaches S, the - sign afterwards. The scattering angle 
is given by: 

~ R 

J d<p =2p J[r 2g(r)r1dr, (2.12) 

1t 

After this integration, a trivial coordinate transformation from the center of mass to the 
laboratory system has to be applied to find the scattering angle of the projectile in the 
laboratory system. A detailed denvation of this transformation and more specific details 
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.. 
~ = 1t - 2p f [ r 2 g( r) rl dr . (2.13) 

R 

conceming collision mechanics can be found in [10]. It is important to note that fora given 
set of collision partners and a defined interaction potential, the scattering angle depends only 
on the initia! velocity v0 of the projectile and the impact parameter p. The implementation of 
the scattering angle calculation procedure in LAROSE will be discussed insection 2.2. 

The last important aspect of the physical model on which LAROSE is based is the treatment 
of thermal vibrations of the lattice atoms. Because of the thermal vibrations, the positions of 
the lattice atoms in the atomie row are not fixed but have a certain distribution about their 
equilibrium state at any instant of time. With respect to effects of lattice vibrations on the 
binary collisions it is important to assume that the target atoms move slowly compared to the 
projectile. Only in this case it is allowed to consider the target atom to be at rest in a single 
binary collision as we did in the calculation of the scattering angle in the impulse 
approximation. Usually, the thermal vibrations do not interfere with the applicability of the 
impulse approximation because the veloeities of the vibrating atoms are very small (in the 
order of 102 rn/s), and projectile veloeities are comparatively high (in the order of 106-107 

rn/s). Hence, we may assume the velocity of the lattice atom to be zero and determine its 
position with respect to its equilibrium by a distribution function. In LAROSE only 
uncorrelated thermal vibrations are taken into account, so that any correlations of vibrations 
between neighbouring lattice atoms are neglected. These uncorrelated vibrations are 
introduced as follows. The lattice atoms move independently of each other in all directions 
with spherical symmetry. The probability P(u)du of finding an atom at a distance u in the 
interval du from its equilibrium position is given by a Gaussian distribution 

P(u) =-1-exp(-~u 2), 
J21t 2 

(2.14) 

where u is given in units of a root-mean-square amplitude <ÜJ ~112• The mean square 
amplitude is given by the Debye-Waller theory [12], [13]: 

2 3l? T 2 xdx 
( 

9/T 

<ui>= -
Mk0 0 2 [ exp(x) -1 

(2.15) 

where ui is the displacement in the ith direction, M is the mass of the vibrating atom, k the 
Boltzmann constant, 0 the Debye temperature, and T the temperature of the target. As 
mentioned previously, the amplitudes are usually small in comparison to the lattice constant 
(~ 1% ). The implementation of the thermal vibrations in the collis ion processes will be 
discussed in section 2.2. 

Now the most basic features of the physical model have been outlined we can now further 
amplify the remark made earlier in this section related to the refinement of the binary 
collision model. In the pure binary collision model, only deflections due to lattice atoms in 
the nearest row are taken into account. This approximation is reasonable in cases when the 
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projectile moves in the near vicinity of the row. It is clear however, that when a projectile is 
moving from the vicinity of one row to that of another, multiple row effects should be 
included in the model. In LAROSE, a scheme to calculate deflections due to other rows has 
been included. Consider figure 2.2 in which the lattice-of-rows structure of the <110> 
direction in a face-centered-cubic lattice is shown. 

Figure 2.2 Arrangement of <110> rows in aface-centered-cubic lattice 

The rhombus surrounding the central row is the cross-sectional area assigned to that row; the 
set of rhombuses for all of the rows fill the whole plane. lf a projectile crosses the boundary 
formed by the cross-sectional rhombus, the attention is transferred to another row which then 
becomes the new central row. In LAROSE, deflections duetoother rows than the central one, 
are calculated using their continuurn potentials averaged over the vibrational distribution [7]. 
In figure 2.2 one clearly sees that the other rows are organized in rings surrounding the 
central row. The number of rows contained in successive rings are 8, 16, 24, 32, etcetera. 
Because of this organization into rings it is convenient to use the resultant continuurn 
potentials of separate rings for the computation of deflections due to other rows. The number 
of other-row rings included in the calculation depends on their relative contributions to the 
deflection with respect to that of the central row. This means that if the relative co~tribution 
of a eertaio ring is less than, for in stance, a factor w-s with re gard to the central row, ' 
deflections due to this ring and all those surrounding it, are neglected. Of course, the number 
of other-row rings included in the calculations may be different for other row directions, 
because of different spacing parameters. The computational procedure for the calculation of 
the deflections due to surrounding rings of atomie strings is further described in section 2.2. 

We conclude this section with a discussion of the most important shortcoming of the physical 
model. The principal lack in the model is the energy loss suffered by a projectile when 
traversing through a channel in the crystal structure. It is well known that this energy loss has 
two main components. First, energy losses due to the elastic collisions with target atoms 
caused by transfer of momentum, often referred to as the "nuclear" stopping power. This 
contribution, which has been incorporated in LAROSE, can easily be calculated applying 
classical mechanics (see e.g. [10]). The second and by far the most important contribution in 
cases of high energy projectiles, is the so called electrooie energy loss. It is caused by elastic 
and inelastic collisions of the projectile with electroos in the crystal. In LAROSE only 
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constant electronic stopping powers can be used. This implies that an average energy loss per 
unit path length in the direction onder consideration has to be supplied to the program based 
on experimental data from the literature. As mentioned before, experimental data on stopping 
powers in symmetry directions of crystals are not sufficiently available. Forthermore it is 
obvious that electronic stopping powers are notconstant within a channel because of spatially 
varying electron densities. The effect of the varying electron densities within the channel 
might be revealed through the non-uniform flux distributions of ions in the channel. 
Consequently, different trajectories willlose different amounts of energy. Since trajectories 
that have a large nuclear encounter probability, causing the close encounter events observed 
in experiments, traverse through different regions of the channel than the ions remaining near 
the center of it , certain regions contribute more to the experimentally observed stopping 
power than others. In the present version of LAROSE these effects cannot be simulated. In 
chapter 4 of this work a method based on electron density calculations in semiconducting 
crystals has been developed to impiement position dependent electronic stopping powers in 
LAROSE, in order to be able to perform more realistic energy loss calculations in channeling 
directions. 

2.2 Computational details and procedures in LAR OSE 

In this section we discuss the most important aspects related to the viewpoints of the program 
and the procedures utilized by it to perform the channeling calculations. Some of these aspects 
have already been mentioned briefly in section 2.2, but we will forther specify them here. 

The most basic feature is the incorporation of the lattice structure. Since the channeling 
phenomenon is closely related to collisions of an ion with the lattice atoms betonging to a 
row, the atoms of the crystallattice are organized into rows. This organization into rows has 
been called the lattice-of-rows concept. The spacing of the atoms along a row is determined 
by the lattice structure as we will see later in this section. To each row, a certain volume is 
assigned in such way that the volumes fill all space. Depending on the lattice type onder 
consideration, the cross section of the row volume is either rhombohedral or reetangolar in 
shape. Examples are shown below in figure 2.3 and 2.4 in which the lattice-of-rows structures 
of a face-centered-cubic lattice are shown for the <100> and <110> directions respectively. 

Figure 23 <100>; reetangu/ar cross section Figure 2.4 <110>; rhombohedral cross section 
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Any point along the trajectory will always be in one of these row volumes, and the row 
belonging to this volume will be regarded by LAROSE as the central row of calculation at 
that time. 

The coordinates and directions are specified as follows (see figure 2.5). The rectangular 
coordinates used are called XI, X2 and X3. In a plane perpendicular to the row direction, the 
x or XI direction is taken to be to the right and the y or X2 coordinate to be vertical. The 
negative z axis (right-handed coordinate system) or X3 coordinate coincides with the central 
row. All projectiles will move in the positive X3 direction. 

X2 

Xl 

Figure 2.5 Definition of coordinate system in LAROSE 

The proportions of the row volume cross sections are determined by parameters TRI and 
TR2. Definitions for these parameters differ for rhombohedral and rectangular cros~ sections 
as can be seen in figure 2.6 below. 

Figure 2.6 

-ID 
< ) 

TR1 
~-~) 

TR1 

1TR2 

Definition of cross section parameters in case of a reetangu/ar 
and rhombohedral cross section. 
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The spacing of lattice atoms along, and possible transverse or longitudinal shifts of atoms 
with respect to the X3 axis are indicated by the parameters TR3, X40 and X60. To clarify the 
meaning of the parameters we consider the following situations featuring three different row 
structures. In tigure 2. 7 a row of lattice atoms along a symmetry direction of a simple cubic 
lattice (fee or bcc) is shown. 

• • • • • 

Figure 2.7 Structure of a row of lattice atoms in a simple cubic lattice 

In this case, the structure of a row can be characterized completely with only one parameter; 
the interatomie distance TR3. On the other hand, in cases of diamond like lattices, more 
parameters are needed. Important examples can be found in the figures 2.8 and 2.9 below, in 
which structures of <110> and <111> diamond rows are depicted. 

·t~ • • TR3 

• • • • • • 
~ 

• • X80 
( 

TR3 
) 

Figure 2.8 Structure in diamond <1 10> Figure 2.9 Structure in diamond <111 > 

For diamond <110> the pair of close rows is treated as a single zig-zag row. The spacing 
parameter TR3 is taken to be half of the repeat distance along one row of the pair, and a 
parameter X40 (in X1 direction) is used to produce the alternation of atoms from "zig" to 
"zag" by alternaring sign at each X3 step along the row. In diamond <111>, there is an 
alternation along the row between a long and a short spacing. X60 (in X3 direction) produces 
this effect by alternaring in sign from step to step. 

The last important detail related to the coordinate system of LAROSE is the way in which 
the direction of an ion beam with respect to a row direction is specified. This direction is 
controlled by three angles A1D, A2D and A3D in the following manner (see tigure 2.10 on 
the following page). 
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X2 

X1 

Figure 2.10 Dejinition of the beam direction using AID, A2D and A3D 

AlD detennines a plane fonned by the X3 axis and an axis which is found by rotaring the 
Xl axis towards the X2 axis by AlD. Then a new direction in this new planeis found by 
rotaring the X3 axis towards the rotated Xl axis by A2D. Finally the beam direction is 
defmed by the angle A3D which specifies the angle over which the "new" X3 axis is rotated 
out of the plane towards the X2 axis. 

We conclude this section with a description of the trajectory calculation procedure and the 
related computational methods. This procedure is by far the most important part of the 
program since all calculated quantities are based on it. 

At the beginning of a trajectory, its starting position on the cross sectional area of the central 
row, and its starting direction with respect to this row are selectedusinga random number 
generator. Any beam divergence effects are taken into account. Then, the position of the frrst 
lattice atom of the row relative to its equilibrium position is determined by selecting 1:1 thennal 
displacement with the random number generator. Next, the impact parameter for the frrst ' 
collision is calculated based on the initial position and direction of the projectile and the 
position of the lattice atom. Then the deflection angle of the projectile is computed in which 
contributions from the single binary Collision as well as from deflections due to surrounding 
rows are taken into account. First, the scattering angle due to the single binary collision is 
calculated using the methods described earlier in this chapter. Based on this scattering angle, 
the direction of the trajectory is slightly altered. Then, deflections of the trajectory's direction 
due to surrounding rings of rows, exerting their influence during the travel of the projectile 
to the next atom in the current row, are calculated. This is done by taking the position and 
direction of the projectile with respect to the ring under consideration and calculating the 
scattering angle using the continuurn potenrial of the ring. The deflections are integrated over 
the distance travelled by the ion before reaching the next atom of the current row. Then the 
trajectory's direction is changed in a discontinuons manner corresponding to the total 
scattering angle accomplished by both effects. After this, the procedure checks whether the 
ion passes any boundaries of the current central row before it reaches the next lattice atom 
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of the row. lf no boundaries are crossed, one step (over a distance TR3) in the X3 direction 
is performed and the position of the next lattice atom with respect to the ion is determined. 
Eventual special row structure characteristics such as in diamond <110> and diamond <111> 
are taken into account by means of the alternating parameters X40 and X60. Mter a thermal 
displacement has been selected, the impact parameter for the collision is determined, the 
deflection angle is calculated and so forth. 

However, if the projectile crosses any boundaries of the current central row before reaching 
the next atom in this row, coordinate transformations are applied to shift attentiontoa new 
central row. These transformations include shifts X3S along the row direction to account for 
differences between adjacent rows (see figure 2.11). 

Boundary between two 

• • ji'~~ . • 
• • • • • 
~ 

X3S 

Figure 2.11 Longitudinal shifts after crossing a row boundary 

After these transformations have been performed, the procedure applied to compute the frrst 
collision in the new row is equal to the one used when no boundaries are crossed._ 

An important feature of the trajectory calculation procedure which increases the efficiency of 
the program are tablelook-up methods. Every collision a thermal displacement of a lattice 
atom has to be selected. As mentioned in section 2.1, these displacements have a Gaussian 
distribution. Since the random number generator creates a sequence of random numbers 
uniformly distributed between 0 and 1, a transformation (Box Müller [14]) in which several 
formulas have to be evaluated, has to be used to be able to generate random numbers having 
a Gaussian distribution. Because this transformation would have to be invoked every collision, 
a relatively large fraction of the computing time per collision would be claimed by it. The 
computing time per collisioncao be reduced by using tablelook-up procedures. Before actual 
trajectory calculations take place, LAROSE creates a table made up of 1000 entties that have 
a Gaussian distribution. Then, the random number generator is used to select thermal vibration 
amplitudes ( or any other quantity having a Gaussian distribution such as beam directions in 
case of a finite beam divergence) by selecting values at random from this table. 
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Look-up procedures arealso applied for calculation of deflections of iontrajectoriesin single 
binary collisions and by surrounding rows. For instanee for the binary collision calculations, 
LAROSE frrst creates a table in which deflections as a tunetion of impact parameter are 
stored. Then, during trajectory calculations, binary collision scattering angles are found by 
interpolation in the table with the impact parameter of the collision as a reference. Also other 
efficiency features such as importance sampling [15], can be invoked for a run of the 
program, but we are not interested in them bere. 

Finally a remark should be made on the nature of the results of calculations with Monte Carlo 
programs such as LAROSE. In Monte Carlo programs estimates of quantities are computed 
by using sequences of values of a random variable. Consequently, the metbod is the most 
natural approach to problems which contain a stochastic element, such as channeling 
phenomena (thermal vibrations, initial projectile position and direction). As aresult of the 
stochastic character of the method, results based on it are never unique but are always an 
estimate in terms of a mean value. Clearly there is always a certain varlation or standard 
deviation associated with it. In LAROSE estimates of quantities are found by computing 
separate results for each trajectory, finding the mean for the whole group of trajectories and 
evaluating the standard deviations from the mean. lt is obvious that the accuracy of the 
estimates can be improved by calculating more trajectories. 

Now we have outlined the physical model and discussed the principal computational methods 
used in LAROSE, we can pay some attention to what kind of information can be collected 
during the trajectory calculations and to the parameters which can be set for a specific run 
of the program. 

2.3 Output information features 

LAROSE is capable of computing a number of output quantities of interest. The most useful 
of these is the probability that an ion may have a sufficiently close nuclear encounter to cause 
an event such as a nuclear reaction, a large angle scattering of the ion, or a high-energy recoil 
of a lattice atom. The nuclear encounter probability is the cross section for the process 
(nuclear reaction etc.) times the integral of the product of the ion flux and the probability of 
a lattice atom being at the point of passage. In the program these probabilities are expressed , 
as normalized nuclear encounter probabilities defined as the ratio of the cumulative 
probability computed in the course of a series of trajectories to the cumulative probability for 
an equal number of "randomly" oriented trajectories through an equal distance within the 
crystal. Using normalized nuclear encounter probabilities instead of absolute probabilities is 
convenient since all processes can be treated on equal footing. A denvation of the expression 
used in LAROSE for nuclear encounter probability calculations is given in appendix A. 

