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Summary 

In this graduation report, a RBS channeling set-up is used to investigate 
the stopping of channeled helium ions in silicon, the formation of boron 
clusters in heavily B-doped silicon, and the strain in ultra-thin InAs layers, 
buried in GaAs. The channeling set-up, used in these investigations, is 
described in chapter 1. 

All the measurements are based on the physical phenomena of Ruther
ford backscattering speetrometry (RBS) and channeling, which are therefore 
thoroughly discussed in chapter 2, along with the Monte Carlo code FLUX, 

used to simulate the experiments. 
Chapter 3 deals with the stopping of He in Si. The chapter begins 

with explaining which interactions are responsible for the stopping of ions 
in materials. The stopping of both channeled and non-channeled He ions 
in Si is measured by measuring the total energy loss of He ions, traversing 
a thin Si wafer. In the measurements, a clear distinction arises between 
the stopping of channeled and non-channeled particles. A first attempt 
to simulate the energy loss is not very successful, because of the lack of 
energy dependenee in the program. After modifying the program, agreement 
between measured and simulated spectra is achieved, conforming the energy 
dependent stopping models incorporated in FLUX. 

Chapter 4 discusses the formation of B clusters in Si and the resulting 
strain in the Si lattice around the B clusters. The presence of B clusters in 
the doped material deforms the Si lattice, resulting in direct scattering and 
dechanneling in the measured spectra. A model for distortions is used in 
the simulations to estimate the magnitude of the distortions. The shift of 
the atomie strings is found to be 0.165 ± 0.010 nm over a region of 240 ± 
40 ML. 

In chapter 5, planar channeling is investigated as a method to measure 
strain in ultra-thin InAs layers, buried in GaAs. The two steps observed 
in the {110} planar channeling spectra are a measure for the strain in the 
GaAs/InAs superlattice. Both 2 MeV and 6 MeV planar measurements 
are compared with FLUX simulations. Although no detailed resemblance 
between measured and simulated step height curves is achieved for all augles 
and ion energies, the measurements at 6 Me V allow to determine the lattice 
deformation in the InAs monolayers with an accuracy of 10 percent. 
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Chapter 1 

Introduction 

This work is carried out in the framework of a research project, oriented to the development 
of ion beam analysis techniques based on ion channeling for characterization of state of the 
art semiconductor structures. The material properties studied in this report are the forma
tion of B clusters following low energy ion implantation and strain in a multilayer structure 
of InAs/GaAs. In addition, the feasibility of transmission channeling techniques has been 
investigated. The Monte Carlo program to interpret the energy spectra in transmission was 
improved. 

Ion beam analysis techniques are based on the interaction of incident ions with atoms in a 
substrate. Both backscattered particles and recoiled atoms from the material can be detected. 
If the material under investigation has crystalline properties, the beam can be aligned along 
the direction of a crystalline axis to analyse the properties of the crystal. This technique, 
resulting in a significant decrease of the scattering yield is called channeling. 

The material research in the group TIB is performed with the Philips AVF cyclotron. This 
particle accelerator is able to produce a MeV H+-ion beam or a MeV He+-ion beam. With 
the use of a channeling facility, various crystalline properties of materials can be determined. 

The channeling set-up used in the experiments is schematically drawn in figure 1.1. The 
experimental set-up can be divided in three parts, a scattering chamber, a beam line, and a 
load loek. Together they comprise a vacuum system, separated by vacuum valves. 

The load loek is a small chamber used to transfer the sample into the scattering chamber, 
without the need of venting the scattering chamber. A sample case is mounted to the load 
loek and can contain up to five samples. The samples can be placed into the sample case after 
which it is connected to the load loek. The load loek is then pumped to vacuum. Opening 
the vacuum valve between the load loek and the scattering chamber enables the transfer of a 
sample into the scattering chamber using a magnetic rod. 

The vacuum scattering chamber contains a sample holder on a goniometer. The goniometer 
has three axes of rotation; rotation, tilt and spin, and three directions of translation. The 
rotation axis is defined as the vertical axis, the tilt axis is the horizontal axis perpendicular to 
the beam, and the spin axis coincides with the beam at normal incidence. A maximum of two 
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Figure 1.1: Top view of the channeling set-up. The lower valve separates the load loek from 
the scattering chamber, while the upper valve separates the scattering chamber from the 
beam line. The magnetic rod, necessary for sample transfer, is also indicated in the figure. 

detectors can be placed into the chamber in order to measure a scattering yield. The freedom 
in the rotation of the detectors allows Rutherford backscattering spectrometry (RBS) and 
elastic recoil detection analysis (ERDA), and transmission measurements. 

The beam line connects the scattering chamber with the cyclotron. The ion beam can be 
collimated using two collimator slit sets, present within the beam line. The distance between 
the two sets is 7.68 m. The second pair of slits can also be used to define the position of 
the beam on the sample. Furthermore, the beam line is equipped with a rotating vane for 
dose calibration in the experiments. A fixed fraction of the incident ions falls on this rotating 
vane. The measured charge is used to normalize the detector yield. 

In chapter 2, an analytica! approach to the channeling phenomenon will be discussed. The 
Monte Carlo channeling simulation program FLUX, is also treated in this chapter. 

Chapter 3 deals with axial channeling measurements on heavily boron doped silicon layers. 
The boron doping of silicon is a method often applied in the semiconductor industry. The 
electrical properties of silicon semiconductors can be enhanced by enlarging the boron concen
tration in the material, since the resulting increase of charge carriers in the material increases 
the conductivity. If the concentration is too high, clustering of boron atoms will occur. The 
channeling measurements described in chapter 3 provide a way to determine the appearance 
of lattice distortions upon the formation of clusters. The incorporation of a model for lattice 
distortions into the Monte Carlo simulations raises the opportunity to make a quantitative 
statement on the dimensions of the boron cluster induced lattice distortions. 
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The results of stopping-power measurements of both axially and planarly channeled He ions 
in Si are presented in chapter 4. The measurements are compared with FLUX simulations in 
order to test the theoretical model for the stopping of ions in crystalline solids, incorporated 
in to the FL ux program. 

In the final chapter, the use of planar channeling as a method to determine strain in buried 
ultra-thin layers is discussed. 
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Chapter 2 

General Theory 

This chapter begins with a discussion of Rutherford backscattering spectrometry, the ion 
bearn analysis technique used in the experiments. The basics of channeling will be discussed 
in the second section. Furthermore, a closer investigation of the probability of small impact
parameter collisions between channeled ions and atoms within the crystal lattice is necessary. 
The chapter will conclude by discussing the Monte-Carlo program FLUX, which is used to 
sirnulate the experiments. 

2.1 Rutherford backscattering spectrometry 

Rutherford backscattering spectrometry (RBS) is a materials analysis technique using an 
energetic (Me V) ion beam. It is based on the detection of ions, scattered from the mate
rial under investigation. The scattering of ions is due to the Coulomb interaction between 
the incident Me V ions and the atomie nuclei in the target material. The energy of the de
tected ions is dependent on the elements present in the material under investigation. With 
this technique several properties of materials, like thickness or cornposition can be deterrnined. 

The scattering of ions can be described by the binary collision model. In this model, it is 
assumed that the scattering of an incident ion is due to a single elastic collision between the 
ion and a target nuclei. In figure 2.1 a schematic view of an elastic collision between incident 
ion and target nucleus is shown. 

The incident ion looses part of its energy during the collision with a target nucleus. The 
energy loss due to a collision can be derived using the conservation of energy and momentum. 
The energy of the scattered particle depends on the masses of both target atom (m2 ) and 

m1 

• 
Figure 2.1: Schernatic representation of an elastic collision. 
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Figure 2.2: Schematic picture of (a) particle scattering from the solid material under investi
gation and (b) the corresponding RBS spectrum. The element with mass m3 is lighter than 
the element with mass m2. 

scattering particle (m1), on the energy of the incident ion E0 , and on the scattering angle e 
[1]: 

K = E1 = (Xcose + Jl - X2sin20)2. 
Eo l+X 

(2.1) 

In this equation K, the kinematic factor for scattered particles, is defined as the ratio of the 
outgoing energy E 1 and the incident energy E0 . The kinematic factor depends on the mass 
ratio X = mifm2 of incident ion and target nucleus and on the scattering angle e. 

In figure 2.2 (a) a schematic view of the RBS analysis technique is sketched. Ions with energy 
Eo falling incident on a sample of material scatter in all directions due to the collisions of ions 
with atomie nuclei in the sample. In this example, ions can scatter on both atomie nuclei 
at the surface (with atomie mass m 2 ) and on nuclei in the bulk material (with atomie mass 
m3). A detector, placed at an angle e, measures a number of backscattered particles, known 
as the yield Y. Since the kinetics of a binary collision between an incident ion and a target 
atom depend on the mass of the target atom, the energy of the scattered ions will, in this 
example, differ for ions scattered in the top layer and ions scattered in the bulk material. 

As depicted in figure 2.2 (b), the energy of a backscattered particle does not only depend 
on the mass of the target-atom but also on the scattering depth. The energy loss of ions 
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traversing the solid material is mainly due to the interaction processes of incident ions with 
electrons in the material. The energy scale can be converted into a depth scale, if the stopping 
dE(x)/dx of the ion in the material is known. 

The expression for the yield Yi from element i is given by [2]: 

da 1 
Yi = Np (d0 )i 0 Nix -

0
-, 

H COS 1 
(2.2) 

where (Nix) is the areal density of element i in the substrate, ( ~~ )i is the differential cross 
section for scattering of element i, n is the solid angle of the detector, Np is the number of 
incident ions, and 01 is the angle between the incoming beam and the sample normal. 

The differential cross section ~~ ( 0) is a measure for the probability of a particle scattering 
over an angle 0. In the case of MeV ions, an expression for the differential scattering cross 
section can be derived using the Coulomb force of the nucleus as was first done by Rutherford 
[3]: 

( JI - x2 sin20 + cos0)2 

JI - X 2sin20 
(2.3) 

with Z1 and Z2 the atomie numbers of incident ion and target atom respectively. Equation 2.3 
shows that the scattering of particles depends on the energy of the incident particle and on 
the angle of deflection. The scattering probability is also dependent on the charge of the 
target atom. High-Z elements in the material are more easily seen in a spectrum, because 
of the (Z2)2 dependence. The Rutherford formula is applicable in a limited region. For low 
energies, screening of inner shell electrons will lead to deviations from the Rutherford formula, 
while the high energy limit is set by nuclear resonance effects. For helium ions, it is justified 
to use the Rutherford formula in the energy region around 2 MeV. 

As shown in figure 2.2 (b), the incident ions do not only loose energy during large angle 
scattering events with target nuclei. They also loose energy along their path in the material 
due to the numerous Coulomb interactions between an ion and target electrons. Because an 
ion interacts with many electrons, it is justified to consider the stopping of ions in matter 
to be a quasi-continuous process. In the case of MeV ions the energy loss due to electronic 
stopping is described by the quantum-mechanically derived Bethe-Bloch formula [2]: 

_ dE = (_i_) 2 
47r Z[ Z2N ln( 2mc

2132) 
dx 4m:o mc2132 I 

(2.4) 

with N the number of atoms per unit volume, m the electron mass, v 13c the velocity 
of the incident ion, c the velocity of light and I :::::: IOZ2 the mean excitation energy of the 
electrons. 

The total energy loss of a scattered particle can be separated in three parts; the electronic 
stopping of the incident ion, the energy loss during the collision with a target nucleus and 
the energy loss of the outgoing particle. For thin layers (dE/dx(x) = constant), the energy 
of the outgoing particle E1 is then given by: 

8 



[ K dEI 1 dEI ] E1 = KEo - ---- + ---- x. 
cos01 dx in cos02 dx out 

(2.5) 

The first term in the expression is the energy of an ion scattered at the surface of the mate
rial. The second term takes into account the stopping of the ion in the material due to the 
interaction with electrons. The energy loss of a scattered particle is linearly dependent on 
the scattering depth for thin layers. 

The energy of the detected particle depends on the mass of the target atom, on the composition 
of the target material and on the scattering depth. This makes RBS suitable as a depth 
dependent analysis instrument, as shown in figure 2.2. With the detected energy of a particle 
deflected at the surface, the kinematic factor K and therefore the element under investigation 
can be determined, while the width of the energy-spectrum can be used to calculate the 
thickness of the target layer. 

2.2 Ion channeling 

Ion channeling is an experimental technique to analyse crystalline materials with the use of 
ion beams. The incident ion beam is aligned with the direction of a major crystalline axis or 
plane of a crystalline target. Channeling along the direction of a major crystallographic axis, 
like the <100> or <110> axis, is called axial channeling, while channeling in a plane, for 
example the {110} plane, is termed planar channeling. A schematic picture of the channeling 
process is shown in figure 2.3 (a). 

The first atomie row has a normal probability to act as a scattering center for incident ions. 
The atoms underneath however, are shielded by the surface atoms resulting in a 'shadow
cone' in which there is a small spatial probability for incident ions. The interaction of the ion 
with the nearest atom strings confines the ion into the channel. This phenomenon is called 
channeling. A typical channeling spectrum is depicted in figure 2.3 (b). The surface peak is 
due to the relatively large probability of ions to scatter on surface-atoms. Behind this surface 
peak, the yield of the channeling spectrum drops about two orders of magnitude compared 
to the situation in which the beam is not aligned with a major crystallographic axis. This 
is due to the low ion flux in the shadow cones, resulting in a low probability of large angle 
scattering events. 

2.2.1 Continuum model 

The steering process, the process which confines an incident ion within a channel, results 
from a series of angular deflections of the ion, due to the interaction of the ion with atoms 
in the nearest atom-strings. This deflection is governed by a screened Coulomb potential of 
the target atom. The screening is due to the electrons surrounding the nuclear charge. This 
screened Coulomb potential is given by: 

(2.6) 

where ris the distance to the atom and a = 0.8853 a0 (z~l3 + zi/3
)-1/ 2 the Thomas-Fermi 

screening length with ao the Bohr radius. cp(r/a) is the screening function, which takes into 

9 



(a) 

(b) 

Surf ace 

Yield 

~ shadowcone 
0 0 

0 0 

Non-channeled 

Surface peak 

Energy (Me V) 

Figure 2.3: (a) Schematic picture of the channeling process, with shadow-cone and (b) 
schematic picture of a channeling spectrum. 
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Figure 2.4: Schematic picture of the binary collision model and the continuum model. 

account the screening by the surrounding electrons. Several approximations have been made 
for this screening function. In analytica! treatments, one usually uses the 'standard screening 
function' given by [4]: 

r 
c/;(r/a) = 1 - Jr2 + C2a2 

with r in spherical coordinates and C2 = 3. 