The nuclear encounter probability is most useful since it can directly be compared with results 
derivable from spectra obtained in channeling experiments, such as angular scans. A large 
amount of examples of angular scan calculations with LAROSE can be found in chapter 3. 

A second form of output, which is essenrial for interpretation of impurity location 
measurements using channeling, are histograms of ion fluxes across the channel at a certain 
depth in the crystal. It is the intention to store calculated flux distributions in files and to use 
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an auxilliary program to analyze measured channeling spectra with the help of flux 
distribution histograms generated by LAROSE. 

The remaining two forms of output are directional pattems of emergent ions as they leave the 
crystal and details on individual trajectories or collisions. These forms of output are mostly 
used to see whether the program is functioning properly or to reveal special aspects of 
channeling such as the oscillatory behaviour of the ion trajectories. 
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Chapter 3 

Influence of beam divergence on angular scan parameters 

In the group nuclear physics techniques at Eindhoven University of Technology (EUT) an 
experimental set up is being built for channeling experiments. Si nee the 30 Me V A VF 
cyclotron, which is the partiele accelerator present at the institute, is capable of delivering 
proton and a beams within an energy range between approximately 2 and 30 Me V, high 
energy channeling experiments will be possible. The availability of high energies for 
channeling experiments is valuable since it enables profiling of structural features at large 
depths, and achlevement of a high angular resolution in angular scans which can be of value 
in for instanee strain determinations in strained layer lattices as we saw in chapter 1. In order 
to be able to fully exploit these special characteristics of the set-up, a high resolution 
goniometer has been mounted in the scattering chamber and a slit system allowing for tunable 
beam divergences was installed. Further details concerning the channeling set up at EUT can 
be found in [16]. 

In this chapter we will be concerned with this last aspect. Since the angular spread of ion 
trajectories distorts the angular scans measured in a channeling experiment, it is important to 
investigate the influence of beam di vergences on the quality of the scans. With respect to this, 
it is useful to find a rule by which optimal beam divergence conditions can be determined for 
a certain channeling experiment. It is obvious that the beam divergence should be as low as 
possible in order to minimize the di stortion of the channeling effect. Since the intensity of the 
ion beam delivered by the A VF cyclotron is situated within a relatively large emittance ellips 
(for 3 Me V protons in the horizontal plane, 50% of the beam intensity is situated within an 
emittance ellips of 18.2 mmmrad [17]), a low beam divergence wi11 require a low acceptance 
of the slit system with respect to the emittance. Consequently, currents will be relatively small 
( -10-3 nA) resulting in enhanced spectrum accumulation times. Therefore, it is desirabie to 
determine the maximum allowable beam divergence for a certain experiment enabling 
measurement of angular scans without any significant distortion. 

3.1 Angular scan calculations with LAROSE 

To investigate beam divergence effects, a series of angular scans has been calculated as 
function of beam divergence with the channeling simulation program LAROSE. The series 
consistsof scans computed for the <111> axial direction in silicon while scanning in a plane 
6° out of the [110] plane. Angular scans were obtained for a particles and protons of various 
energies. To eliminate oscillatory behaviour, the normalized nuclear encounter probabilities 
appearing in the angular scans were obtained by averaging the values over 260 atomie layers 
(thickness 122.2 nm), situated at adepthof 3950 Á below the surface of the silicon crystal. 
For each set, representing a specific case concerning one partic u lar ion energy, 6 angular 
scans have been computed in which the beam divergence .1'1' was varied according to fixed 
fractions of the critica! angle estimation 'lf1 as given by formula (1.10) (the average atomie 
spacing d in <111> silicon is 4.70314 Á). The fractions were 0.0, 0.1, 0.2, 0.3, 0.6, and 1.0 
respectively. 
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In figures 3.1 and 3.2, calculated angular scans for 4 Me V and 25 Me V a.'s as function of 
beam divergence are presented. No error bars have been indicated in the plots since they are 
smaller than the symbols used for plotting the points. 

Figure 3.1 

Figure 3.2 
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First of all, we see the decrease of the angular width using higher ion energies as described 
by (1.10). Furthermore, both plots clearly show the effects of a finite beam divergence on 
axial angular scans. It is clear that a beam divergence results in an increase of the minimum 
yield which in fact can be quite substantial for relatively large divergences. Furthermore, the 
scans are stretched out with increasing beam divergence, which is reflected by larger values 
for the critica! angle with respect to the zero divergence scan. Similar behaviour can be 
recognized in the scans calculated for 3 Me V and 26 Me V protons as shown below in figures 
3.3 and 3.4. 

Figure 33 

Figure 3.4 
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The angular scans shown here give an overall impression of the distartion of angular scans 
by beam divergence. In the following we will more explicitly specify these effects by 
investigating the behaviour of the parameters minimum yield Xmm and half angle 'Jf112 which 
characterize each angular scan, as function of the beam divergence. The half angle is defmed 
as the angle away from the channeling direction at which the normalized yield is midway 
between the minimum value along the channeling direction and 1 (the value in a random 
direction). 

In figures 3.5 and 3.6 the minimum yields as function of the fractional beam divergence are 
shown for the angular scans computed for a's and protons respectively. In both plots the 
curves for all particular ion energies have been included to reveal any energy dependent 
effects. We note that the angular scans for 12 MeV a's and 16 MeV protonscan be found 
in appendix B. 
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Figure 3.6 Minimum yie/d behaviour for protons 

The conclusion that may be drawn based on both plots is that the minimum yield increase as 
a function of the fractional beam divergence does not show any energy dependence_ nor is in 
any way influenced by a different choice of ion species. Consequently, effects of a finite ' 
beam divergence on the minimum yield behaviour for a given channeling direction can be 
regarded to be a universa! function of the fractional beam divergence only. Considering the 
behaviour of this function, we see that the minimum yield increases rather slowly for 
fractional beam divergences smaller than 0.3. For larger divergences, the minimum yield starts 
increasing more rapidly approaching 70% of the random yield near a fractional divergence 
of 1. 

To study the effects on half angles, similar plots of the behaviour of the half angle as function 
of the beam divergence have been produced. In figures 3.7 and 3.8 these plots are shown for 
a particles and protons for the various energies. Considering them, we recognize a similar 
type behaviour as we saw in the plots descrihing the development of the minimum yield as 
function of the beam divergence. With respect to the accurance of any energy dependenee we 
believe that although the curves do not coincide as closely as we saw in the minimum yield 
plots, no systematic effects can be recognized so that energy dependent effects do not 
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Figure 3.7 Half angle behaviour for a's 
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Figure 3.8 Half angle behaviour for protons 

seem to appear. Furthennore we believe that a significant influence of ion species on the half 
angle behaviour as function of the beam divergence cannot be proved basedon figures 3.7 
and 3.8. Thus, we assume that effects of beam divergence on the half angle behaviour for a 
eertaio channeling direction are be described by a function of the fractional beam divergence 
only. As for the minimum yield, we observe a relatively slow increase for fractional beam 
divergences below approximately 0.3. For larger divergences, the increase is enhanced. 

Finally it is interesting to consider the relative change of the parameters Xmïn and 'lf112 with 
respect to the values specifying the angular scan with zero divergence by a finite beam 
divergence. For this, we have plotted the nonnalized ratios of these parameters to their 
corresponding zero divergence values as function of the fractional beam divergence. 

4 MeV 01. ; v1=0.375° 3 MeV protons v1=0.306° 
30 40 

0 RelatiYe change of t.';: 
0 Relotlve change of ~.., 25 I> RelatiYe change of 112 I> Relotlve change of 112 

0 0 30 

~ 20 
:;::; 
0 ... ... 

"U "U 

~ 15 ~ 20 
0 0 

E E a 10 L 
0 z z 10 

5 

0 0 
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 

Be om divergence (units of v1) Be om divergence (units of v1) 

Figure 3.9 Relative change of scan parameterstor 4 MeV a. Figure 3.10 Relative change of scanparameterstor 
3 MeV protons 

34 



From these plots we immediately see that the normalized ratio of the minimum yield increases 
much faster than the half angle. Whereas the normalized ratio for the half angle is 
approximately 2 for a fractional beam divergence of 1.0, the corresponding ratio for the 
minimum yield is more than 25. Because of the strong increase of the minimum yield, 
convenient defect profiling requires low beam divergences (see below). In principle, strain 
measurements in strained layers will not be affected by beam divergence effects since the 
absolute position of an angular scan is not affected. Nevertheless, strain measurements in a 
closely packed multilayer, where angular scans are not completely separated (see for instanee 
figure 1.14 a), the broadening of the angular scan due to the divergence might interfere with 
a convenient determination of angular displacements. Finally we note that when the fractional 
divergences remain below 0.2, the normalized ratios of both minimum yield and half angle 
remain close to 1 (between 1 and 1.2) indicating a small distortion. 

3.2 Conclusions 

From the results of the angular scan calculations presented in the previous section we 
conetude that the distortion of angular scans by a finite beam divergence depends only on the 
fractional beam divergence. Energy dependent effects as well as any ion species dependent 
influences have not been discovered. 

With respect to the tuning of beam divergence in an experimental situation we conclude that 
when fractional beam divergences are kept below 0.2, measured angular scans exhibit only 
a small distortion from the ideal zero divergence scan. It is to be expected that defect 
profiling will require fractional beam divergences below 0.2. In case of well separated angular 
scans, strain determination will not be influenced by beam divergence effects since absolute 
angular positions of angular scans are not affected. 
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Chapter 4 

Electrooie energy loss calculations using the local density 
approximation 

In this chapter we will present details conceming the theory and computational methods 
involved in our model for electtonic energy loss of highly energetic ions in crystals. As the 
electron density plays a central role in the model we briefly review the theoretica! methods 
used to calculate this density and pay attention to stopping power mechanisms in a uniform 
electron gas. 

In section 4.1 we consider electron density calculations in crystals. In these calculations, we 
distinct between the electrans that are so tightly bound to the nuclei that they are hardly 
perturbed from their atomie behaviour (core electrons), and electrans that are loosely bound 
to the nuclei and adjust themselves to their crystalline environment (valence electrons). 
Descriptions are given of two methods used in this work to calculate the densities due to 
core- (Hartree-Fock-Slater approximation) and valenee electrans (Pseudopotential-Density
Functional method) respectively. Insection 4.2 we present Lindhard's theory which describes 
the interaction of a high-energetic ion with a uniform electron gas. In section 4.3, numerical 
results of calculations on electron densities in silicon and on stopping powers in a free 
electron gas will be presented. In 4.4 we discuss the implementation of our stopping power 
model in the ion channeling simulation program LAROSE with the model. Finally, insection 
4.5 results obtained with the model are presented and discussed. 

4.1 Electron density calculations in semiconducting crystals 

Before focusing on the specific techniques applied to electron density calculations, we first 
have a look at the general elass of many-body problems in quanturn mechanics of which the 
specific electron density problem forms a part. Let us consider the many-body problem 
depicted in figure 4.1. 

Figure 4.1 A bound many-body system. The cross denotes the centre of momenturn which is at rest. 

In figure 4.1 we see a "snapshot" of a many-body system at one instant of time. Weneed to 
figure out a way to solve for the wave function of partiele i. To be specific, we take the 
particles to be N electrans bound within an atom and the partiele-partiele interaction to be 
the Coulomb potential. 
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Even though each electron-electron interaction v(e,e) and electron-nucleus interaction cb(e,Z) 
is the simple Coulomb potential, the potenrial energy of electron i at this instant, 

N 

vi (rl' rl, r3, ···) = L v(ei,e) + cl>(ei'Z) 
pi 

(4.1) 

is neither proportional to l/r1 nor spherically symmetrie. Since electron i's potenrial depends 
on the positions of all other particles, it is not truly possible to solve for the motion of one 
electron without solving for the motion of all, that is, solving the many-body Schrödinger 
equation 

Because the potential (4.1) is not a sum of single-partiele operators, the solution of the 
Schrödinger equation (4.2) will not separate into the product of single-partiele functions, 
which forces us to use approximation methods. 

4.1.1 Hartree and Hartree-Fock approximations 

The Hartree and Hartree-Fock approximations both originate from the variational principle. 
They start constructing an approximate many-electron wave function 'P for the ground state 
of the system in terms of a set of one-electron wave functions <Pa· U sing this representation 
for 'P, the average energy of the system 

E=<'PIHI'P>' (4.3) 

in which H is the exact many-body Hamiltonian, is determined. Then the wave function 'P , 
is varied ('P ~ 'P + ö'P) until the ground state energy given by (4.3) is stationary, that is 
demanding 

ö<'PIHI'P>=O. (4.4) 

Since the many-electron wave function 'P is built up from a set of one-electron wave 
functions <Pa according to the chosen representation, ( 4.4) leads to a set of equations for the 
<Pa· From the variational point of view, the solutions of these equations are the best one
electron wave functions consistent with the representation originally chosen for 'P. In the 
following we will not extensively discuss the variational features of both methods but rather 
put emphasis on physical considerations. Nevertheless we have to keep in mind that the 
equations following below are formally basedon the variational principle. 
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Although we have seen in the previous section that the many-body wave function cannot be 
written as a product of single-partiele wave functions, the intuitive and effective 
approximation to the many-electron problem suggested by Hartree in 1928 does so. Since we 
know that bound states containing fermions exist, we should be able to describe the single
electron i in state a with a single-partiele wave function ~aCrJ=<!>aCr). Correspondingly, there 
must be an effective, single-partiele potential VaCr) whose use in the 1-body Schrödinger 
equation 

(4.5) 

in which Ea is the energy of state a, exactly reproduces ~a(r). Since VaCr) must contain effects 
due to other electrons, which in turn are influenced by i, this potential must somehow be 
determined simultaneously with the solution for all cp.,(r)'s. 

Hartree hypothesized that the single-partiele potential is approximately 

(4.6) 

where we take r as the coordinate for partiele i and r' as the coordinate for the other single
partiele wave functions. Relation ( 4.6) states that the single-electron potential for electron i 
in state a is obtained by summing the Coulomb potential of the nucleus and the Coulomb 
potential field arising from the charge density of the other electrons. The contribution to this 
charge density of electron j in state b is equal to the electron charge multiplied by probability 
density of this electron given by l~b(ri) j2• This implies that the Hartree approximation 
ignores the spatial correlations of any pair of electrons produced by their instantaneous 
Coulomb repulsion. Because of this, the effective Hartree potential Va(r) is local, that is, only 
dependent on electron i's coordinates. This has important consequences as we will see later. 

In many applications central field approximations 

V (r)=V (r) = _l Jdn V (r) a a 41t r a 
(4.7) 

are used to avoid numerical complications. The central field approximation obviously leads 
to a direction independent potential. This approximation has a sound theoretica! basis in 
atomie structure calculations as completely filled shells are known to be spherically symmetrie 
(see e.g. Condon and Shortly [18]). 
1t is now possible to solve the Schrödinger equation (4.5). Since all cp.,'s are needed to 
calculate Va, (4.5) and (4.6) areN integro-differential equations. Analytic solutions appear to 
be impossible for realistic cases, yet they can be solved via self consistent iteration. 
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As a fust approximation, we assume a convenient basis, for example the hydrogen solutions 
a={n 1 m} (ignoring spin): 

(4.8) 

where R.w(r) and Yim(e,<p) represent the radial and angular wave function respectively. 