(2.7) 

Channeled ions experience only small angle defiections due to the Coulomb-potential of a 
single atom. The steering of ions into the channel is due to a series of correlated small angle 
angular defiections. The series of binary collisions can be approximated by using the con
tinuum model, derived by Lindhard [5]. In the continuum model, the nuclear charge of the 
atoms in a row or plane is uniformly averaged along the row or plane. The interaction of a 
channeled particle with a row can now be described by a single depth-independent potential 
(see figure 2.4). 

The continuum potential, which describes the trajectories of channeled particles, can be 
derived both for axially channeled particles (particles channeled alongside a lattice-axis) and 
for planarly channeled particles (particles channeled within a lattice-plane). In the case of 
axially channeled particles the continuum potentialis obtained by uniformly averaging along 
a row [4]: 

i rX> 
Uaxial(R) = d Loo V(VR2 + z2

) dz (2.8) 

with R the distance to the string, z the depth coordinate, and d the atomie spacing. The 
planar continuum potentialis obtained by uniformly averaging along a plane [4]: 

(2.9) 

with N dp the average number of atoms per unit area in the plane, y the distance of the ion 
to the plane and r the integration variable in the plane. These continuum potentials explain 
why an ion, incident parallel to a crystallographic axis or plane is trapped within the channel 
or plane. 
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Figure 2.5: Schematic picture of particle incident at the critical angle 'l/Jc and having distance 
of closest approach Rmin 

2.2.2 Critica! angle 

When particles are axially channeled, the conservation of transverse energy can be expressed 
by: 

P2 + p2 2 . 2.1. 
E1- = U(R) + x Y = U(R) + P sin 'f' 

2m 2m 
(2.10) 

with U(R) the continuum potential of equation (2.8), the second term being the perpendicular 
component of the kinetic energy, and 'Ij; the angle between the channeling axis and the particles 
direction of propagation. This expression can be used to define the critical angle. The critica! 
angle is the maximum incident angle for which a particle, entering the channel in the middle, 
can still be steered within the channel. It can be derived by equating the kinetic energy of 
a part iele entering the channel to the potential at Rmin, the minimum distance of approach 
to the string without large angle deflections (see figure 2.5). The approximation sin2'lj; ~ 'lj;2 

gives: 

.t. _ JU(Rmin) 
'f'C - E . (2.11) 

A good approximation of Rmin in axial channeling is the transverse root-mean-square (rms) 
thermal vibration amplitude p of the atom. Using the expression for the axial continuum 
potential, the critical angle becomes: 

with 

2Z1Z2e2 

47rEoEd. 

(2.12) 

(2.13) 

The expression for planar channeling can be derived in an analog way, using the planar 
continuum potential. The critica! angle obtained for planar channeling is: 

(2.14) 
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with the minimum distance of approach to the plane (Ymin) taken to be the one dimensional 
vibration amplitude, Ymin = p/../2., and 

'!/J2 = 

2.2.3 Minimum yield 

27rZ1Z2e2aNdp 

41T'EoE 
(2.15) 

The yield of backscattered particles for a beam directed exactly along a crystallographic axis 
( 'ljJ = 0) is known as the minimum yield. In a perfect crystal, a part iele will only dechannel 
and make a contribution to the scattering yield if it enters the channel with a distance to the 
nearest at om string smaller than Rmin. In the case of axial channeling the minimum yield is 
approximated by 7r R'!:nin / 7r RÖ ~ N d7r p2 , with 7r R'!:nin the area associated with a vibrating 
at om and 7r RÖ = 1 / N d the area associated with each row. A more sophisticated approach 
using computer simulations gives a better approximation for the minimum yield: 

Xaxial (p) = 3N d7r p
2 

· (2.16) 

It is also possible to make an estimate for the minimum yield for planar channeling. The 
following approximation can be found on geometrical grounds [4]: 

2Ymin 
Xplanar = -d

P 

(2.17) 

with Ymin = p/../2. related to the vibration amplitude and dp the spacing between planes. 

2.3 Nuclear encounter probability 

The nuclear encounter probability (NEP) is defined as the ratio of the probability on a large 
angle scattering event for a channeled particle and the probability on a large angle scattering 
event for a non-channeled particle. The NEP can be compared with the ratio of the chan
neling yield, and the yield measured with a non-channeled beam. It can be calculated both 
analytically and with computer simulations. 

The NEP depends on the ion distribution within the channel. In order to calculate the NEP, 
it is therefore necessary to first determine the spatial flux distribution of particles within the 
channel. 

2.3.1 Spatial flux distribution 

An incident particle has a uniform spatial probability of entering the channel. Within the 
channel, the ion is subject to a total potential Ur = L Ui, summing over the continuum 
potential of all atom rows surrounding the ion. This potential causes the channeled particle 
to make an oscillatory movement within the channel (see figure 2.6). 

In a channeled RBS spectrum this will result in oscillations in the yield. In about 1000 
to 2000 A, the particle-distribution will become more or less depth-independent due to the 
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Figure 2.6: Schematic picture of particle trajectories in a channel. 

different wave lengths of each individual particle in the channel. Using conservation of trans
verse energy, it is possible to find a depth-independent spatial flux distribution of channeled 
particles fora depth ~ 2000 A. In the case of a beam at normal incidence ('l/J = 0), the result 
is [4]: 

RÖ R2 
F(R) = ln RÖ _ R2 ~ RÖ (2.18) 

with R the distance from the atomie string. The approximation made in (2.18) is only valid 
for small R, hut it is nevertheless useful since nuclear encounters in a perfect crystal are only 
possible for ions with a small distance to the string R. If defects are present within the crystal, 
then the approximation in equation (2.18) is no longer valid. The last equation clearly shows 
that the particle distribution has a maximum in the middle of the channel and goes towards 
zero near the atom-string. 

If the incident beam is slightly tilted by an angle 'l/J with the crystal axis, the incident particles 
will, on average, enter the channel with a larger transverse energy. The result is a more 
uniform spread of the particle flux within the channel [4]: 

F(R 'l/J) = e(21fl
2

/ 1/Ji) tnA 
' Ro-R2' 

F(R 'l/J) = e(21/! 2 Ni) ln 1 
' l-e- 21" 2Nf' 

(2.19) 

with 

(2.20) 

and 

(2.21) 

In figure 2.7 an example of the flux distribution as a function of 'ljJ is shown for 1 MeV Hé 
ions incident along the <100> axial direction in tungsten. Enlarging the incident angle 'ljJ 
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Figure 2. 7: Flux distribution as a function of 'l/; for 1 MeV He+ ions incident along the <100> 
axial direction in tungsten 
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clearly leads toa more spreaded flux distribution within the channel, and resulting ultimately 
in a completely uniform distribution for non-channeling directions. 

A similar treatment using the planar continuum potential gives an expression for the flux 
distribution for planarly channeled particles. The following result can be derived for particles 
at normal incidence ('!/i=O) [4]: 

2 / 1 1 
Fp(y) '.:::'. ;ln(y (1 - 2y/dp)2 - l + 1 - 2y/dp) (2.22) 

2.3.2 Nuclear encounter probability in a perfect lattice 

The particle distribution can be used in combination with the position of the target atom 
in the channel, to determine the nuclear encounter probability. A nuclear encounter causes 
an incident particle to scatter on a lattice-atom or impurity atom within the channel. The 
nuclear encounter probability can be calculated as the convolution of the position distribution 
P(r) of the atom and the spatial flux distribution: 

NEP = J P(r)F(r)dr. (2.23) 

The spatial flux distribution has already been determined in the previous subsection. The 
position distribution P(r) of a thermally vibrating atom is given by: 

P-( ) = _1_ -r2/p2 r 2 e . 
7rp 

(2.24) 

Equations (2.19) and (2.23) can now be used to verify the expression for the minimum yield 
using F(R,'l{i) for 'l{i = 0: 

. _ 2 / -r2 / P2 r
2 

_ 2 
Xmin - 2 e 2rdr - Nd7rp . 

p ro 
(2.25) 

This estimate for the minimum yield is a factor of three lower than given by computer sim
ulations, but it is consistent with the derivation in subsection 2.2.3. Computer simulations 
however, are much more accurate in estimating the nuclear encounter probability. The pro
cedure for determining the NEP with computer simulations will be discussed in section 2.4. 

2.3.3 Nuclear encounter probability for defects 

A nuclear encounter can also occur at a defect within the crystal. Examples of such defects are 
point defects (impurity atoms, often at interstitial lattice sites), dislocation lines, and stacking 
faults. The probability fora nuclear encounter depends on the position of the defect atom(s) 
in the channel. Entering 'l{i = 0 in equation (2.23) gives the nuclear encounter probability for 
parallel incidence: 

NEP= jf>d(r)ln 
2

rfi 
2

dr 
r0 - r 

(2.26) 

with Pd(r) the distribution of defects within the channel. The nuclear encounter probability 
is largest, when an atom is in the center of the channel. The large angle scattering of incident 
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Figure 2.8: Schematic picture of the yield in a channeled RBS spectrum of a sample contain
ing defects. The distorted region gives rise to both an enhanced dechanneling and a direct 
scattering contribution. 

ions with defect particles is often called 'direct scattering'. 

Additionally, defects have another contribution to the total scattering. Small angle defl.ec
tions due to the interaction with defects, can lead to a scattering out of the channel. This will 
enhance the nuclear encounter probability in the crystal. This part of the yield is referred to 
as the 'dechanneling contribution'. 

Figure 2.8 shows a schematic representation of a channeled RBS spectrum of a sample with 
defects. The yield XD is enhanced compared to the yield xv of a virgin sample. Two contri
butions can be distinguished; a direct scattering contribution and an increase of the yield at 
a depth larger than the depth of the defects (XN - xv), attributed to the dechanneling of ions. 

The ratio between the direct scattering and the dechanneling, is determined by the kind of 
defects in the crystal. In general the expression for the nuclear encounter probability as a 
function of depth of a crystal with defects is given by: 

NEP = XN(z) + [1 - XN(z)]fnD(z). 
n 

(2.27) 

The first term in the expression XN(z) is the non-channeled fraction of the beam, whereas the 
second term is the yield associated with direct scattering. n is the total atomie concentration, 
nD(z) the density of defects and f the defect scattering factor. 

The defect scattering factor f takes into account the geometry of the defects and has a value 
between zero and unity (see for example Feldman et al. [4]). 
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Figure 2.9: 2-dimensional picture of the unit cell of (110) Si. The <110> z-axis is perpendic
ular to the page. Si has zine-blende type of lattice structure, indicated by the GaAs header 
in FLUX. The atoms of two successive planes are indicated by the circles and squares respec
tively. The unit cell is indicated by the rectangle, while the atoms closest to the unit cell, are 
marked with a plus-sign. 

2.4 Monte Carlo simulations with FLUX 

FLUX is a Monte Carlo simulation code developed by P.J.M. Smulders and D.O. Boerma [9], 
which is designed to calculate channeling phenomena. The motivation for using this program 
over analytica! models is twofold. On the one hand, it is much easier to get an accurate 
approximation for various channeling phenomena in materials with defects. A theoretica! 
approach would make the problem too cumbersome. The second reason for using a simula
tion technique is that the channeling behavior for a non-steady state flux-distribution can be 
investigated, which is impossible with the approach treated in the previous sections. 

The Monte Carlo simulation program FLUX uses binary collisions of channeled particles with 
atoms in the nearest strings, in order to calculate the path of particle in a crystal. In the 
program, a number of particle trajectories are followed through the crystal. The calculations 
are confined to a unit cell, which is the smallest possible unit in the crystal. 

Figure 2.9 shows the unit cell of silicon as an example. The plane shown in the figure is the 
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(110) plane. The horizontal axis is the <100> axis, while the vertical axis is the <01-1> axis. 
Atoms of two neighboring (110) planes are drawn. The GaAs header indicates that silicon has 
the same crystallographic structure as galliumarsenide, namely a zine-blende type of lattice 
structure. 

Each particle enters the unit cell at a random position (x,y) and with a predefined velocity 
v. At the end of the unit cell its coordinates (x,y) and velocity v are adjusted, taking into 
account the binary collisions and the energy loss due to the interaction with electrons. 

Various kinds of defects in the crystal can be simulated. Impurity atoms are taken into 
account with use of the binary collision model. A stacking fault, which is a planar defect 
corresponding to an extra or missing plane in a crystal lattice, can be simulated by applying 
a translation to the ions in the x-y plane. Strained regions are simulated by a rotation of the 
velocity vector of the ions. 

The previous sections show that steering of the particles is due to interaction with nuclei. 
Although the continuum model provides a good approximation for the steering process, it is 
more accurate to describe the particle trajectory as a number of small angle binary collisions. 
The program therefore uses the binary collision model, to calculate the deflection of channeled 
ions caused by the atoms in the closest atom string. The thermal vibration is taken into 
account by giving these atoms a random displacement from their lattice position. Instead of 
using the standard screening function, FLUX uses the 'universa! potential' [9] to correct for 
screening. The screening function is given by: 

cp(r / a) = Liiaiexp(-f3ir / a) 

with ai = {0.1818, 0.5099, 0.2802, 0.02817}, f3i = {3.2, 0.9423, 0.4029, 0.2106}, 
and a = 0.8853ao/(ZP·23 + z~-23). 

(2.28) 

The (depth dependent) nuclear encounter probability is calculated for each particle. In the 
program an event is registered as a nuclear encounter, when the impact parameter b is 
smaller than the thermal vibration of the nearest atom. The normalization is clone using 
the non-channeled probability of a nuclear encounter. Averaging over all trajectories gives a 
depth-dependent nuclear encounter probability. Since the scattering probability is small, it is 
necessary to average over a large number of particles. 

The influence of the surrounding atom strings on the particles trajectory is taken into account 
with the use of the continuum potential. 

The energy loss calculation of channeled particles is somewhat more complex than for non
channeled particles. It is one of the subjects in this report and will therefore be discussed in 
chapter 3. 