Relations (4.6) and (4.7) are now used to generate the effective potentials v. (a=l, .. ,N) arising 
from these «Pa and the N differentlal equations are solved with this v.. The improved wave 
functions are then used to determine an improved v. which in turn determines improved wave 
functions and so forth. lf at some step the wave functions and potenrial become self 
consistent, that is the two stop changing (to some level of precision), the approximation 
scheme is considered convergent and successful. 

As mentioned previously, Hartree's approximation uses a simple product of one-electron wave 
functions as a representation for the many-electron wave function 'P with no two electrons 
in the same state (Pauli principle). That is 

(4.9) 

in which the arguments indicate the different electrons and the subscripts indicate the states 
of the electrons. U sing this representation it is not possible to include a very fundamental 
aspect related to many-fermion systems: because of the exchange interactions (Pauli principle) 
the total wave function is anti-symmetrie. This means that the interchange of the coordinates 
of any two fermions makes the total N-fermion wave function to change sign. Obviously, the 
approximation would be better if we used a representation for the many-electron wave 
function which does satisfy this fundamental requirement. This is exactly what the Hartree
Fock metbod does. It is based on an improved representation for the many-electron wave 
function in which the anti-symmetry aspect is included by constructing a determinantal wave 
function representation according to the Slater determinant: 

cl>. (I) «1>.(2) ... «Pa ( N) 

1 cpb(l) cpb(2) cpb(N) (4.10) 'P(l,2,···,N) = 
{N! 

cpA (1) N cp A (2) N 
•.. cp (N) AN 

Clearly the interchange of two particles involves the interchange of two columns in the 
determinant, and this changes the sign. It is important to note that Hartree-Fock also ignores 
sparial correlations due to instantaneous Coulomb repulsions. But since Coulomb repulsion 
is most important when these electrons are close together, and since electronsof like spin are 
kept apart by the exchange correlation, the neglect of the Coulomb correlations might not 
have a large influence on the results. 
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Now, if the variational principle is applied the Hartree-Fock equations for the single-electron 
wave functions can be obtained, which are of the form: 

(-
2
": + V,(r))+.(r) + Jd 'r' W(r,r') +,(r') = e, +,(r) . (4.11) 

The frrst term on the left hand side also appears in the Hartree equations (4.5) with V.(r) 
given by (4.6). On the contrary, the second term on the left hand side does not appear in 
( 4.5). This term arises from the exchange correlations between electroos of like spin, which 
have been included through the Slater determinant representation of the many-electron wave 
function. Important to note here is the fact that the potenrial W is nonlocal. This is obvious 
as W represents the correlated nature of the electran's wave function. The non-locality of 
(4.11) implies that determination cp3(r) not only requires the wave functions for all other 
states, but also for all other r'. This leads to serious complications if one wishes to solve 
equations (4.11) using a self consistent scheme. In order to cope with this problem, new 
approximations can be introduced to reestablish local effective single-partiele potentials. Often 
one assumes that the range of non-locality is small, so IPa(r')==cp.(r) inside the integral in (4.11) 
and then remove ~Pa outside the integral leaving the equivalent local potential: 

(4.12) 

Slater suggested an approximation based on the free-electron exchange approximation which 
has turned out to be very effective in atomie structure calculations. The final equations based 
on this approximation are called the Hartree-Fock-Slater equations and have been solved self 
consistently by Herman and Skiliman [19] in their atomie structure calculations. The results 
of these calculations will be used in our stopping power model as presented in chapter 4.3. 
Now, we will move on toanother method which has proved to be successful in applications 
related to band structure calculations in semiconducting crystals. 

4.1.2 Pseudopotential-Density-Functional theory 

The Pseudopotential-Density-functional theory is a combination of two basic theories, Density , 
Functional Theory (DFT) and Pseudopotential theory. DFT is an approach to describe a 
system of many electroos with mutual interactions in an external potential. In fact, it is an 
alternative for the Hartree-Fock method but has proven to be more suitable for calculations 
in solids. Pseudopotenrial theory deals with the behaviour of valenee electroos in a solid. In 
this section we will briefly review some general ideas related to these theories. 

Density functional theory, frrst formulated by Hohenberg and Kohn [20] and Kohn and Sham 
[21], is an alternative method of descrihing a system of many interacting electroos in an 
extemal potential. It differs from Hartree-Fock theory in that DFT uses densities rather than 
wave functions. Furthermore it includes both exchange correlations and dynamica! correlations 
(such as the Coulomb correlations), whereas Hartree-Fock leaves out the dynamica! 
correlations. 
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In the simplest form of DFf, the energy of the system is viewed as a functional of the 
electron density n(r) with the constraint 

(4.13) 

with N the total number of electrons, always maintained. 

We assume the ground-state-energy functional to be written as: 

E[n(r)] = T
8
[n(r)] + Jvext(r)n(r)d 3r + 

~Jn(r)n(r') d 3rd 3 r' +E [n(r)], 
81teo Ir -r 'I xc 

(4.14) 

in which the frrst term represents the kinetic energy of a system of non-interacting electrons, 
the second represents the interaction energy of the many-electron system with the external 
potential vext• the third represents the electron-electron Coulomb energy of a given spatial 
charge distribution and the last term represents the exchange and correlation energy. Important 
to note is the fact that the exact form of Exc is unknown. 

The ground-state density now is obtained by minimizing EJn] with respect to density 
variations that conserve the number of particles N, that is demanding 

ÖE[n(r)] =0 (4.15) 

under constraint (4.13). 

The variational equations are equivalent to the following set of single-partiele equations: 

(-
2
: V 2 +v,rr[n] )~0 (r) = e,~,(r) i= 1,-··,N 

(4.16) 
N 

n(r) = L I cj>i(r) 12' 
i:l 

where index i runs over the N lowest states and in which vecc is the effective potential, given 
by 

e 2 J n(r') ÖE [n] v [n]=v (r)+__ d 3 r 1 + xc . 
eff ext 41tEo Ir -r 'I Ön(r) 

(4.17) 

The last term of (4.12) is the functional derivative of Exc with respect to n(r). 

Equations ( 4.16) and ( 4.17) must be solved self consistently for the density n since the kinetic 
and potenrial terms are functionals of n. To be able to do this it is necessary to assume some 
explicit form for ExJn]. 
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A very useful approximation bas proven to be the local density approximation (LDA) 

(4.18) 

where exc(n) is the exchange and correlation energy of an interacting electron gas with 
uniform density n. Although this approximation can only be considered acceptable for systems 
with almost constant or slow varying n(r), a condition which is in principle not satisfied in 
semiconducting crystals like Si, (4.18) bas proven to be very successful. 

Until now we have not specified the form of the extemal potential vexv which appears in the 
single-partiele equations (4.16) and (4.17). This is when pseudopotentlal theory comes in. 
Because the external potential in which the valenee electroos move is very complicated, 
especially in the neighbourhood of the core electrons, a self consistent solution to the single
partiele equations is not feasible. Pseudopotentlal theory, frrst formulated by Phillips and 
Kleinmann [22], simplifies matters by circumventing the needof an accurate description of 
the core electrons. It provides so-called norm-conserving ion-core pseudopotentials, introduced 
by Hamann et al. [23], which are assumed to correctly represent the complete potential the 
valenee electroos feel from nuclei pluscore electrons. Using a periodic arrangement (crystal 
periodicity) of these pseudopotentials as extemal potential, the single-partiele equations (4.12) 
and (4.13) can be solved self consistently, finally yielding the ground-state valenee electron 
density. The self consistent density of valenee electroos in silicon bas been calculated by 
Denteneer and van Haeringen [24]. The results of these calculations will be used in the 
stopping power model described in section 4.3. 

4.2 Lindhard theory on electronic energy loss of an energetic charged 
partiele in a free electron gas 

In 1954 Lindhard presented bis theory on the properties of a gas of charged particles, e.g. a 
free electron gas [25]. In the theory, Lindhard describes the dynamic behaviour of the gas 
exclusively in terms of the electromagnetic properties of the system. This implies that the 
equations of motion of the total system are written as equations for the electromagnetic field 
only. The justification for this is that the behaviour of the particles is revealed only through 
the field to which they give rise. The motion of a partiele is then no longer determined by , 
the interactions with numerous other partieles, but only by the field. 

In the following it is our goal to discuss Lindhard' s calculation of the energy loss suffered 
by a charged partiele in a free electron gas. As mentioned previously, the dynamics of the 
free electron gas will be described by its electromagnetic properties. Lindhard chooses to 
characterize these in terms of the longitudinal and transverse dielectric constants E10 and Etr. 

This choice is in fact just an alternative for the more frequently used dielectric constant E and 
permeability p, as we will show below. 

Consider a eertaio dispersion-free medium of which the electromagnetic properties are • 
described by the dielectric constant E and the magnetic permeability p. The macroscopie 
electromagnetic field in this medium are described by the macroscopie Maxwell equations 
given by: 
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V·D =p 

VxE=- 08 
at 

VxH=J+an 
at 

V·B=O, 

(4.19) 

in which pandJare the charge and current density (external sources), and a set of material 
equations 

D=eE 

B=pH. 
(4.20) 

Furthermore, we can introduce the electromagnetic potentials A and <P with the usual 
defmitions 

B=VxA 

oA E=-V<P --. at 
(4.21) 

Suppose we wish to solve for the macroscopie field in the medium caused by the sourees p 
and J. If we describe the fieldsin termsof the potentials A and <Pand choose the gauge such 
that the longitudinal component of vector potenrial A vanishes (Coulomb gauge) 

V ·A =0, (4.22) 

we can combine equations (4.19), (4.20) and (4.21) into two equations for the potentials: 

V2<P = -E. 
E 

2_ V 2A -e~A =-J•r 
P ot 2 

J'r =J -EV ~<P. at 

(4.23) 

in which jU" represents the transverse or divergence-free part of the current density. Now the 
equations (4.23) can be solved to obtain the electromagnetic potentials. Using relations (4.21) 
the macroscopie field in the medium can be found 
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Next, we consider a medium with dispersion, that is a medium of which the dielectric 
constant and magnetic perroeability are complex functions of frequency ro and wave vector 
k. We regard the medium as isotropic, homogeneons and with properties independent of time. 
For this case it will be convenient to describe the fields and sourees by their Fourier 
components in space and time. For instance, the electtic field E can be written as 

00 

1 J -E(r,t) =-- d 3 kdro E(k,ro) expi(k·r -rot). 
(21t)2 -oo 

(4.24) 

For convenience, we will drop the tilde as an indication for Fourier components. No 
ambiguities should arise because of this, as we will indicate them by the arguments k and ro. 
Thus, equations (4.19), (4.20) and (4.21) lead to relations between the Fourier components 
of the fields, sourees and material parameters. These can be combined to obtain 

k 2 e(k,ro)<I>(k,ro) =p(k,ro) 

( 
k

2 

-e(k,ro)ro2JA(k,ro) =J'r(k,ro), 
p (k, ro) 

(4.25) 

which are in fact the relations between the Fourier components found from (4.23). 

Now, if we define the longitudinal and the transverse dielectric constants e1
o and etr as 

e(k,ro) =E10 (k,ro) 

1 1 ro
2 

( ) -,-------.,.- =- + _ e 10 (k,ro) + etr(k,ro) 
p(k,ro) Po k 2 

equation ( 4.25) transforros into 

k 2e10 (k,ro) <I>(k,ro) = p(k,ro) 

(~: -o>'E"(k,ro) }(k,ro) =J"(k,ro) 

(4.26) 

- (4.27) 

The point of the choice of a description in terros of e10 and etr rather than e and p, is that we 
find equations for the longitudinal field components described by <I> and the transverse field 
components described by A, in terros of only longitudinal and transverse material constants 
respectively. The fact that <I> deterroines longitudinal and A determines transverse field 
components, can be seen immediately if we consider the relations between the Fourier 
components we obtain from (4.21): 
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B (k,ro) = ikxA(k,ro) 
(4.28) 

E(k,ro) = -ik<f>(k,ro) + iroA(k,ro). 

Now we will derive a general expression for the energy loss suffered by a charged partiele 
of charge z1e moving in a straight line with velocity v in a medium of which the 
electromagnetic properties are described by E10(k,ro) and Etr(k,ro). In this case considered, the 
charge density is 

p ( r , t) = z1 e B ( r - v t) . 

Foutier transformation yields the Foorier components p(k,ro): 

ze 
p(k,ro) =-1-B(k·v -ro). 

21t 

(4.29) 

(4.30) 

The energy loss per unit path is z1e times the electtic field E , anti-parallel to v, at the 
immediate position r=vt of the particle. First we limit the treatment to the longitudinal field. 
U sing ( 4.27) we find for the Foorier components of the scalar potential: 

z
1 
eB(k ·v-rot) 

<f>(k,ro) = . 
21tk 2 E10 (k,ro) 

(4.31) 

Then using equation (4.28) we find the Foorier componentsof the longitudinal electtic field: 

(4.32) 

Perlorming inverse Foorier transformation we obtain for the real part: 

- (4.33) 

For the time independent electTic field at the immediate position of the partiele r=vt, (4.33) 
reduces to 

(4.34) 

Hence, the force F, of which the direction is opposite to that of the velocity v (E10(k,O) bas 
no imaginary part), is given by 
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F = z1 e E, (4.35) 

with E given by (4.34). The stopping power is equal to the magnitude of the force (4.35). 
Transforming the three-dimensional integral over k to one over its numerical value and one 
over eo=k·v we find the stopping power due to the longitudinal field components: 

2 2 - kv 

dE=- zl e ImJ dk Jdro ro . 
dr 4wv 2 

0 k -kv E10 (k,ro) 
(4.36) 

The contribution from the transverse field components can be derived in the same manner, 
but it may be neglected in non-relativistic cases. In relativistic cases it gives rise to 
Cherenkov radiation (see e.g. Landau & Lifshitz [26]). 

Now we have derived a general expression for the electrooie stopping power in a medium 
described by longitudinal and transverse dielectric constants we turn to the specific case of 
energy loss of an energetic charged partiele in a free electron gas. As mentioned before, 
Lindhard described the properties of a free electron gas in terms of longitudinal and transverse 
dielectric constants. Within the frame of this description, the stopping power in a free electron 
gas can be obtained by evaluating (4.36). Basedon quanturn mechanica! perturbation theory, 
Lindhard derived the longitudinal dielectric constant of a free electron gas to be 

2m 2 ro~E f(E ) 
Elo(k,ro) =E + o L __ n_ X 

0 
l'?k 2 

n N 
(4.37) 

where e and m are the charge and mass of the electron; ro0 is the classica! plasma frequency 
defined as ro0

2=e2p/f.om; ~ is the energy and kn the wave vector of the electron in the nth , 
state; f~) is the distri bution function, and ö is a small damping factor. Insertion of ( 4.37) 
in (4.36) yields the stopping power in a free electron gas. Usually Lindhard's stopping power 
formula is written as: 

( ]

2 

dE 1 z1e
2 

-=-
2 

- pL(p,v), 
dx 47tEom v 

(4.38) 

with p the electron density (in m·3) and L the so-called stopping number, defined by: 

(4.39) 

which is a dimensionless quantity. 
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Now we have found an expression for the energy loss per unit path length of a partiele 
carrying a charge z1e moving with velocity v, in a free electron gas of constant density p, we 
have to stress that expression ( 4.38) represents the average value of the stopping power. Since 
a charged partiele looses energy by numerous collisions with the electrons present in the gas, 
the process of energy loss is subject to statistica! fluctuations. These fluctuations are described 
in terms of the varianee of the energy loss distribution of a large number of ions traversing 
a free electron gas of constant density p over a certain distance x. Bohr derived this varianee 
!lB

2
, often referred to as the energy straggling, to be 

2 4 
2 zt e 

QB=--px. 
41te~ 

Effects of this straggling will be discussed later in this chapter. 