FLUX has a lot of output options. The most important ones in this research are the energy 
distribution of transmitted particles and the depth dependent nuclear encounter probability. 
The relevant input options and changes to the program will be described in the appropriate 
chapters. 
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Chapter 3 

Stopping power of channeled 
helium ions in silicon 

3.1 Introduction 

The energy loss of Me V ions in solid materials can be used as a measure for the thickness 
traversed in the material. Knowledge of the principles of energy loss is important, since depth 
perception follows directly from it. The energy loss per distance is often called stopping power 
and is defined by: S = dE / dx. 

In section 2.1 a theoretical approximation for the energy loss of MeV ions in a solid was given 
by the Bethe-Bloch formula (equation 2.4). This formula is a good qualitative description of 
the energy loss. Amore quantitative approximation of the energy loss was made by Ziegler [6]. 
Ziegler derived semi-empirical formulas to determine stopping powers of ions in solid materials. 

The Bethe-Bloch formula and the Ziegler stopping power are both derived for ions traversing 
amorphous materials. These ions experience an average electron density N Z2 in the material, 
with N the density of atoms in the material and Z2 the atomie number of the atoms in the 
material. For channeled particles, the use of neither the Bethe-Bloch Formula nor the Ziegler 
values will suffice if an accurate estimate has to be made of the energy loss of ions channeling 
within a crystalline material. The energy loss of the ion is caused by the collisions of the 
ion with the electrons and nuclei of the crystal, and since both the electronic and nuclear 
spatial probability on the one hand and the ion flux spatial probability on the other hand 
are not uniform within the channel, it is necessary to take into account this spatial dependence. 

The goal of this chapter is to describe the stopping power Se of channeled He particles in 
Si. These stopping powers have been derived by theoretical models, which are incorporated 
within the MC simulation program FLUX. In the first section, the theory of nuclear and 
electronic stopping will be treated. In the next section transmission measurements of He ions 
in Si will be presented and the energy loss will be qualitatively explained. The transmission 
measurements will be compared with FLUX MC calculations to verify the theoretical models 
used in the program. Some adjustments were made to the program, in order to make the 
conclusions more quantitative. 
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3.2 Stopping of channeled particles 

The stopping of channeled particles can not easily be calculated with a macroscopie model. 
Since the energy loss is dependent on the impact parameter and since every channeled particle 
has a different path within a channel, it is logical to use a Monte Carlo simulation program 
to calculate the energy loss distribution of channeled particles. 

In order to make an estimate of the total energy loss of a channeled particle, the components 
that contribute to this energy-loss have to be examined. The energy loss can be separated 
into a nuclear component and an electronie component, with the last component divided into 
a core electron contribution and a valence electron contribution. These contributions will be 
discussed in the following subsections. 

3.2.1 Nuclear stopping 

The energy loss of an incident ion due to the interaction with a single nucleus is described by 
the binary collision model (see figure 2.1). If the deflections are small (bi.E « E), which is 
the case for channeled particles, equation (2.1) can be approximated by: 

-[bi.El ,...., m1 (}2 

E 
nuc ,...., · 

m2 
(3.1) 

For small angles of deflection (} and Me V ions, the contribution of nuclear stopping to the 
total stopping is small compared to electronie stopping. 

3.2.2 Stopping due to core electrons 

The electrons in the crystal can be divided into core electrons and valence electrons. The 
charge distribution of the core electrons is confined to a small region around the nucleus, 
while the valence electrons have a much larger charge distribution. 

Dettmann and Robinson [7] followed an impact-parameter dependent method to determine 
electronic stopping in materials by assuming single collisions of protons with electrons in the 
crystal. The electrons in the crystal are described by hydrogen-like wave functions. In this 
quantum-mechanieal approach, the first Born approximation is allowed since the protons are 
in the MeV energy range. A straight-line path of the channeled particle is assumed for each 
individual collision. 

In the Dettmann and Robinson model, the proton looses its energy through the excitation and 
ionization of atomie electrons. The excitation energy is assumed to be equal to the binding 
energy of the electronie shell under consideration. The following numerical solution to the 
problem, generalized for all incident ions was derived: 

bi.E(b) = 
16EBZf [ r)() K6(f)H(af, a(3)fdf - a

6 

4 ( rx; Ko(J)H('YJ, 1f3)fdf)2 ], (3.2) 
7r lo 27r/ lo 

where H(x, y) = f011" zK1 (z)d'ljJ with z = (x2 + y2 - 2xycos'ljJ)112 . Ko and Ki are modified 
Bessel functions of the second kind, EB is the Rydberg constant, a = 2v/v0 , (3 = (b/ao)(v/vo) 
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and 'Y = (1 + a 2) 112 . Here a0 is the scaled Bohr radius and v0 is the scaled Bohr velocity: 
ao = aBohr/(Ei/EB) 112, Vo = nj(aom1). 

This equation is not very transparent but can be numerically evaluated as has been done by 
Dettmann et al [7]. The stopping has a maximum for small impact parameters and decreases 
with increasing impact parameter. The integral over all b gives the Bethe-Bloch formula. 

The total energy loss due to core electrons is now calculated by summing over (3.2) for each 
core electron with corresponding binding energy Ei. The final expression gives an energy and 
impact parameter dependent stopping due to core electrons. Since core electrons are confined 
to a small region round the nucleus, the contribution is only large for ions with small impact 
parameters. 

3.2.3 Stopping due to valence electrons 

The energy loss due to valence electrons was derived by Melvin and Tombrello [8]: 

dE 47rz;f fe4 2mevvp v 
-[-d ]valence = 2 (Ptocal ln[ n ] + NZ ln[-]), 

z mev Wp Vp 
(3.3) 

where Zeff = Z1(l - e-137z;
213

v/c) is the effective charge of the moving ion, vp the Fermi 
velocity, w p the plasma frequency, Z the number of valence electrons per atom, Plocal the 
local charge density due to valence electrons and N the atomie density. 

Equation (3.3) has two contributions. The first term takes into account the so-called local 
electrons. lt describes the energy loss due to collisions with high momentum transfer. The 
second term gives the long range contribution due to plasma excitations. For channeled 
particles, stopping due to interaction with valence-electrons is usually the largest contribution 
to the total energy loss. For non-channeled particles, the core electron stopping contributes 
approximately in equal value to the total stopping. 

3.3 Measurements 

The energy loss of 4 Me V He in Si was determined in transmission experiments. A schematic 
set up of a transmission experiment is presented in figure 3.1. 

The ion beam is first aligned with the detector after which the silicon sample is placed in 
the beam spot. The detector measures the energy of the transmitted particles. In the exper
iments, the distance between the sample and the 100 mm2 Canberra passivated implanted 
planar silicon (PIPS) detector was 120 mm. 

Since the yield in transmission measurements is usually orders of magnitude higher than in 
backscattering (consider the 1/sin40 dependence in equation 2.3), it is necessary to squeeze 
the beam with the double slit system. The beam divergence is therefore limited to 0.01° 
FWHM. 

22 



incident beam 

detected beam 

Si-wafer 

Figure 3.1: Schematic representation of a transmission experiment. 
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Figure 3. 2: Measured transmission spectra of He ions in Si for < 100 > axial channeling, { 110} 
planar channeling) and a random orientation. The energy of the beam is also measured. 
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The results of the transmission measurements are presented in figure 3.2. Next to the beam, 
three different sample orientations were measured in the experiments, a random orientation, 
a <100> axial aligned orientation and a {110} planar aligned orientation: 

• Incident beam 

The incident beam has a measured value of 4000 ± 2 keV. The observed distribution in 
the energy spectrum, is due to a detector resolution of± 22 keV. 