(4.40) 

In our stopping powercalculations we will use (4.38) and (4.39) todetermine stopping powers 
of electron gases with varying densities. To simplify matters, Iafrate and Ziegier [27] 
performed numerical integration of Lindhard's stopping number over a wide range of electron 
densities and projectile energies. The results of these calculations were presented in the form 
ofpolynomial fits of stopping number with electron density. In the next section, the numerical 
results of Iafrate and Ziegier will be discussed as well as some results of the methods 
described in sections 4.1 on electron density calculations. 

4.3 Numerical results 

Before focussing on the application of the theories outlined in 4.1 and 4.2 into a model for 
electtonic stopping powers in channeling directions, we frrst have a closer look at the 
numerical results obtained in calculations based on these theories. Since all stopping power 
calculations in this work have been done for silicon, the results presented below specifically 
refer to this particular element 

4.3.1 Core electron density in silicon 

Herman and Skilhnan have obtained numerical solutions for atomie single electron wave 
functions for the ground state of numerous elements based on the Hartree-Fock-Slater 
equations. For our purposes, we need the single electron wave functions for the electrons in 
silicon belonging to the closed shells with configuration 1s22s22p6

• These are the so-called 
core electrons of which the behaviour is not disturbed by the periodic arrangement of silicon 
atoms in the crystal structure and thus may be described in terms of atomie wave functions. 

The atomie single electron wave functions ~a(r) can be written in the form 

(4.41) 

in which Rru(r) is the radial wave function and Y~m(9,<p) is the angular wave function. Indices 
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n, 1 and rn are the principal quanturn nurnber, the orbital quanturn nurnber and the rnagnetic 
quanturn nurnber respectively. 

We are interested in the spherically averaged total electron density due to the core electrons 
in a silicon atorn, which is given by 

p(r) = _ 1_ ~co 
1 
r 2 R;1(r), 

4 2 L n, 
1tr n,l 

(4.42) 

in which the surn runs over the occupied orbitals in the shells denoted with n and 1 and COn1 

is the occupation nurnber given by (in case of cornpletely filled orbitals) 

ron,l =2(21 + 1). (4.43) 

As rnentioned before, the core shell consists of the orbitals ls, 2s and 2p with occupation 
numbers 2, 2 and 6 respectively. Contributions of these orbitals to the total averaged core 
electron density were obtained using the results of Herman and Skillrnan. They tabulated the 
function rRru(r) as a function of r. The square of this function represents the probability for 
fmding the electron in the orbital denoted by n,l at a distance r frorn the nucleus. In figure 
4.2 values of this probability function for the three orbitals have been plotted. 

8r---------------------------------~ 

6 

2 

0.5 1.0 1.5 
r (Bohr units) 

Figure 4.2 Probability densities for three orbita/s of core e/ectrons in silicon 

Inserting these functions in equation ( 4.42) yields the total averaged core electron density of 
a silicon atom. This function bas been plotted on the next page. It is clear that the core 
electron density decreases very rapidly as a function of r. For the actual irnplementation of 
average core electron densirles in LAROSE a function derived frorn the one shown in figure 
4.3 will be used: the average nurnber Ne1(r) of core electrons encountered within a sphere of 
radius r surrounding the nucleus. 
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Figure 4.3 
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This function is defined by 

r 

Nel(r) =47t fr2Pcore(r)dr. 
0 

A plot of this function is shown below in figure 4.4 
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Figure 4.4 Average number of electrons within a sphere of radius r 

(4.44) 

49 



4.3.2 Valenee electron density in silicon 

Denteneer and van Haeringen, have obtained ground state properties of solids at T=O K within 
the framework of density-functional theory using non-local normconserving pseudopotentials 
[24]. Perlorming their calculations in momenturn space including crystal space group theory, 
they obtained Fourier components of the total valenee charge density in silicon and diamond 
structures. Evaluating a Fourier expansion using these components, the total valenee charge 
density in real space is obtained. In figure 4.5 below, a contour plot is shown of lines of equal 
electron density in the (110) plane in silicon. The dots represent atomie positions in the plane 
and the thick lines conneet nearest neighbours. Units are electrons per primitive unit cell 
volume ( = 4.0·10-23 cm3

) with a contour step of 1. The average valenee electron density in 
silicon is approximately 2.0·1023 cm·3

• The local valenee electron density reaches its 
maximum in the covalent bonds as can beseen in figure 4.5. 

Figure 4.5 Valenee electron density in (1 JO) plane in silicon 

4.3.3 Numerical evaluation of Lindhard's theory of stopping power in a 
free electron gas 

Iafrate and Ziegier have calculated the stopping number L, defined by (4.39), for a free 
electron gas of zero temperature as a continuons function of electron density (in the range 
1022-1W2 cm"3

) fora wide variety of projectile energies. In figure 4.6 on the next page, a plot 
is shown of the varlation in stopping number with electron density for projectile energies of 
100 keV/amu, 1000 keV/amu and 10000 keV/amu. They presented the numerical results in 
least square polynomial fits of stopping number with electron density in the form 

(4.45) 

in which p is expressed in units of number of electrons per cm3
• 
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Figure 4.6 Varlation of stopping number with electron density 

The polynomial fits are presented in two parts; one for vion~vF and one for vion~vp, where Vp 
is the Fermi velocity defined by 

(4.46) 

where p is the number of electrons per unit volume. The Fermi velocity corresponds to the 
velocity of the electron occupying the uppermost filled level in the ground state of an N 
electron system. 

Since the fit coefficients appearing in the original paper of Iafrate and Ziegier for cases with 
vion~vF contained errors, new polynomial fits for energies of 1000 keV/amu and 10000 
ke V /amu for these situations have been generated based on the plots shown in figure 4.6. The 
new coefficients can be found in table 4.1. 

Table 4.1 Fit coejficients A; appearing in (4.45)/or 1000 keV!amu and 10000 keV!amu projecti/es 

I 1000 ke V /amu 
11 

10000 keV/amu I 
Ao -11177.5724 26476.06746 

At 827.0681 -2405.094 

A2 -22.9373 87.32038 

A3 0.282653 -1.5837 

A4 -1.306006 ·1 o-3 1.43484·10"2 

As 0.00 -5.1953·10"5 
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4.4 Calculations of energy loss in channeling directions with LAR OSE 

In this section we describe the concept by which results of core- and valenee electron density 
calculations and free electron gas stopping powers are merged into a model for spatially 
varying stopping powers in channeling directions of serniconducting crystals. Computational 
details related to the implementation of this model in the Monte Carlo channeling program 
LAROSE are provided. 

4.4.1 Model for spatially varying stopping powers in LAR OSE 

The energy lost by an ion moving in a medium exhibiting sparial variations in the electtonic 
stopping power is given by 

JdE AE = -(x)dx, 
1 

dx 
(4.47) 

where the integral is a path integral along the ion trajectory 1 and dE/dx represents the 
electtonic stopping power which is a function of coordinate x running along the trajectory. 

It is our goal to compute energy loss of ions moving in channeling directions of crystalline 
solids taking these sparial variations into account. Stopping power variations in a solid are 
directly caused by sparial electron density variations. Thus, a combination of Lindhard's 
theory of stopping power and theories descibing electron density distributions within a solid, 
seems to be the most natural approach to a model descrihing position dependent effects in 
energy loss. Because of this and the fact that these theories along with numerical results of 
calculations based on them are available, we use this combination as our model of stopping 
power in channeling directions of crystalline solids. 

A very important aspect related to the feasibility of numerical energy loss computations with 
this model is that sparial variations in the electronic stopping power within the solid are 
introduced within the framework of the Local Density Approximation (LDA). The essence 
of LDA is the fact that continuons variations are discretisized. This is accomplished by 
dividing crystal space up into a large number of small volume elements in which the local ' 
electron density is assumed to be constant. With respect to this assumption we note that we 
neglect any electron density fluctuations because of the thermal vibrations of the lattice atoms. 
The reason for this is that the effects of fluctuating electron densirles vanish for trajectories 
subject to large numbers of collisions because of overall averageing. Based on the locally 
constant electron densities, locally constant stopping powers are determined. Hence, a three
dimensionallocal stopping power grid which represents a discretisized approximation of the 
continuons sparial variations within the crystal structure forms the basis of the LDA stopping 
power concept Within LDA, the trajectory energy loss integral (4.47) is estimated by 

AE = L (dE) Axj, 
j dx j 

(4.48) 

where index j runs over the volume elements intersecled by trajectory 1 and Ax_; represent the 
respective intersection lengths. 
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In LAROSE, the trajectory of a channeled ion is approximated by a series of straight line 
segments. If we wish to compute the energy lost by the ion along its trajectory through the 
crystal structure we have to determine the contribution to the total energy loss of each 
individualline segment. These contributions are calculated using (4.48). Consider tigure 4.7 
in which a schematic two-dimensional representation of the central row of calculation is 
depicted along with the ion trajectory under consideration. 

J•N -- -~ 

-- - r-r-
r-

~ "' ~-J 1 

Figure 4.7 WA energy toss ca/culation in LAROSE 

The space surrounding the central row bas been divided up in N rectangular volume elements 
of equal size and shape, labelled uniquely with an index j. In each of the elements, the local 
stopping power bas been determined by evaluating Lindhard's formulas (4.38) and (4.39) for 
the local electron densities pj in the centers of the volume elements j. In this manner each 
volume element j is connected uniquely with a local stopping power (dE/dx)j. We note that 
energy straggling is left out for now and that local stopping power changes due to the 
continuons slowing down of the ion are neglected. 

The contribution to the total energy loss of a partienlar straight line segment is determined 
by fmding the volume elements j the segment intersects, and the respective intersection 
lengtbs ~· The energy loss contri bution AE of the partienlar segment then is given by ( 4.48). 
The total energy loss along a trajectory is obtained by summing over all individual line 
segment contributions resulting in 

AE,ot =LA Ei= L L (dE) Axi,j, 
i i J. dx .. 

l,J 

(4.49) 

in which i labels the individual straight line segments, (d.Fidx)ij represent the local stopping 
powers of the volume elements j intersected by segment i and A~j represent the respective 
intersection lengths. 

It is obvious that the most important computational ingredients of the LDA stopping power 
model in LAROSE are the definition of the three-dimensionallocal stopping power grid and 
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the procedure for determination of intersected volume elements and respective intersection 
lengtbs for a given straight line segment. In the following sections we will extensively discuss 
these two along with a global description of the software modules developed for these 
purposes. 

4.4.2 Local stopping power grid definition 

An unambiguous defmition of the three-dimensional reetangolar stopping power grid within 
LAROSE contains 5 ingredients. 

As a frrst ingredient, the size of the complete grid has to be specified. Because of the 
translational symmetry present in the lattice of rows structure and thus in the local stopping 
power distribution, the grid only needs to enclose a small part of the space assigned to one 
lattice row. From this "unit cell", which obviously will contain only a few lattice atoms, the 
complete row structure along with the related spatial stopping power structure in the row can 
be built by repetition of suitable translation operations. 

Next, the positions of the lattice atoms contained in the stopping power unit cell have to be 
specified. This implies a definition of a coordinate system indicating positions (of lattice 
atoms and line segments) within the grid. Regarding coordinate systems, we will from now 
on distinct between three systems used in LAROSE. The frrst system, already illustrated in 
chapter 2, is utilized for the collision computation procedure, the second is to indicate 
positions in the local stopping power unit cell. Positions in this unit cell are indicated by 
coordinates (Xl ',x2',X3 ') of which origin is always situated in the center of the unit cell. 
Furthermore, an integer coordinate system will be introduced for volume element 
identification purposes (see below). 

As a third ingredient, we have to specify the proportions of the individual volume elements 
in the stopping power unit cell. These obviously are closely related to the achievable spatial 
resolution in stopping power variations. 

Furthermore, a procedure has to be choosen to provide a unique labelling of the individual 
volumeelementsof the unit cell. For this purpose an integer coordinate system (1Xl,IX2,IX3) , 
has been introduced. 

The last part of the stopping power grid definition procedure concerns the assignment of local 
stopping powers to each of the volume elements j in the unit cell, based on local electron 
densities in these elements. 

We will now illustrate the previous considerations by means of a graphic representation of 
the stopping power unit cell for a partienlar lattice row structure. In figure 4.8 a schematic 
representation of the partienlar row structure (projection on the X2'-X3' plane) is shown 
along with a possible definition of the stopping power unit cell. It is obvious that the structure 
of the row, which is specified by the interatomie distance d, can be reproduced by repetition 
of translations of the unit cell along the row direction over the interatomie spacing. In figures 
4.9 and 4.10 more specific details conceming this stopping power unit cell are given in terms 
of the projectionsof this cell on the Xl '-X2' and the X2'-X3' plane. All spatial parameters 
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have been indicated. The proportions of the individual volume elements are specified by the 
parameters DXl, DX2 and DX3. The total size of the grid is determined by these parameters 
and the total number of volumeelementsin the three directions indicated by NMXl, NMX2 
and NMX3 respectively. Of course, the total size of the grid, specified by the domain of 
coordinates Xl ', X2' aitd X3', is determined by the translational symmetry parameters of the 
row structure. In principle, the number of volume elements contained in the grid (and thus 
the size of the individual volume elements) can be choosen freely. Nevertheless, geometrical 
restrictions are imposed on this choice by the demand that atomie positions within the unit 
cell always have to be located in a corner of a volume element. This will be discussed later. 
The origin of the coordinate system (Xl ',X2 ',X3 ') is situated in the center of the grid. 

Figure 4.8 
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For the three-dimensional volume element labelling procedure, an integer coordinate system 
(1Xl,IX2,IX3) is introduced. This system can be illustrated with the help of the two 
projections in figures 4.9 and 4.10. The projections of volume elements in the two planes are 
indicated by two integer coordinates for each plane. lXI and IX2 for the Xl'-X2' plane and 
similarly, IX2 and IX3 for the X2'-X3' plane. The origin of the integer coordinate system is 
situated at the position in the stopping power unit cell specified by the lowest possible (most 
negative) values of the position coordinates (Xl ',X2' ,X3 ') within the domain definitions. As 
mentioned before, these domains are specified the translational symmetry parameters 
specifying the total size of the ce11. Possible values of the integer coordinates range between 
1 and NMXl, NMX2 and NMX3 for the three directions (see figures 4.9 and 4.10). The 
indication of volume elements by the three integer coordinates is transformed into a single 
integer label Nvot by the transformation 
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Nvot =IX1 +(IX3 -1)*NMX1 +(IX2 -1)*NMX1*NMX3. (4.50) 

This transformation results in volume element labels within the interval [l,N,oJ where N,ot 
represents the total number of volume elements contained in the stopping power grid 

For the procedure applied to determine the local stopping powers in each of the volume 
elements, we turn to the specific example of silicon, for which we have performed extensive 
stopping power calculations which we will present later in this chapter. First, the local 
electron density, which is the sum of the independent contributions of core- and valenee 
electrons, in all of the elements has to be determined. 

The valenee electron density in silicon as supplied by Denteneer & van Haeringen is specified 
by the FORTRAN function EDSI descrihing the valenee electron density as a function of 
coordinates (x,y,z) with respect to the orthonormal basis formed by the set of veetors 
{ (\,ey,~} defined in the conventional unit cell of silicon. This cell along with the definition 
of its set of basis veetors is shown in figure 4.11. 

----------------~-----·· 

Figure 4.11 Conventional unit cel/ of silicon 

.-· .. 

Suppose we wish to assign values for the local valenee electron density to the volume 
elementsof the stopping power grid for <100> rows in silicon. Coordinates within the <100> 
stopping grid are indicated with respect to the orthonormal basis consisting of the set of 
veetors { ex1 -,ex2-,ex3-} as indicated in figure 4.11. In order to be able to carry out the 
assignment with EDSI, we have totransfarm grid coordinates (XI' ,X2',X3') to conventional 
unit cell coordinates (x,y,z). For the <100> row direction this implies a 45° rotation of the 
stopping power unit cell basis vecors about the ex (or ex3-) axis. This coordinate 
transformation is a linear orthonormal basis transformation which can be described by an 
orthonormal matrix A<tOO>· For the <100> stopping power unit cell, grid coordinates 
(Xl ',x2' ,X3') are transformed into conventional unit cell coordinates (x,y,z) by the matrix 
multiplication 
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Mter this transfonnation, the obtained conventional unit cell coordinates are scaled down to 
the lattice parameter of silicon (5.43072 Á) since the arguments for EDSI have to be in units 
of the lattice parameter. Now, the assignment procedure will proceed as follows. The 
coordinates (X11' ,X21' ,X3/) corresponding to the centers of the volume elements are 
determined for j=1 to Ntot· Then the corresponding column veetors are transformed by matrix 
A<IOO> given in (4.51) resulting in equivalent coordinates (~,y1,~ of the centers of the volume 
elements with respect to the basis of the conventional silicon unit cell. Inserting these 
transformed coordinates in the valenee electron function EDSI, then produces the desired local 
valenee electron densities in all of the volumeelementsof the <100> stopping power grid. 
Obviously, the sameprocedure can be utilized for the <110> and <111> stopping power unit 
cells using the corresponding transformation matrices. 

A last important remark related to the assignment of local valenee electron densities is the 
choice of the size of the volume elements. It is obvious that the volume elements have to be 
small enough to result in a reasonable approximation of the continuons spatial valenee 
electron density variations, but large enough to save computer time. To determine an 
upperlimit of the size parameters of the volume elements, we have carried out the following 
test calculation. We divide the cubic conventional unit cell of silicon in N3 cubic volume 
elements (N elementsper edge). Next we compute the local valenee electron densities in these 
volume elements and integrate these over the conventional unit cell of silicon. The result of 
the integration should be nearly 32, which is the number of valenee electroos contained in the 
conventional unit cell in silicon. Below, in table 4.2 results of this integration have been 
presented for various numbers N of cubic volume elements per conventional unit cell edge. 

Table 4.2 Integrated number of valenee electronsper conventional unit cel/ in silicon 

N I N3 I Number of electroos 

1 1 2.64 

2 8 3.11 

4 64 39.19 

8 512 32.00 

16 4096 32.00 

32 32768 32.00 

From this table we conclude that 8 volume elements per edge in the conventional unit cell 
of silicon is sufficient to reproduce the total number of valenee electroos in the conventional 
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unit cell within a reasonable error margin (less than 0.01%). Consequently, the upperlimit of 
the volume element edges is 0.679 Á (the lattice constant of silicon is 5.43072 Á). Naturally, 
these may always be choosen to be smaller. However, as mentioned before, the volume 
element edges cannot be choosen completely freely because of geometrical restrictions 
imposed by the demand that the lattice atoms in the stopping power unit cell have to be 
situated in corners of volume elements. This demand originates from the core electron density 
contribution implementation inthestopping power unit cell which we will describe below. 

The contribution of the spherically symmetrie core electron density will be added within the 
framework of LDA. To approximate the spherically symmetrie density in the rectangular 
shape grid, we will choose the size of the volume elements in such a way that the lattice 
atoms contained in the stopping power unit cell (of which the positions are specified by the 
coordinates (X1 ',X2' ,X3 ')) are always situated in corners of volume elements. In this way a 
lattice atom is symmetrically surrounded by severallayers of volume elements which gives 
the best approximation of spherical symmetry in a rectangular shape grid. A two-dimensional 
impression is shown in figure 4.12 in which the volume elements belonging to the frrst two 
surrounding layers have been indicated. The contribution of the core electrons will now be 
implemented using the surrounding layer approximation. To illustrate this approximation we 
consider tigure 4.12 in which a number of concentric spheres with radii r1, r2 and rn have been 
depicted, with the silicon atom situated in the common center. Radii of consecutive spheres 
are specified by an integer multiple of the volume element edge DX (For simplicity, we 
assume the volume elements to be cubic for the moment). So: r1=1 *DX, r2=2*DX, .... , 
rn=n*DX. 

Now, using the function specified by (4.44) and the plot from tigure (4.4), the average 
number Ne1(rJ of core electroos present within the consecutive spheres with radii ri are 
determined. A cut-off sphere with radius rmax is introduced beyond which the number of core 
electroos is assumed to be zero. For the silicon atom rmax is approximately 0.66 Á (see figure 
4.4). Because of the definition of a cut-off radius, the number of contributing spheres is 
limited and directly dependent on DX. 

Figure 4.12 Approximation of core electron density in a reetangu/ar shape grid 

The approximation we make is basedon the assumption that the core electroos Ne1(ri+1)-Ne1(rJ 
present within two consecutive spheres are thought to be equally distributed over the volume 
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elements betonging to the ith surrounding layer. Thus, for the frrst surrounding layer, which 
consists of 8 volume elements with volume Vc, the local core electron density is estimated 
to be 

(4.52) 

Similarly, the local core electron density in the 56 elements betonging to the second layer 
surrounding the atom is given by 

(4.53) 

and so forth for consecutive surrounding layers. 

It is clear that this procedure can only give a very rough approximation of the spherically 
symmetrie core electron density if the number of consecutive spheres within rmax is limited. 
Of course, this number is determined by the ratio rmaJDX where DX was choosen in such 
way that the lattice atoms are situated in corners of volume elements keeping in mind the 
upperlimit as set by the valenee electron integral criterion. In representative calculation cases 
discussed later, the number of surrounding layers was choosen between 2 and 8 (volume 
element edges of 0.66/2 Á and 0.66/8 Á). Clearly, this is by far too rough fora detailed core 
electron structure implementation. Naturally, if we decrease the size of the volume elements 
this can be improved but it will result in a drastic increase of necessary computer time. We 
choose not to do this and accept the fact that we will only include effects due to a locally 
high electron density within the near vicinity of lattice atoms without specifying the details 
of the core electron structure. 

Using the methods described above, the total local electron densirles P; within all of the 
volume elements of the stopping power unit cell can be found. It is straightforward to convert 
these local densities into local stopping powers. This is achieved by inserting the local P; 
(j=l, .. ,NroJ into formula (4.45) resulting in the local stopping numbers L;. These L; are 
inserted into the Lindhard stopping power formula ( 4.38) producing the local stopping powers 
(d.Eidx);. As mentioned before, localstopping powers are always the average values. Hence, 
energy straggling caused by statistica! fluctuations in the local stopping powers, described by 
the Lindhard straggling formula ( 4.40), is not taken into account. Furthermore, effects on 
average local stopping powers because of the slowing down of the projectile travelling 
through the crystal structure are neglected. 

4.4.3 Line intersection procedure 

The second ingredient of the calculation of energy lossofanion trajectory within LAROSE 
is the line intersection procedure. The definition of the problem is as follows. Consider a 
straight line segment of which the coordinates of the initial and final point with respect to the 
stopping power grid are known. In order to be able to calculate the energy loss contribution 
of this particular line segment, we have to find the labels j of the volume elements intersected 
by this segment and the corresponding intersection lengtbs A~. 
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The computer algorithm developed for these purposes is based on the rednetion of the three
dimensional problem to 2 connected two-dimensional problems. We consider projections of 
the line segment on two different projection planes of the stopping power grid. Consider 
figure 4.13. 

IX2 

X2' 

llu-----+---.....,.•••••••··············.,.-------+----------, 

2 

X3' 
1 

A~------r---------~~ 
~~-----L--------~ 

1 2 1 2 

IX1 IX3 

Figure 4.13 Projections of a line segment on the XI '-X2' and X2 '-X3' planes 

Projections fora certain line segment on the X1'-X2' and X2'-X3' planes of the stopping 
power grid are shown. For simplicity we have set the total number of volume elements in the 
grid at 8. The letters A,E and A',E' denote projectionsof the initialand final point in the two 
planes. The frrst step of the algorithm is to determine the volume elements in which the 
segment starts respectively ends. In the case depicted in figure 4.13 these elements are 
denoted by (IX1=1,IX2=1,IX3=1) and (IX1=2,IX2=2,IX3=2). The first intersected volume 
element thus is (1,1,1). The corresponding intersection length is determined as follows. The 
horizontal dashed line connecting A and A' is translated in the X2' direction toward the 
projectionsof the fmal point of the segment in both planes (E and E' respectively). When the 
intersection of the dashed line with either of the projections of the segment (AE _or A 'E') 
intersects any volume element boundary, the intersection length can be determined. In case 
of tigure 4.13 the frrst intersection is in point B. Thus, the intersection 
length corresponding to volume element (1, 1,1) is given by 

(4.54) 

The next intersected volume element is also known now. Since the projection intersectedan 
equi-X1' line, the label of the next intersected volume element is the one for which integer 
coordinate IX1 is one higher (the line proceeds in the positive X1' direction). Thus the next 
intersected element is specified by (2,1,1). The procedure described hereis repeated untill the 
algorithm reaches the volume element in which the :final point of the segment is situated. As 
the final result, the algorithm produces a set of labelling indices (IX1j,IX2;,IX3;) of the 
intersected volume elements j and the corresponding intersection lengths Ax;. The set of 
labelling indices is tumed into a set of single integer labels by application of ( 4.50). 

60 

• 



4.4.4 FORTRAN modules 

In this section we wil give a global overview of the FORTRAN modules which have been 
developed forstopping power calculation in silicon with LAROSE. 

Three modules FILLGRID, FILLGRID2 and FILLGRID3 perform the defmition of the 
stopping power grid for the <111>, <110> and <100> row directions in silicon respectively. 
This implies definitions of stopping power grid proportions, coordinate systems, assignment 
of local valenee electron densities with EDSI and assignment of local core electron densities 
using the surrounding layer approximation. The total local electron densities (in units cm-3

) 

are stored into the one-dimensional array DENS with the volume element labels defined by 
( 4.50) as the index. 

The module LINOHARD takes the elements of array DENS as arguments and turns them into 
the corresponding local stopping powers based on Lindhard' s stopping formula. The local 
stopping powers are stored into the one-dimensional array STOPP with the volume element 
label as the index. 

The modules GRIDINT, LINEINT and VOLUME were developed to perform the line 
intersection procedure. The module GRilliNT takes the coordinates in the stopping power 
grid system of the initial and final point of a line segment as arguments and computes the 
labels of the intersected volume elements and the corresponding intersection lengths. 
Furthermore it produces an integer representing the total number of intersections Ninter The 
labels of the intersected volume elements and the corresponding intersection lengtbs are stored 
in the one-dimensional array LENGTH. This array is organized as follows. At the positions 
2j+ 1 G=O, ... ,Ninter-1) the volume element labels are stored. At the positions 2j+2 the 
corresponding intersection lengtbs can be found. 

The trajectory energy loss computation now proceeds as follows. After each collision 
calculated during the trajectory computation procedure, the coordinates of the initial and final 
point of the current line segment with respect to the collision coordinate system are 
transformed into grid coordinates. Next, a check is performed to see whether the line segment 
reaches beyond the boundaries of the stopping power unit cell {this might happen when the , 
ion is moving from the vicinity of one row to that of another). If this is the case, the parts 
of the segment reaching beyond the defined stopping power grid, are transformed back in by 

· a symmetry transformation. This symmetry transformation is done by modules INTERSEer 
and LINES. An example of such a symmetry transformation can be found in appendix C. 
Then, the procedures GRIDINT, LINEINT and VOLUME take the segment's coordinates with 
respect to the grid system and produce the array containing the labels and intersection lengtbs 
of the intersected volume elements corresponding to this line segment. This array is then 
transferred to the energy loss computation routine ESCATQLIND which takes the elements 
of the array and performs the computation of the line segment energy lossas given in (4.48) 
by summing the products of local stopping powers corresponding to the intersected volume 
element labels j, and the respective intersection lengths. 
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4.5 Stopping powers in axial channeling directions of silicon; 
calculations with LAR OSE and experimentally determined val u es 

In this section we present results of stopping power calculations for axial channeling 
directions in silicon as performed with the LDA model, and compare these results with 
experimentally obtained values. Insection 4.5.1, absolute energy loss spectra computed with 
the model in LAROSE are presented. Then, in 4.5.2 a description is given of the 
RBS/channeling experiment by which average stopping powers in axial channeling directions 
of silicon have been determined. Pinally, in 4.5.3 the calculated and experimentally 
determined values for average stopping powers in axial channeling directions in silicon are 
compared. Based on this comparison, conclusions with respect to the performance of the LDA 
model are drawn and recommendations for future improvements are given. 

4.5.1 Energy toss calculations with LAROSE 

Absolute energy loss spectra have been calculated for 4 Me V a particles traversing through 
1100 atomie layers in the <111>, <110> and <100> axial channeling directionsin silicon. The 
spectra were accumulated by keeping track of the individual energy losses of the trajectories. 
All shown spectra contain 5000 ion trajectories. To study effects on energy loss distributions 
produced by the core electrons, two spectra were computed for each direction. One excluding 
contributions of core electrons, the other including them. Spacing parameters and basis 
transformation matrices related to stopping power grid definitions for the three row directions 
can be found in appendix C. 

In figure 4.14 and 4.15, two calculated absolute energy loss spectra for silicon <111> are 
shown. They represent the absolute energy loss distributions of 5000 channeled a particles 
with an initial energy of 4 Me V after traversing 1100 atomie layers (= 517.3 nm). The core 
electron structure has been approximated by two surrounding layers of volume elements 
(DX=0.66/2 Á). Pigure 4.14 contains the spectrum in which contributions of core electrons 
have been left out, whereas figure 4.15 represents the case in which the total electron density 
has been implemented. 

The distributions of energy loss we observe here, are caused by the different channeled , 
trajectories moving through different regions of the channel. Because of the spatially varying 
electron densities within the channel, the channeled ions loose different amounts of energy, 
which causes a broadening of the absolute energy loss distribution. We explicitly stress bere 
that the absolute energy loss variations we see bere are caused by variations of the average 
value of the local stopping powers and not by energy straggling due to statistica! fluctuations 
of the localstopping power in a region of constant electron density. 

lf we compare the two spectra we observe striking differences in shape. Por the spectrum 
without core electrons, the absolute energy losses remain within the interval between 35 and 
54 keV. Por the case including core electroos however, this interval is approximately twice • 
as large. The long high energy loss tail in the latter spectrum can be attributed to the 
channeled trajectories subject to large oscillations within the channel. 
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Figure 4.14 Energy loss excluding core electrons 
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Figure 4.15 Energy loss including core electrons 

These trajectories loose comparatively large amounts of energy because they frequently pass 
the regions near the atomie rows of the channel where the local electron density is relatively 
high due to the core electrons. We also note that the value for the FWHM of the spectrum 
including core electrans is smaller than the one for the spectrum excluding core electrons. 
These are 6.5 keV and 10.8 keV respectively. It seems that the low energy loss edge is shifted 
toward the high energy loss tail. 