• Random incidence spectrum 

The sample was tilted 3° away from the <lOO>axis and spinned 90° around the surface 
normal during the measurement. The energy peak of the randomly channeled particles 
is at 2957 ± 2 keV with a full width at half maximum (FWHM) of 70 keV. The total 
energy loss can be used to estimate the thickness of the sample using the Ziegler stopping 
values for He in Si. Since the total energy loss is relatively large it is not justified to take 
the stopping values at 4 Me V. L'Hoir and Schmaus [12] pointed out that it is justified 
to approximate the mean stopping power by taking the stopping of the arithmetic mean 
of the energy of the beam in the target: 

S(E) = S(Ei b..E /2) b..E/x (3.4) 

with Ei the beam energy, b..E the mean energy loss in the target of thickness x, and 
Ei - b..E /2 the arithmetic mean energy of the beam in the target. The average energy 
of the transmitted particles is 2972 ± 2 keV, which implies that E = 3486 ± 4 keV 
and b..E = 1028 ± 2 keV. The thickness found is 5.7 ± 0.2 µm, using the 3486 keV 
Ziegler stopping value of 180 ± 7 keV. This is larger than the specification given by the 
manufacturer (2 ± 2 µm). 

• <100> Axial-channeled spectrum 

The energy spectrum of the < 100> axially channeled measurement shows a braad peak 
at 3360 ± 5 keV, with a tail at lower energies. The lower energy loss for the majority 
of the < 100> channeled particles can be explained by the smaller core electron contri
bution for channeled particles. The core electron contribution decreases with increasing 
impact parameter b. The flux distribution of axially channeled particles is mainly in 
the center of the channel as shown in equation (2.18). This means that small impact 
parameter collisions are rare. The core electron contribution is thus much smaller for 
channeled particles, resulting in a smaller energy loss. The spread in the energy loss 
of channeled particles can be explained by the fact that every channeled particle has a 
different trajectory within a channel and has a different energy loss contribution due to 
core electrons. 

The low energy tail contains detected particles that are initially non-channeled or 
dechannel along their trajectories and thus experience more stopping due to core elec
trons. In a perfect crystal, the fraction of non channeled particles depends primarily on 
the vibration amplitude of the atoms. 

• {110} Planarly channeled spectrum 
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The planar channeling spectrum is broad with two peaks, a low energy peak and a high 
energy peak at 2940 ± 5 keV and 3370 ± 5 keV, respectively. The high energy peak 
comprises particles, that have trajectories in the middle region of the channel and thus 
have little energy loss due to interaction with core electrons. 

Many particles dechannel, since the channel-width for planar channeling is small com
pared to axial channeling. The lower energy peak contains particles that are not chan
neled and particles channeled with relatively large transverse energy. The first group 
of particles have a stopping similar to the particles in the random peak. The second 
group of particles experience a lot of close collisions, since the ion oscillates from plane to 
plane. This leads to an energy loss even slightly higher than for non-channeled particles. 

3.4 Simulations with energy independent stopping 

The MC calculations were done with FLUX 7, an improved version of FLUX [9]. Before dis
cussing the results, the relevant options of FLUX are described. 

3.4.1 Input to flux 

The FLUX program has a number of required input options and a number of variable input 
options. The most important ones will be described shortly: 

• required input options 

- NLA YER: The number of different layers in the material. 

- LATTICE: The lattice type, atomie and mass numbers, temperature, Debye tem-
perature and lattice constant are given here. 

- TO: Energy of incident particles and minimum energy of channeled particle. 

- DEDX VALENCE: Electronic stopping due to valence electrons. 

- ELCORE: Table containing the parameter dependent stopping due to core elec-
trons. This table contains 50 values of the core electron stopping at impact pa
rameters from 0 to 2 A. 

- ZDIST: Total layer thickness. 

- NTRACKS: Number of tracks followed through the crystal. 

• optional input options 

- NBIN: Number of bins used in the distributions of the NEP and the energy loss. 

- BEAM DIVERGENCE: Modified by F.J.J.Jansen [11]. The width of the slit sets 
is given in cm. 
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3.4.2 Calculating energy loss with FLUX 

In FLUX, the energy loss is calculated for each particle at every lattice plane and subtracted 
from the energy of the particle at the preceding lattice plane. The energy distribution of the 
outgoing particles can be chosen as output of the program. 

The nuclear stopping is calculated with the small scattering angle approximation of the bi
nary collision model ( equation (3.1)). The contribution of the small angle scattering events 
with nuclei to the total stopping is small compared to the electronic stopping. 

The core electron stopping as a function of impact parameter is calculated with the DETTMANN 

program. This program calculates the stopping using equation (3.2), for a single beam en
ergy. The impact-parameter dependent energy loss is then written to a table. This table of 
50 values with energy loss values for impact parameters ranging from 0 to 2 A is given as 
input to the FLUX program using the ELCORE input parameter. 

The valence electron contribution can be calculated with the equation derived by Melvin and 
Tombrello (equation 3.3). However, in this report a different approach was followed. The va
lence electron stopping was taken to be the difference between the Ziegler stopping on the one 
hand and the added sum of the core electron stopping and nuclear stopping for non-channeled 
particles on the other hand. In this way, the total energy loss for the simulation of a random 
orientation of the sample should, by definition, be the same as the energy loss for a random 
measurement. This approach was suggested by Smulders and has the advantage that any 
deviation between experiment and simulation can be attributed to the Dettmann model. 

3.4.3 Results 

The thickness of the Si sample, given as input to the simulations, was 5. 714 µm. In figure 3.3 
the simulation results of the 4 MeV He stopping in Si are presented for both <100> chan
neled particles and randomly channeled particles. The measurements are also included in the 
picture as a comparison. 

The energy loss of both <100> channeled particles and random particles are too low in the 
simulations. The reason for this is that the input-parameters to determine the energy loss 
were calculated for 4 Me V He+ ions. The energy depence of the electronic stopping is not 
taken into account. 

The width of the simulated random peak is much smaller than the measured random peak. 
This result can be explained by thickness variations in the sample and by the limited energy 
resolution of the PIPS detector, which were not taken into account in the simulations. 

A more logical way to simulate the energy loss, is to determine the electronic stopping powers 
for 3.486 MeV particles and use these as input to the program. The results are shown in 
figure 3.4. 

The simulated stopping of the randomly channeled particles ( energy peak at 2953 ± 2 Me V) 
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Figure 3.3: Both measured and simulated transmission spectra of 4 MeV He ions in Si for 
< 100 > axial channeling and a random orientation. Electronic stopping powers are calculated 
for 4 Me V He ions. 
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Figure 3.4: Both measured and simulated transmission spectra of 4 Me V He ions in Si for 
< 100 > axial channeling and a random orientation. Electronic stopping powers are calculated 
for 3.486 MeV He ions. 
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corresponds well with the experiment (peak at 2957 ± 2 keV). This is expected since the 
thickness was derived by using the 3486 ke V Ziegler stopping. 