Based on these spectra, we can also estimate the value of the average electtonic stopping 
power for 4 MeV a particles in the <111> axial channel in silicon. The values determined 
from both spectra are 82.2 eV/nm and 87.5 eV/nm respectively, for the situations excluding 
and including core electrons. According to our expectations, we see that the value deduced 
from the spectrum including core electrans is higher. lf we compare the values with the 
experimentally determined value of 161.77 eV/nm for 4 MeV a particles moving in a 
"random" direction in silicon [28], we find channeled-to-random ratios of 51% and 54% 
respectively. The average stopping power for channeled a particles in the <11_1> axial 
direction predicted by the LDA model thus is considerably lower than for random directions. ' 

In figures 4.16 and 4.17 the two absolute energy loss spectra for the <110> direction are 
shown (traversed distance = 211.2 nm). The spectrum in 4.16 represents the case in which 
core electrans have been left out of the computations, whereas figure 4.17 contains the 
spectrum in which the core electron structure has been implemented through two surrounding 
layers of volume elements (DX=0.66/2 À). 

Similar shape differences can be observed between the two spectra. Again, a long high energy 
loss tail appears in the spectrum including core electrons. The values of FWHM are 8.1 
(without core electrons) and 6.5 keV (including core electrons) respectively. The 
corresponding values of the average stopping power in the <110> axial channel in silicon are 
73.1 eV/nm and 92.8 eV/nm. Channeled-to-random ratios are 45% (without core electrons) 
and 57% (with core electrons). 
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Figure 4.17 Energy loss including core electrons 

Again, the channeled stopping power in the axial channeling direction lower than the random 
value. The large shift of the average value including core electroos is caused by the 
considerable high energy loss tail which pulls the average to a higher value. We note that the 
position of the peak in the distribution did notchange significantly. 

Finally we present the energy loss spectra obtained for the <100> axial direction in silicon 
(traversed distance = 597.4 run). Figures 4.18 and 4.19 show spectra including and excluding 
core electron contributions respectively. We note that the total number of volume elements 
contained in the stopping power unit cell for this case was a factor 10 larger than for the 
previous directions. Consequently, more detail has been introduced into the core electron 
density implementation (8 surrounding layers with DX=0.66/8 Á). 

The spectrum including core electroos reveals a high energy loss tail although it is much 
shorter than in the previous cases. Forthermore it is remarkable to see that the low energy 
ed.ges in both spectra evolve more gradually than in the previous ones. Whether this is caused 
by the the smaller volume elements in the stopping power unit cell is not clear to us. The ' 
calculated values for the average stopping power in the <100> direction in silicon are 93.7 
eV/nm (excluding core electrons) and 101.4 eV/nm (including core electrons). Channeled-to
random ratios are 58% and 63%. If we consider the FWHM values for both we find 5.5 ke V 
(excluding core electron) and 6.2 keV (including core electrons) respectively. 
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Figure 4.18 Energy loss excluding core electrons Figure 4.19 Energy toss including core e/ectrons 

4.5.2 Experimental determination of average stopping powers in axial 
channeling directions in silicon 

The average stopping powers in <111>, <110> and <100> axial directions in silicon have 
been obtained experimentally by van IJzendoom at Philips research laboratories. A crystalline 
silicon wafer containing Erbium precipitates (- 5·1014 atoms per cm2

) situated at a well 
defined depth be1ow the sUlface was analyzed with RBS. The sample was obtained by 
implantation of a crystalline silicon wafer with 1.1·1015 Eratomsper cm2 with an energy of 
1100 keV. The temperature of the silicon wafer was kept at 500 oe during the implantation. 
Because of the high implantation dose, the solid solubility limit was exceeded, causing the 
formation of Erbium precipitates superimposed on the implantation profile. 

The RBS measurements were carried out using 2 Me V a partiel es, with the detector mounted 
at a scattering angle of 170°. Spectra were obtained for three different situations in which the 
ion beam was aligned with the <111>, <110> and <100> directionsof silicon respectively. 
For each case a reference random spectrum was recorded. This was done by tilting the sample 
over an angle of 5° about an axis normal to the scattering plane. During the measurement of 
the random spectrum the sample was continuously rotated about an axis normal to the sample. 

In figure 4.20 two of the measured RBS spectra are shown. One represents the situation in 
which the ion beam was directed along the <110> axial direction, the other represents the 
corresponding random spectrum. In the aligned spectrum we clearly distinguish the silicon 
sUlface peak and observe a very low backscattering yield originating from scattering events 
below the surface, indicating good crystal quality. At a certain depth in the sample where the 
precipitates are situated, the silicon scattering yield suddenly increases, indicating enhanced 
decbanneling due to the Erbium atoms positioned within the channel. 
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Figure 4.20 

Figure 4.21 
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Most important in both spectra are the positions of the Erbium peaks. A magnification of the 
spectrum region between channels 300 and 500 is shown in figure 4.21 in which the dashed 
curve represents the peak of the random spectrum. In both spectra an Erbium implantation 
profile can be recognized which a peak corresponding to the Erbium precipitates is 
superimposed. It clearly shows that the peaks are shifted relative to each other. The peak in 
the aligned spectrum is positioned at a higher channel number indicating a lower energy loss 
of backscartered ions which entered the sample along the <110> axis. The peak position 
difference between the random and aligned situations are caused by a lower stopping power 
for ions channeled along the <110> direction. Thus, average stopping powers in the three 
axial directions in silicon can be determined by analyzing the shifts of the corresponding 
aligned Erbium peaks with respect to the random position. 

To illustrate this, we consider figure 4.22 in which a schematic representation is shown of an 
He ion with initia! energy E0 incident at an angle 91 with respect to the normal, scattered by 
an Erbium atom at depth x and leaving the sample at an angle 92 with respect to the normal. 

Er Si 

Eo 

Figure 4.22 General scattering geometry for ions scattered by Erbium at depth x 

In the surface approximation, the energy loss AE defined as E0-E1 is given by (see [1]): 

ilE = E0 (1 - KEr) +[ ~ e:(E0 ) + 1 e!~t(KErE0)]Nsix , (4.55) 
cosel cos92 

where Esiin and Esiout are stopping cross sections for the incoming and outgoing partiele with 
energies Eo and K~0 respectively, where KEr is the Erbium kinematic factor for scattering 
of an a partiele over an angle of 170°, Nsi is the atomie density of silicon atoms and x is the 
depth at which the ion is scattered. Stopping cross sections for silicon are defmed as 

(4.56) 
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First, x is determined from the energy position of the Erbium peak in the random spectrum 
recorded near the <100> direction of silicon. For this case e1 and e2 are 5° and 5° 
respectively. For this situation, both the incoming as well as the outgoing path are directed 
along a random direction of silicon. Stopping cross sections as a function of projectile energy 
for random directions are available in the literature. Hence, using the kinematic factor KEr for 
scattering by Erbium over an angle of 170°, which is 0.9095, stopping cross sections for the 
incoming and outgoing ion can be found. Since AB can be determined from the peak position 
in the spectrum, x can be calculated using equation (4.55). In this way, Ns~ was found to be 
2.05·1018 atoms/cm2 (±3%). 

The stopping cross section Esi<Eo) for 2 Me V a's in the three axial channeling directionsin 
silicon can now be determined as follows. For all the spectra recorded under channeling 
conditions, the incoming path is aligned with the channeling direction under consideration and 
the outgoing path is directed along a random direction. Angles e1 and e2 are known for the 
respective cases. Respectively, they are 0° and 10° for <100>, 45° and 35° for <:llO> and 
54.7° and 44.7° for <111>. Thus, the determination of the energy loss AB for the respective 
directions directly produces the channeled stopping cross sections Esï(Eo) using (4.55). In table 
4.3 below, channeled-to-random ratios of the stopping cross section (and thus of the stopping 
power) for 2 Me V a particles in the three axial channeling directions of silicon obtained in 
these experiments are given. Along with these, experimental values for channeled-to-random 
ratios for 2 MeV and 4 MeV a particles for the <111> and <110> axial directionsin silicon 
obtained in 1972 by Eisen et al. [29], are included. 

Table 4.3 Channe/ed-to-random ratios for 2 Me V and 4 Me V a stopping cross sections in silicon 

I Axial direction I 2 Me V a (Th is work) I 2 MeV a [29] 4 MeV a [29] 

<111> (73 ± 5)% (69 ± 1)% (62 ± 1)% 

<110> (53 ± 5)% (53 ± 1)% (49 ± 1)% 

<100> (74 ± 4)% - -

According to our expectations, stopping powers in the axial channels are considerably lower 
than in random directions. The results of the present measurements for 2 MeV a's are in 
good agreement with those obtained by Eisen et al .. It is interesting to see that substantial 
stopping power differences between the various channeling directions exist and that 
channeled-to-random ratios are obviously energy dependent We will discuss this last aspect 
later. 

4.5.3 Discussion and conclusions 

To evaluate the performance of the LDA model in LAROSE, the calculated average stopping 
powers are compared with experimental values from table 4.3. In table 4.4 the calculated 
values for channeled-to-random ratiosof 4 Me V a stoppingpowersin the <111>, <llO> and 
<100> direction in silicon are shown along with values for 2 MeV a's obtained in the 
experiments described in the previous section and the values for 4 Me V a's measured by 
Eisen et al .. 
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Table 4.4 Comparison of calculated and measured channeled-to-random ratios 

Axial direction Calculated Calculated Measured Measured 
(including core ( excluding core (2 MeV) (4 MeV) 
electrons) electrons Eisen et al. 

<111> 54% 51% (73 ± 5)% (62 ± 1)% 

<110> 57% 46% (53 ± 5)% (49 ± 1)% 

<100> 63% 58% (74 ± 4)% -

First of all, if we consider the measured values for the average stoppingpowersin the three 
channels for 2 Me V a's, we see significant differences. Whereas the channeled-to-random 
ratios for the <111> and <100> directions are 73% and 74% respectively, the value of 53% 
for the <110> direction is considerably lower. This difference can be explained in terms of 
geometrical considerations. If we compare the cross sectional areas assigned to the atomie 
rows for the various directions, we find values of 10.4 Á2

, 4.2 Á2 and 3.7 Á2 for the <110>, 
<111> and <100> directions respectively. Thus, the area assigned to the <110> rows is 
approximately a factor 2.5 larger than for the other row directions. Since the cross sectional 
area of the core electrons of silicon is approximately 1.37 Á2 this means the relative 
contribution of the core electrons to the stopping power of a channeled beam in the <110> 
direction is a factor 2.5 lower than for the other two directions. Consequently, the average 
stopping power in the <110> direction is lower. According to our expectations, similar effects 
can be recognized in the experimental data obtained by Eisen et al. for 4 Me V a's. 

It is remarkable that apart from this geometrical argument, the average stopping power 
calculated only including valenee electrons already prediets the average stopping power in the 
<110> channel to be lower than for the other directions. Although, the calculated percentages 
do not agree with the experimentally determined values, it is striking that the LDA model is 
able to resolve average stopping power differences between the three channels. Comparing 
the differences between the measured and calculated channeled-to-random ratios for 4 Me V 
a's, we observe that the difference is significantly higher for the <111 > direction (11%) than 
for the <110> direction (3%). Assuming that these differences are caused by the neglect of 
core electrons, it seems plausible that the discrepancy for the <110> direction is smallest since 
core electrons have the smallest relative contribution to the average stopping power for that 
direction. This also implies that it is not correct to assume the average valenee electron 
density in all three channels to be equal to the average valenee electron density in the silicon 
unitcellas has been done by several authors [30], [31]. In this case the channeled-to-random 
value as calculated by inserting the average valenee electron density in silicon (32 per 
conventional unit cell) in Lindhard's stopping formula, would be 58% for all directions. 

The energy dependenee of channeled-to-random ratios observed in the experimental data in 
table 4.4, was investigated extensively by Eisen et al .. They measured channeled-to-random 
ratios for a particles in silicon as function of energy, in the energy range between 0.1 and 18 
Me V. They found that the channeled-to-random ratio for several axial and planar directions 
in silicon, is a function of a energy, having a maximum value at the same energy at which 
the maximum inthestopping crosssectionis observed. Eisen et al. explained the increase of 
this ratio for decreasing energies beyond the maximum in terms of differences in relative 
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contributions of core electroos to the total stopping for random and channeling directions 
respectively. Their line of reasoning runs as follows. Electroos that find themselves in regions, 
which are unaccessible to channeled particles, give a smaller contribution (only plasma 
excitations) tothestopping fora channeled partiele than fora random partiele this explains 
the stopping in channeling directions to be lower than in random directions. The relative 
contribution from inaccessible electroos to the random stopping decreases with decreasing 
energy (the contribution of individual excitations decreases). The relative decrease of the 
contribution of these electroos to the stopping for channeled particles however, will be small 
since only collective plasma excitations are involved. This results in the increase in 
channeled-to-random stopping ratio. 

We have already seen that the results of our calculations including core electroos within the 
LDA model predict a high energy loss tail in the absolute energy loss spectra due to 
trajectories having large oscillation amplitudes. This effect is confrrmed by the energy spectra 
measured by Eisen et al. in which similar high energy loss tails are visible, as can be seen 
in figure 4.23 below. In figure 4.23, energy distributions of 7 Me V a particles travelling 
through a silicon crystal over a distance of 11.21 pm in various channeling directions in 
silicon. In the spectra corresponding to the <111> and <110>, very similar high energy loss 
tails can be recognized. 
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Figure 4.23 
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Transmission spectra for 7 Me V a's transmitted through a 112 J4m thick crystal for different 

orientations 

Because of the high energy loss tail, the average stopping power values will increase as we 
would expect However, if we consider the channeled-to-random ratios found with the 
ioclusion of core electron contributions, the calculated results do not reproduce the observed 
stopping power differences between the three directions. This is illustrated by the fact that the 
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relative contribution of the core electroos to the average stopping power is highest for the 
<110> although we expected it to be lowest. Because of this we feel that we cannot give any 
quantitative estimation of the influence of the core electroos on channeled-to-random ratios 
within the LDA framework. The discrepancies might be caused by the rough approximation 
of the spherically symmetrie core electron structure within the stopping power grid, but rather 
we think that the contribution of core electroos may not be described in terms of the free 
electron gas approach. Because of the fact that these electrans are strongly bound to the 
nucleus, atomie transition processes should be considered rather than energy loss due to the 
interactions with a plasma of free electrons. In the literature, several authors have treated 
stopping power contributions of atomie electrans within an impact parameter dependent model 
including atomie processes [32], [33]. It will be relatively easy to imptement such a model 
in LAROSE. 

As a last important aspect we mention energy straggling. In many cases, the Bohr straggling 
formula (4.40), which is basedon statistica! fluctuations inthestopping power of an electron 
gas of uniform density, is used to estimate the amount of energy straggling. In the LDA 
model, this straggling bas been left out. Nevertheless we observe a substantial broadening of 
the energy loss distribution which is only caused by electron density variations within the 
channel. Path length differences between the various channeled trajectories do no contribute 
significantly because relative path length differences with respect to the total travelled 
distance are in the order of 0.1 %. 

Remarkably, the broadenings we observe in the calculated energy loss spectra are in the order 
of the Bohr straggling. For instance, the straggling as given by the Bohr formula for an a 
partiele travelling 500 nm through silicon is 3.2 keV. lf we assume a Gaussian distribution, 
this willlead toa value for FWHM of approximately 7.5 keV. lf we consider the values for 
FWHM of the calculated spectra corresponding to comparable travelled distances, we see that 
they are of the same order. 

Consequently, we may conclude that spatial stopping power variations produce a fundamental 
contribution to broadening of energy distributions, which bas not been recognized before. In 
fact, Eisen et al. found that Bohr straggling does not have a significant contribution to the 
broadening of the energy loss distribution for best channeled particles. They found that the , 
shape of the leading edge of the energy distributions did not change with increasing travelled 
distance indicating the absence of energy straggling. This is a very interesting effect which 
bas to be studied in further detail. The LDA stopping power model in LAROSE developed 
in this work, enables an extensive theoretica! investigation of these effects. For this however, 
an implementation of energy straggling effects in the LDA model has yet to be realized. To 
achleve this, a local stopping power distribution has to be defined for each volume element 
in the stopping power grid rather than only local average stopping powers. lf we assume these 
distributions to be Gaussian, we have to specify the average localstopping power, which we 
already did before, and additionally specify alocal straggling per unit length for each volume 
element in the stopping power grid. Although implementation of this straggling will result in 
a drastic increase of necessary computer time (momentary values for the local stopping 
powers have to be selected using the random number generator) it is worth the effort because 
of the interesting effects observed in the experiments done by Eisen et al. and the promising 
achievements of the LDA model in LAROSE. 
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Appendix A 

Calculation of normalized nuclear encounter probabilities in LAROSE 

In this section we will derive the expression given by Barrett [7] for the computation of 
normalized nuclear encounter probabilities used in LAROSE. Consider tigure A.l in which 
a row of atoms is shown. 

Figure A.l Atomie row of atoms ; to every atom in the row a certain plane is assigned 

To every atom in the row, a plane perpendicular to the row direction is assigned. In tigure 
A.l three atoms are shown with their particular planes. Positions in this plane are indicated 
by the coordinates x and y as depicted in tigure A.l. If we wish to calculate the probability 
P for an ion to have a close encounter event with the lattice atom belonging to a certain plane 
S, we have to take the surface integral over this plane of the flux density distribution ~5(x,y) 
of the ions at this plane times the probability p(x,y), basedon the two dimensional thermal 
vibration amplitude distribution of the lattice atoms, for the lattice atom to be at the point 
(x,y) in the plane. That is 

P = Jcr>5 (x,y)p(x,y)dxdy. (A.l) 
s 

First we will calculate this probability for "randomly" oriented trajectories. The essence of 
randomly oriented trajectories impinging on the plane belonging to the atom under 
consideration is that they give rise to a uniform flux density distribution in this plane. 
Suppose that the area of the assigned plane is A. 
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Consequently, the nonnalized flux density distribution <I> for randomly oriented trajectories, 
obviously independent of x and y, is given by 

1 <J>random(x,y) =<I> = _ . 
A 

(A.2) 

Then, the probability fora close encounter event at plane i (area A;} for randomly oriented 
trajectories is given by 

(A.3) 

in which pi(x,y) is the probability density for the atom belonging to plane i to be present at 
position (x,y). For reasans mentioned earlier, it is favourable to express the probabilities in 
tenns of nonnalized nuclear encounter probabilities. If we wish to define the nuclear 
encounter such that the nuclear encounter probability for randomly oriented trajectories is 
unity, we have to multiply definition (A.1) by a nonnalization constant of magnitude~· Now 
we will calculate the normalized nuclear encounter probability Pi at plane i for non-randomly 
oriented trajectories. This probability is given by 

Pi= Ai J <l>i(x,y) pi(x,y)dxdy, 
i 

(A.4) 

in which <l>i(x,y) is the flex density distribution due to the non-randomly oriented trajectories 
as plane i. In LAROSE the integral (A.4) is evaluated by Monte Carlo methods. It is assumed 
that the two-dimensional thennal vibration amplitude distribution is Gaussian so that 

_ 1 ( x2+y2J-pi(x,y)- 2 exp 2 ' 
27tu1 2u1 

(A.5) 

in which u1 is the root-mean-square thermal vibration amplitude. Insertion of (A.5) in (A.4) 
yields 

Ai J ( x2+y2J P.=-- <l>.(x,y)exp dxdy. 
I 2 I 2 

21t~ i 2~ 
(A.6) 

The flux density distribution <l>i(x,y) is approximated by the computing a number of 
trajectories crossing plane i and keeping track of their respective intersectien positions (xij•Yï) 
in this plane. Thus, every trajectory gives a ö-function contribution to the flux density 
distribution as expressed by 

~ Ö(x- x .. )Ö(y- y .. ) 
<l>i(x,y) = L..J I,J I,J ' 

j=l Ntot 
(A.7) 

in which Ntot is the total number of calculated trajectories. 
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Inserting (A. 7) in (A.6) we obtain 

N ( 2 2 J A. .. x .. +yiJ 
= • ~ exp - ~ . 

2 ~ 2 21t u1 Ntot J=l 2 u1 

(A.8) 

In channeling directions the area of the planes assigned to the atoms of a lattice row is given 
by 

A= COS'If 

Nd ' 
(A.9) 

in which d represents the spacing along the atomie row and 'V is the angle of the ion beam 
with respect to the row direction. Using (A.9) in (A.8) yields the fmal expression for the 
normalized nuclear encounter probability for an event with one lattice atom in a row along 
a channeling direction. This expression can easily be modified to an average normalized 
nuclear encounter probability for an event in a certain region containing several atoms. This 
expression, which is the one given by Barrett, is: 

(A.IO) 

where i labels the individual collisions and Tlc is the total number of collisions given by the 
number of atoms present in the region multiplied by the number of trajectories. 
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Appendix B 

Angular scans for 12 MeV a and 16 MeV protons 

Below in figures B.1 and B.2, the sets of angular scans calculated for 12 Me V a and 16 Me V 
are presented. 

Figure B.l 

Figure B.2 
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Appendix C 

Details concerning stopping power grid definitions 

Below we will give the spatlal parameters of the stopping power unit cell defmitions applied 
for the calculations in the <111>, <110> and <100> axial directions in silicon. Along with 
these defmitions, the transformation matrices converting grid coordinates to conventional unit 
cell coordinates (see equation (4.51)) for valenee electron density assignment purposes with 
EDSI are given. Finally, an example will be given of a symmetry translation imposed on a 
line segment reaching beyond the boundaries of the defined stopping power unit cell. 

Definitions for silicon <111> 

2.22Ä 

Figure C.l 

3.84Ä 

Atomie row 

NMX1•12 

NMX2-8 

NMX3-28 

DX1-=0.32Á 

DX2-0.28Á 

DX3-0.34Á 

Stopping power unit cel/ definitionfor silicon <111> 

Atomie positions 

X2' 

9.41 A 

In the XI '-X2' plane, the dashed rhombus represents the cross sectional area assigned to the , 
<111> rows in LAROSE. Since the stopping power grid elements are rectangular, it is not 
possible to construct the grid such that the projection of the grid boundary on the X1 '-X2' 
plane has the rhombohedral shape. This is solved by choosing the grid parameters such that 
the rhombohedral cross sectien is completely enclosed as in tigure C.l. We will discuss this 
aspect more extensively later in this appendix. 
The transformation matrix A<llt> is 

!_.[i 
2 

!..{6 
6 

!..{3 
3 

-}:_ {6 !..{3 A = 0 (C.l) 
<111> 3 3 

-!...[2 
2 

!..[6 
6 

!..{3 
3 
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Definitions for silicon <110> 
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Figure C.2 Stopping power unit cell definitionfor silicon <110> 

The transformation matrix A<HO> is 

1 

0 
A<llO> = 

0 

Definitions for silicon <100> 
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In this case, the cross sectional area assigned to the <100> rows has a square shape. Thus, 
the projection of the boundary of the stopping power unit cell on the Xl'-X2' plane coincides 
with the square cross section. 

The transformation matrix A<tOO> is 

0 0 1 

A = <100> 

-!..{'2 !..{'2 0 
2 2 

!_{i !_{i 0 
2 2 

Symmetry translation procedure 

In order to account for line segments extending beyond the boundaries of the cross sectional 
area assigned to the rows, a symmetry translation procedure was developed. Consider figure 
C.4 in which two adjacent rows with their rhombohedral cross sectional areasin the Xl'-X2' 
plane are shown. The projection of the boundary of the defined stopping power unit cell has 
been indicated (the dashed line) for the left most row which we assume to be the current row 
of calculation. In principle, this projection should coincide with the rhombohedral cross 
sectional area since these rhombuses are the real periodic eens which fill up the complete 
Xl'-X2' plane by repetition. Since we cannot achieve this with rectangular volume elements, 
we have to campromise and choose the stopping power unit cell such that the projection of 
its boundary on the Xl'-X2' plane completely encloses the rhombus. Consequently we must 
impose the restrietion that the regions of the stopping power unit cell of which Xl'-X2' 
projection lies outside of the rhombus may not be used for energy loss calculations. These 
forbidden regions are indicated by the shaded areas. 

Forbidden region of stopping power grid 

Figure C.4 Porbidden regionsin the stopping power unit cel/ 
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Next consider figure C.5 in which a line segment AC has been drawn which passes from the 
vicinity of the left row to that of the right one. To calculate the energy loss contribution of 
this line segment we have to transform the part BC of the segment outside the rhombohedral 
cross section back in the valid regions of the stopping power unit cell. 

Figure C.5 Symmetry translation of a line segment extending beyond the allowed regions 

PartBC is translated back in as shown in figure C.S. Thus, the single line segment AC is split 
up in two segments AB and B' C'. Possible shifts of B 'C' along the row direction because of 
any longitudinal displacements (see chapter 2) between the atomie positions in the two 
adjacent rows are taken into account Now the energy loss contribution of the original line 
segment is the sum of the contributions of AB and B'C'. 

The FORTRAN subroutines INfERSECT and LINES have been written for the symmetry 
translation purposes. Two versions of both subroutines were written. INfERSECT and LINES 
for the situation of rhombohedral cross sections (as in the <111> and <110> directions in 
silicon), and INfERSECT3 and LINES3 for rectangular cross sections (<100> direction in 
silicon). LINES takes the coordinates of the initial and final point of a line segment with 
respect to the stopping power grid and checks whether any valid stopping region boundaries 
are crossed. If this is the case, the subroutine INfERSECT calculates the intersection points 
of the line segment with the cross sectional area boundaries. Then, LINES takes the calculated 
intersection points and uses these to splits up the line segment into parts as shown above. 
Finally LINES returns the coordinates of the initial and final points of all parts of the split 
up line segment. 

79 

• 



References 
[1] W.K. Chu, J.W. Mayer, M.A. Nicolet, Backscattering Spectrometry, (Academie Press, 

London, 1978). 
[2] J. Lindhard, Mat. Fys. Medd. Dan. Vid. Se/sk., 34 (14), 1 (1965). 
[3] L.C. Feldrnan, J.W. Mayer, S.T. Picraux, Materlafs Analysis by Ion Channeling, 

(Academie Press, 1982). 
[4] C.W. White, P.P. Pronk:o, S.R. Wilson, B.R. Appleton, J. Narayan, R.T Young, J. 

Appl. Phys. 50 (5), 3261 (1979). 
[5] J.U. Andersen, 0. Andreasen, J.A. Davies, E. Uggerh~j. Radiat. Effects 1, 25 (1971). 
[6] G.F.A van de Walle, C.W. Frederiksz, A.A. van Gorkum, R.A. van den Heuvel, 

C.W.T Bulle-Lieuwma, L.J. van IJzendoorn, Philips J. Res. 44, 144 (1989). 
[7] J.H. Barrett, Phys. Rev. B 3 (5), 1527 (1971). 
[8] J.H. Barrett, Nucl. Instr. and Meth. B 44, 367 (1990). 
[9] G. Molière, Z. Naturforsch. 2a, 133 (1947). 

[10] W. Eckstein, Computer Simu/ation of Ion-Solid Interactions, (Springer-Verlag, New 
York, 1991). 

[11] C. Lehmann, G. Leibfried, Z. Phys. 172, 465 (1963). 
[12] P. Debye, Ann. Phys. 39, 789 (1912). 
[13] I. Waller, Z. Phys. 51, 213 (1928). 
[14] G.E.P. Box, M.E. Müller, Ann. Math. Stat. 29, 610 (1958). 
[15] J.H. Hammersley, D.C. Handscomb, Monte Carlo Methods, (Wiley, New York, 1965). 
[16] H. Tolsma, Ionenverstrooiing met hoog energetische a-deeltjes, M. Sc. Thesis, 

Eindhoven University of Technology (1991). 
[17] W. van Genderen, Berekeningen van de bundelstroom met het programma BTES; 

Internat report, VDF/NK 86/17. 
[18] E.V. Condon, G.H. Shortly, The Theory of Atomie Spectra, 2nd ed., (Cambridge 

University Press, Cambridge, 1951). 
[19] F. Herman, S. Skillman, Atomie Structure Ca/culations, (Prentice Hall, 1963). 
[20] P. Hohenberg, W. Kohn, Phys. Rev. 136 (3B), B864 (1964). 
[21] W. Kohn, L.J. Sham, Phys. Rev. 140 (4A), A1133 (1965). 
[22] J.C. Phillips, L. Kleinman, Phys. Rev. 116, 287 (1959). 
[23] D.R. Hamann, M. Schlüter, C. Chiang, Phys. Rev. Lett. 43, 1494 (1979). 
[24] P.J.H. Denteneer, W. van Haeringen, J. Phys. C 18, 4127 (1985). 
[25] J. Lindhard, Mat. Fys. Medd. Dan. Vid. Selsk. 28 (8), (1954). 
[26] L.D. Landau, E.M. Lifshitz, L.P. Pitaevskii, Electrodynamics ofContinuous Media, 2nd 

ed., (Pergamon Press, 1984). 
[27] G.J. Iafrate, J.F. Ziegler, J. Appl. Phys. 50 (9), 5579 (1979). 
[28] J.F. Ziegler, B.F. Biersack, U. Littmark, The stopping and range ofions in solids, Vol. 

1, (Pergamon Press, 1985). 
[29] F.H. Eisen, G.J. Clark, J. B~ttiger, I.M. Poate, Rad. Effects 13, 93 (1972). 
[30] P.J.M. Smulders, D.O. Boenna, Nucl. Instr. and Meth. B 29, 471 (1987). 
[31] A. Bontemps, J. Fontenille, Phys. Rev. B 18 (11), 6302 (1978). 
[32] K. Dettmann, M.T. Robinson, Phys. Rev. B 10 (1), 1 (1974). 
[33] E.H. Mortensen, H.H. Mikkelsen, P. Sigmund, Nucl. Instr. and Meth. B 61, 139 

(1991). 

80 

• 



Internal report 

Quantification of hydrogen detection with Elastic Recoil 
Detection (ERD) using (a,p) reactions 

In this communication we will discuss the possibilities of quantification of hydrogen detection 
with ERD using (a,p) reactions. Insection A we give a briefdescription of the classica! ERD 
and mention the problems involved with quantification of hydrogen concentrations. Next, in 
section B we will discuss general characteristics of ( a,p) reaction kinematics. In section C an 
illustrative example is given, concerning hydrogen concentration determination in nitride 
samples using the reaction 14N(a,p)170. 

A Hydrogen detection with ERD 

ERD is a technique specifically suited for detection of elements of which the mass is lower 
than the mass of the atoms in the bulk matrix or substrate. In figure 1, a schematic 
representation is shown of the set up used in conventional ERD experiments applying a 
stopper foil. In this case, the mass of the detected recoil is always lower than the mass of the 
projectile. 

Ion beam 

Detector 
Figure 1 Scattering geometry in classica/ ERD experiment 

In the conventional ERD experiment, the ion beam impinges upon the sample at a glancing 
angle. The light element elastic recoils induced by the projectiles are detected by a solid state 
detector which has been placed at a forward angle. In front of the detector a stopper foil is 
positioned which completely stops the projectiles scattered elastically in a forward direction, 
but which is transparent for the light recoils. Thus, the light element recoils can be detected 
at a zero background. 