The <100> axial channeling simulations correspond much worse with the experiment. This 
can be explained by the fact that using the 3486 keV electronic stopping values is not a good 
approximation for channeled particles. The channeled particles are detected with an energy 
of approximately 3400 keV. This implies that the average energy of the channeled particles 
in the solid is ::::::: 3700 keV, giving rise to a smaller energy loss than the simulated particles 
with 3486 ke V stopping. 

The main conclusion drawn from the above simulations is that the energy dependence of the 
stopping plays a crucial part in the interpretation of the results. The thickness of the sample 
and the difference between the stopping of channeled and non-channeled particles makes 
it impossible to simulate the measurements properly with an energy independent stopping 
model. Therefore, it is necessary to incorporate energy dependent stopping into the simulation 
program FL ux. 

3.5 Simulations with energy dependent stopping 

The energy loss due to atomie collisions is calculated at every lattice plane. The valence 
electron stopping is a constant, whereas the core electron stopping is read from a parameter 
dependent table. The best to way to adjust the program would be to calculate the separate 
energy loss contributions for each particle at each lattice plane. U nfortunately, this approach 
requires a lot of calculations and would take to much computing time for thick layers and a 
sufficient number of particle trajectories. 

A first attempt to introduce an energy dependence into the simulations, was made by cal
culating the energy loss per lattice plane of a 4 Me V He ion and multiply the result with 
( 4 Me V / E), with E the energy of the part iele at the specific depth. In this way, a 1 / E de
pendence is incorporated into the program. The 1/ E dependence is motivated by the Bethe 
model for electronic stopping. The results of the simulations are given in figure 3.5. 

The figure clearly shows, that the introduction of the 1/ E stopping is not a very good ap
proximation to the problem. The energy loss of both channeled and random particles is too 
large in the simulations. The introduction of a logarithmic term, as in the Bethe Bloch equa
tion (2.4), does not improve the results much. 

The bad results can be explained by the discrepancy between the Ziegler stopping value and 
the 1/ E Bohr stopping model. Therefore a different alteration of the program was necessary. 

In these simulations the problem was approached in the following way: the parameter de
pendent energy loss due to core electrons was calculated for ion energies ranging from 4.0 
MeV to 2.5 MeV with intervals of 0.1 MeV. For each energy the valence electron stopping 
was determined in the usual way using the Ziegler stopping values. The obtained energy loss 
tables were given as input to the program. 

29 



"O 
Q) 

2000 

1600 

>= 1200 

~ 
.!::::! 
"(ij 

§ 800 
0 z 

400 

2.8 3.0 3.2 3.4 

Energy (MeV) 

Figure 3.5: Both measured and simulated transmission spectra of 4 MeV He ions in Si for 
< 100 > axial channeling and a random orientation. Electronic stopping powers are calculated 
with a 1/ E dependence. 
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Figure 3.6: Both measured and simulated transmission spectra of 4 MeV He ions in Si for a 
random orientation. Electronic stopping powers are calculated by interpolation. 
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The program had to be adjusted in order to use the input-information. At each collision, 
the energy of the particle was used to choose the stopping data of the closest energies. The 
energy loss is calculated to be: 

.6.E x.6.En + (1 - x).6.En+l (3.5) 

with: 
E = xEn + (1 - x)En+l· (3.6) 

En and En+l are the input energies below and above E respectively. 

The results for random particles are given in figure 3.6. The random peak of the simulations 
( 2954± 2 keV) almost coincides with the measurements ( 2957 ± 2 keV). The major differ
ence is the width of the peak which is again attributed to variation in sample thickness and 
detector resolution. 

The correspondence between the random simulation with 3486 ke V stopping and the last ran
dom simulation using interpolation proves that taking the 3486 ke V stopping to determine 
the sample thickness is a good assumption. The thickness of our sample is thus correctly 
chosen for the simulations. The major uncertainty in the thickness is due to the uncertainty 
in the Ziegler stopping values. In the simulations however, the effect of the uncertainty of the 
Ziegler values cancels. 

The results for channeled particles are given in figure 3. 7. The < 100 > axial channeling 
spectrum corresponds quite well with the measurements. The simulated peak ( 3355 ± 5 
keV) and measured peak (3360 ± 5 keV) coincide almost. The somewhat lower peak-hight 
and larger peak-width in the measurements can be explained by variation in the thickness of 
the sample and by detector resolution. The low energy tails containing dechanneled particles 
are practically the same in simulation and experiment. This is a conformation of the model 
for atomie vibrations and the screening potential incorporated in the program. The atomie 
vibrations are the cause of the dechanneling in the material and thus of the formation of a low 
energy tail in the spectra. The nuclear screening potential affects the particles trajectories 
and has also an influence on the dechanneling behavior. 

The {110} planar measurements are also compared with simulations in figure 3. 7. The agree
ment between measurements and simulations is again quite good. The low energy peak values 
of 2940 ± 5 for the simulations and 2940 ± 5 ke V for the measurements correspond very well. 
The high energy peak of the simulations at 3365 ± 5 keV is also consistent with experiment 
(3370 ± 5 keV). 

The main diff erence between simulation and experiment seems to be the height of the low 
energy peak. This discrepancy can partly be explained by the fact that no thickness variation 
and detector resolution is incorporated in the simulations. These effects have a widening 
effect on the spectrum. The same explanation was found earlier for the measurements with 
random orientation and with axial alignment. 

Another possible explanation which may lead to the observed discrepancy may be an inac
curate screening potential. The screening potential is the driving force to keep the particles 
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Figure 3.7: Both measured and simulated transmission spectra of 4 MeV He ions in Si for 
< 100 > axial channeling and {110} planar channeling. Electronic stopping powers are 
calculated by interpolation. 
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channeled as was described in section 2.2. The universa! potential used in our program is 
derived semi-empirically for axial channeling and may not be accurate in the case of pla
nar channeling [10]. This affects the particles trajectories and thus indirectly the nuclear 
scattering events which lead to dechanneling. 

3.6 Conclusions 

FLUX is a suitable program to investigate the energy loss of channeled particles in crystalline 
materials. The program however is limited to the simulations of thin layers, because energy 
dependence is not incorporated in the calculation of energy loss. 

In order to make FLUX suitable to simulate the energy loss of our relatively thick layers (5.7 
µm) some adjustments had to be done. Since the calculation of the exact energy loss for each 
scattering event as would be predicted by the energy dependent theoretical model would take 
to much processing time, an approximation was used which turned out to be successful. 

The energy and impact parameter dependent energy loss was calculated for a number of ener
gies. In the program, the energy loss for each scattering event was calculated by interpolation. 

The simulated results for the energy loss of channeled particles correspond very well with the 
experiment. This indicates that the energy and parameter dependent model as derived by 
Dettmann and Robinson is accurate for 4 MeV He ions. A somewhat weaker point in the 
program seems to be the simulation of planarly channeled particles. The potential used in 
the calculation of the particle trajectories may not be very accurate in the case of planar 
channeling and causes a small discrepancy in the fraction of dechanneling. The solution may 
be found by implementing a different potential for planar channeling simulations. 
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Chapter 4 

Clustering in boron-implanted 
silicon 

4.1 Introduction 

Boron implantation in silicon is a technique often applied in the fabrication of Metal Oxide 
Semiconductor (MOS) devices. In figure 4.1, a schematic representation of a p-type channel 
MOS transistor is given. 