Using heavy ions as projectiles for ERD, enables simultaneons detection of several light 
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elements. In this case, quantification of the concentration of a specific light element will 
always be possible by a calibration with respect to another light element present in the 
sample. Often however, only a particles are available for ERD experiments. In this case 
hydrogen and deuterium can be detected. Quantification of hydrogen concentrations in ERD 
experiments using a particles has been awkward. Mostly, determination of hydrogen 
concentrations is performed by relative measurements using standard samples in which the 
hydrogen content is known. Consequently, the accuracy of these relative measurements mainly 
depends on the accuracy with which the H content in these standard samples is known. In 
practice, this has turned out to be a fundamental limitation of quantification. One of the 
problems involved bere, is hydrogen deposition on the standard samples during irradiation in 
the scattering chamber. Consequently, only clean standard samples may be used as a 
reference. 

An alternative method involves absolute measurement of hydrogen concentrations based on 
a detailed knowledge of the recoil cross section as a function of energy. Several authors [1], 
[2], [3], [4], [5] have measured these cross sections as a function of a energy for various 
recoil angles. Nevertheless, large variations (up to 30%) occur between the reported values 
of recoil cross sections, so that the accuracy of quantification using these absolute 
measurements is limited. 

An interesting altemative, which will be discussed in the rest of this report, is a relative 
quantification through a combined ERD/NRA experiment using an ( a,p) reaction in volving 
an element other than hydrogen present in the sample under consideration. The protons 
originating from the ( a,p) reaction conceming this element are also transmitted by the stopper 
foil and can be used as a reference signa!. Before we illustrate this method by the example 
of hydrogen concentration determination in nitride layers using 14N(a,p)170, we frrst discuss 
(a,p) kinematics. 

B (a,p) reaction kinematics 

An (a,p) reaction can schematically be written as 

a+X--7Y+p, 

where X is the target and Y and p are the reaction products. An important conservation law 
goveming nuclear reactions is the conservation of total relativistic energy. For the general 
(a,p) reaction this law reads 

m c 2 +T +m c 2 +T =m c 2 +T +m c 2 +T X X IX IX Y Y p p' 
(1) 

where the T's are kinetic energies (for which we use the nonrelativistic approximation ~mv2 

at low energy), the m's are rest masses and c represents the speed of light. Basedon (1) we 
can define the Q value of the nuclear reaction as the initia! mass minus the final mass energy 

Q =(m +m -m -m )c 2 
X IX Y p ' 

(2) 

which is the same as the excess kinetic energy of the final products. Thus 
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(3) 

If Q>O, the reaction is said to be exothennic; in this case nuclear mass energy or binding 
energy is released as kinetic energy of the fmal products. When Q<O, the reaction is 
endothennic and initial kinetic energy is converted into mass or binding energy. If the 
reaction produces excited states of Y, the Q value should include the mass energy of the 
excited state. Then we have 

<4x = ( mx + ma - m; - mP) c 2 

=() -E 
'<o ex ' 

(4) 

where 111y • is the mass energy of the excited state CEex is the excitation energy above the 
ground state) and Qo is the Q value corresponding to the ground state of Y. 

Let us now consider the reaction mechanics of a general ( a,p) reaction in the laboratory 
frame. Figure 2 shows the geometry in the reaction plane. Momenturn veetors of the 
respective particles have been indicated. 

p 

a 

Figure 2 Reaction geometry 

Conservation of linear momenturn along and perpendicular to the beam direction gives 

(5.a) 

(5.b) 

Regarding Q as a known quantity and Ta (and thus pJ as a parameter, equations (2) (or (4) 
in case of excited states) and (5.a), (5.b) represent three equations in foor unknowns (9, Ç, TP 
and Ty). Usually we do not observe Y so that we can eliminate Ç and Ty from the equations 
and find arelation betweenTPand e (see [6]): 

T 112 = (mamp Ta)112cos9 ± { mamp Téos2 9 + (my + mP)[myQ + (my- ma)Ta]} 112 (6) 
p 

my +mP 

From this equation, an important feature of the reaction kinematicscan be revealed. Namely 
if Q<O, there is an absolute minimum projectile energy Ta below which the reaction is not 
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possible. Th is is called the threshold energy T lh: 

(7) 

We note that this threshold condition always occurs for 6=0°, that is when no energy is 
wasted in giving the reaction products momenturn transverse to the beam direction. 

Finally we will give useful expressions by which angles and differentlal cross sections in the 
laboratory system can be converted to the center-of-mass system. The relation between the 
angle e in the laboratory system and the corresponding angle ac in the center-of-mass system 
is 

in which p is given by 

ma 
p=--~======~========== 

The differential cross section conversion reads 

(
dcr Î ( dcr L d~B 
dil ....bM = dil dilCOM ' 

where 

More specific details related to these conversions can be found in the appendix. 

(8) 

(9) 

(10) 

(11) 

C Quantification of hydrogen concentrations in nitride Iayers using 
14N(a,p)170 

In this section we discuss the experiments we carried out to show the possibilities of 
quantification of hydrogen concentrations in nitride samples based on relative measurements 
with the (a,p) signal as the standard. In C.l we provide some details related to kinematic 
parameters and differentlal cross sections of the nuclear reaction 14N{a,p)170 . In C.2, the 
experiment we performed using a standard nitride sample is described. In section C.3, the 
results are discussed and it is shown that in principle, relative quantification using ( a,p) 

· I'êactions is possible. 
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C.l The reaction 14N(a,p)170 

The reaction 

bas been studied extensively in the literature [7], [8], [9]. Reaction mechanisms and the 
structure of lower statesof 170 were investigated. Furthennore, differential cross sections for 
reactions to the ground state of 170 were measured as function of a energy and ejection angle 
of the produced proton. In figure 3, this differential cross section as a function of a energy 
at Iabaratory angles of 89° and 163°54' as measured by Kashy et al. [7] is depicted. In figure 
4, the angular dependenee of the differential cross section at an a energy of 3. 72 Me V 
measured by the same authors has been shown. 
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Figure 3 Cross section as function of a energy 
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Figure 4 Angular dependenee of cross section 

In table 1 below, the excitation energies and Q values for the reactions producing 170 nuclei 
in various states of 170 are presented along with the corresponding threshold energies. 

Table 1 Some Q values and threshold energies for 14N(a,pj10 

State Eex (MeV) I Q value (Me V) I Tth (MeV) 

ground state (5/2+) 0 -1.1915 1.532 

JS' (112+) 0.871 -2.0625 2.652 

2od (112") 3.058 -4.2495 5.464 

3rd (5/2") 3.847 -5.0385 6.478 

C.2 Experiments 

In figure 5, a schematic representation of the set up used for the experiments has been 
depicted. A hydrogen standard sample consisting of a 827 ·1015 atoms/cm2 Si3N4 layer 
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containing 3.3% hydrogen deposited on a silicon wafer was investigated with a 3.69 Me V a 
beam. Two detectors were positioned in the scattering chamber. An RBS detector, positioned 
at a fixed backscattering angle of 165°, was used to provide simultaneous relative dose 
calibration. Furthermore, a ERD/NRA detector of which the angle 8 with respect to the initia! 
beam direction was variable, was mounted to detect the elastic hydrogen recoils and the 
protons originating from the 14N(a,p)170 reaction in the Si3N4 layer. In front of the ERD/NRA 
detector, a (20±1) pm thick Mylar absorber was placed to suppress detection of scattered a 
particles. 

ERD/NRA 

Figure 5 ERD!NRA experimental set up for combined nitrogen and hydrogen deleetion 

In tigure 6, an ERD/NRA spectrum recorded for 8=40° is shown. We clearly recognize three 
peaks of which two represent protons originating from (a,p) reactions. Although the actual 
energies of the detected protons are not known because of the fact that an energy/channel 
calibration was not available, identification of the three peaks can be achived by investigating 
the relative positions of the peaks. This can be done by calculation of the surface- energies , 
(energies of recoils or (a,p) protons produced at the surface of the sample) of the protons 
produced in the ( a,p) reacrions and the elastic recoils. The surface energies of the protons 
originating from (a,p) reactions can be obtained using (6) inserting the respective Q values 
and the ejection angle. The surface energy of the elastic hydrogen recoils can be computed 
using the recoil kinematic factor 

(12) 

where m1 and m2 are the masses of the projectile and recoil, and 8 is the angle of the ejected 
recoil with respect to the beam direction. In table 2, the surface energies of the elastic recoils 
and the protons produced in the (a,p) reactions are shown for 3.69 MeV a projectiles and 
8=40°. We remark that the notation (a,p0) and (a,p1), which we will use from now on, refers 
to the reacrions producing 170 nuclei in the ground state and the frrst excited state 
respectively. 
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Figure 6 
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Table 2 Surface energies for the various detected protons 

Detected proton Surface energy (Me V) 

(a,pl) 1.335 

Elastic recoil 1.508 

(a, po) 2.278 

From this table and figure 6 we concJude that the peak: near channel number 260 represents 
the protons originating from the (a,p0) reactions, the peak: situated near channel 90 
corresponds toprotons originating from (a,p1) reactions and the peak: at channel 150 arises 
from theelastic hydragen recoils. Obviously, (a,p) reactions producing higher excited states 
of 170 will not be detected because the threshold energies exceed the initial a enêrgy (see ' 
table 1). 

As a complementary veritication experiment, we determined the differential cross section 
dependenee of the (a,p0) reaction as function of e using 3.69 Me V a's. This was done by 
recording ERD/NRA and corresponding reference RBS spectra for various angles e. As a 
measure for the differential cross section we determined the total number of counts contained 
in the (a,p0) peak: and normalized this to the number of counts contained in a tixed energy 
interval in the reference RBS spectrum corresponding to the silicon bulk region. In figure 5.4 
below, a plot is shown of the differentiaJ cross section dependenee on angle in the center-of
mass system ec. Our measurements which are shown in tigure 7 closely resembie the results 
obtained by Kashy et al. as shown in tigure 4. Although the energy of the a's used for the 
measurements done by Kashy et al. was sJightly different, we abserve that both minima are 
situated at ec=0°, and only slight differences are observed in the relative values of the cross 
sections normalized to the value at ec=0°. For 9c=120° for instance, these are 2.4 (Kashy et 
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al.) and 2.6 respectively. 
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Figure 7 M easured angular dependenee of the cross section for 14N( a,p0) for E,.=3 .69 Me V 

C.3 Hydrogen content quantification 

In principle, it is possible to use the (a,p0) reaction conceming nitrogen, of which the 
concentratiom in the sample is known, as a standard for hydrogen concentration 
determinations. Consirlering the ERD/NRA spectrum shown in figure 6, we can determine the 
relative concentrations of hydrogen and nitrogen by evaluating the ratio of the number of 
number of counts contained in the ERD and (a,p0) peak respectively. This ratio is related to 
concentrations through 

(13) 

where Q represents the total number of incident a particles impinging upon the target, Q is , 
the solid angle subtended by the detector, NH is the hydrogen content in the nitride layer, NN 
is the nitrogen content, and O'H.ERD and aN,(a.po> are differential cross sections for the elastic 
recoil and the (a,p0) reaction respectively. The quantification relation (13) is based on the 
assumption that differential cross sections for both processes are essentially constant in the 
energy region corresponding to the energy interval of the impinging a particles in the nitride 
layer. 

In our experiments this was not the case since the differential cross section for the ( a,p0) 

reaction at an a energy of 3.69 Me V is very near to a resonance. This can be seen from 
figures 3 and 4. Although figure 3 shows the energy dependenee of the cross section for a 
laboratory angle of 163°54' (center-of-mass angle 165°46') rather than 40° (center-of-mass 
angle 46°06'), we see from figure 4 that the relative intensity of the resonance for 40° is 
comparable to the case depicted in figure 3. 

Since the hydrogen and nitrogen contents in the investigated nitride layer are known, relation 
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(13) can be used to determine an estimation for the average differential cross section for the 
(a,p0) reaction for an a energy of 3.69 Me V and a laboratory ejection angle of 40° from the 
combined ERD/NRA spectrum shown in tigure 6. The differential cross section for the recoil 
has been determined by extrapolation of data publisbed by Pászti et al. [1]. Determination of 
the number of counts in the two peaks in figure 6, insertion of the recoil differential cross 
section and the amounts N8 and NN in (13), yields the average differential cross section for 
the ( a,p0) reaction. Thus, we found a value of 11 mbarn/sr (±30% ), which is in good 
agreement with the value of 10 mbarn/sr (±10%) measured by Kashy et al .. 

C.4 Conclusions 

Quantification of hydrogen concentration determinations with ERD can be achieved using an 
(a,p) reaction involving an element present in the sample under consideration, of which the 
concentration is known. Quantification using this relative method will be most convenient if 
the projectile energy is choosen such that the differential cross section for the ( a,p) reaction 
is nearly constant in the relevant energy interval. 

We have illustrated the method by the example of hydrogen concentration in a nitride sample 
using the ( a,p0) reaction. For the method to be applicable to different kinds of samples 
containing other elements than nitrogen, a survey for other {a,p) reactions and their cross 
sections would be desired. 
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Appendix 

Laboratory to center-of-mass system conversion 

Consider the schematic representation of a nuclear reaction event in the Iabaratory system as 
shown in figure 1. 

-"o 

Figure 1 Nuclear reaction geometry 

A projectile of mass m1 and initial velocity v0 impinges on the target nucleus of mass m2 

which is at rest in the Iabaratory system. The nuclei produced by the reaction have masses 
m3 and m4 and veloeities v3 and v4 respectively. Nucleus m3 is ejected at an angle e with 
respect to the initia! beam direction. The equivalent angle in the center of mass system ec has 
been indicated. 

The Iabaratory to center-of-mass conversion now proceeds as follows. Consider figure 2 in 
which the relations between the veloeities of m3 in the Iabaratory and center-of-mass system 
(v3 and v3 ' respectively), and the center of mass velocity V have been indicated for the 
reaction shown in figure 1. 

Figure 2 Relations of the veloeities of mJ in the /aboratory and center-of-mass system 
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The center of mass velocity V after the reaction can be easily obtained by applying the 
conservation of momentum. We get 

so that 

where p is the reduced mass defined by 

From figure 2 we see that 

and 

Some algebra finally results in 

where p is given by 

m3m4 
p=--

m3 +m4 

· e ' · e v3 sm =v3 sm c 

sine 
tane = c , 

cosec + p 

V 
p=-. 

I 
v3 

(1) 

(2) 

(3) 

(4) 

(0.5 a) 

(0.5 b) 

(6) 

(7) 

According to the definition of the center-of-mass system, the magnitude of v3 " is related to 
the magnitude of the relative velocity v between m3 and m4 in the center-of-mass system by 

(8) 

so that p is equal to 
Conservarlon of energy (we assume the reaction has a non zero Q value) reads 

From (10) using (2), the ratio vJv can be solved, resulting in 
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(9) 

1 2 Q 1 2 1 ( )V2 -m1v0 + =-pv +_ ~ +m4 . 
2 2 2 

(10) 

vo 1 
= 

V 
m1 (~ +m4) 

1 -
m. +_g_ 

(11) 

m3m4 ~+m4 Tl 

where T1 is the (nonrelativistic) kinetic energy ~m1v02• Finally, insertion of (11) in (9) yields 

m• p=--r=======r========== 
ml Q 1-___ +_ 

Tl 

(12) 

For the conversion of differential cross sections, we have to realize that total cross sections 
involve only absolute probabilities for reacrions to occur and therefore are unaffected by a 
transformation from a system of reference to another. Differential cross sections, however, 
involve angular variables and therefore depend on the frame of reference. 

The number of particles hitting a small detector is der in both frames, and wntmg 
dcr=(dcr/dQ)LABd~ = (do/dO)coMdilcoM• the relation between the differential cross sections 
is found to be 

(13) 

Integrating over the azimuthal variabie in both frames we have d~=21tsin8d8 and 
dilcoM=21tsin8cd8c, and from (6) it follows that 

(14) 
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