The device dimensions of MOS devices are reduced by a factor two every couple of years in 
order to increase the switching speed of the transistor. Increasing the speed is possible by 
either decreasing the source-drain distance or obtaining a smaller junction depth. A smaller 
junction depth can be achieved by lowering the implantation energy. 

Unfortunately, lower implantation depths lead to higher boron concentrations. When the B 
concentration in Si is sufficiently high, the solubility limit of B in Si can be exceeded. Even 
after an anneal-treatment, the B-atoms will not only populate lattice sites, hut also act as 
interstitial impurity ions and may even form clusters of B atoms within the Si-lattice. This 
formation of B clusters can ultimately deform the surrounding Si-lattice. 

Since, on the one hand, scattering cross-sections are small for ions incident on light elements 
(equation (2.3)) and, on the other hand, the concentration of B is relatively small compared 
to the Si concentration, it is difficult to observe a B-yield in a RBS-spectrum. However, if 

Gate 
oxide 

+ p -type source 

Gate 

n-type 
substrate 

p -type drain 

Figure 4.1: schematic representation of a p-type channel MOS transistor. 
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the solubility-limit of B in Si is exceeded, it is still possible to observe the effect of the B im
plantation by distortions of the surrounding Si-lattice. These distortions lead to an increase 
in the backscattered channeling yield of Si. 

The formation of clusters is unwanted. B atoms located in clusters do not enhance the elec
trical properties of the material since the extra valence electron is not available as a charge 
carrier. The solubility of B in Si therefore poses a constraint on the electrical properties of 
the material. The detection of B clusters by measuring the distortions in the Si lattice is the 
subject of this chapter. 

After dealing with the characteristics of the B doped materials used in the investigations, RBS
channeling measurements of samples of B doped silicon are discussed. Next, a model which 
takes into account the distortions due to B-clustering is proposed. FLUX simulations using 
this model are compared with the RBS-channeling measurements after which conclusions on 
the model and the measurement technique will be drawn. 

4.2 Samples 

All samples used in the investigations are taken from silicon-on-insulator (SOI) wafers. These 
SOI-wafers comprise two Si layers sandwiching an insulating Si02 layer. The SOI-wafers were 
either prepared by the SIMOX method or by the UNIBOND method. 

The SIMOX (separation by implantation of oxygen) method is based on the implantation of 
o+ ions in Si. A Si wafer is bombarded along the <100> direction with 190 keV o+ ions 
with an implantation dose of 1.8 x 1018 ions cm-2. After implantation, the wafer is annealed 
at 1320°C to recover all damage to the Si crystal. The final result is a SOI wafer with a 400 
nm Si02 layer and a 200 nm Si top layer. 

The UNIBOND method combines ion-implantation with wafer bonding technologies. The 
top-layer of a silicon wafer is oxidized after which a 'Smart Cut' layer is made. The Smart 
Cut layer is applied by H+ ion-implantation which results in a hydrogen rich layer in the 
bulk material. After cleaning, a second silicon wafer is pressed on the Si02 layer. The Smart 
Cut method can now be used to split the first wafer at the hydrogen-interface. Polishing and 
annealing are the last steps in obtaining a new SOI wafer. 

Both UNIBOND and SIMOX SOI-wafers have the same dimensions (figure 4.2). Two SIMOX 
wafers were implanted with baron, whereas a UNIBOND wafer was used as an unimplanted 
comparison. 

The precipitation was done at Philips Research Laboratories Eindhoven with use of a high
voltage research implanter. Decaborane (B10H14 +) ion implantation was performed at 120 
keV along the (001) orientation of the Si wafer. The baron implantation doses were 3 x 
1014 /cm2 and 3 x 1015 /cm2. The electronic bands of a decaborane molecule will break when 
it hits the wafer producing B ions with an energy of approximately 10 keV. After the im
plantation, the wafers were annealed for 10 seconds at 1050 °C to remove any implantation 
damage. 
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Si02 ~ [ 400nm 

Si 525 µm 

Figure 4.2: schematic configuration of a SOI-wafer. 

The concentration depth-profile of the implanted SOI wafers can be calculated using the sim
ulation program SRIM [6]. The results are presented in figure 4.3 for 3 x 1015 /cm2 B-ions of 
lükeV. The energy corresponds with the energy per ion for the 120 keV B10Hi4 ions used in 
the investigations. 

The solubility limit of boron in silicon is approximately 5 x 1020 / cm3 . According to the 
figure, the solubility limit is exceeded roughly between 28 and 54 nm <leep. In this region 
clusters of B atoms are to be expected. The 3 x 1015 / cm2 B doped sample has a maximum B 
concentration of± 7 x 1019 /cm3 which is far below the solubility limit. The anneal treatment 
should therefore be able to remove any implantation damage in the low close implanted sample. 

4.3 Channeling in defect materials 

Before presenting the RBS ion channeling measurements on the B-doped samples, some deeper 
understanding of particle scattering in defect materials is useful. The relationships between 
direct scattering, dechanneling and ion energy are of special interest, because it can provide 
information about the type of defect in the crystal. 

In equation (2.27), the backscattered yield from a defected material was given. In order to 
explain the results from the measurements, it is useful to have a closer look at the equation. 
The first term of (2.27) expresses the dechanneled fraction, which can be separated into a 
non-channeled fraction from the unimplanted virgin crystal Xv and the dechanneling resulting 
from the defects: 

XN(z) ~ Xv(z) + (1 - Xv(z)) foz avnv(z')dz' (4.1) 

with av the dechanneling factor, nv the defect density, and z' the integration variable. The 
non-channeled fraction in a perfect crystal Xv has already been derived in section 2.2. The 
dechanneling factor is given by the probability of dechanneling per unit depth divided by the 
defect density: 
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Figure 4.3: Calculated depth-profile of 3 x 1015 cm-2 10 keV B-ions implanted in Si 
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<100> 
Detector 

O> 
Figure 4.4: Experimental setup. 

(4.2) 

The dechanneling factor depends on the energy and on the type of defect. The energy de
pendence for various kinds of defects is derived in Feldman et al. [4]. It is shown for point 
defects, that (JD ex 1/ E, while for strained regions, (JD ex ./E. 

The second term in equation 2.27 describes the direct scattering in the crystal. The direct 
scattering contribution is dependent on the geometry of the defect. The direct scattering 
factor f takes into account the difference between the number of defects and the effective 
number of scattering centers per defect. It depends on the flux distribution F(r) and the 
distribution of scattering centers n(r): 

J F(r)n(r)dr 
f = J n(r)dr 

(4.3) 

In the case of a randomly displaced atom, f has the value of unity, whereas f = 0 in the 
case of substitutional atoms. An amorphous material, or a randomly oriented crystal has 
nn = n and f = 1 giving a nuclear encounter probability of unity as expected for amorphous 
materials. 

4.4 Channeling measurements 

RBS channeling measurements were performed in order to examine the cluster formation. 
The measurements were done with both a 2 MeV He+ beam and 3.5 MeV He+ beam. A 
schematic picture of the geometry of the experiments is drawn in figure 4.4. The beam is 
aligned along the < 100> direction of the Si crystal. The detector is placed at a grazing angle 
() = 93° in some measurements and 95° in others. It was necessary to put the detector in this 
grazing position to increase the depth-resolution of the measurements. 

Along with the < 100> channeling measurements, random RBS measurements were done to 
compare the channeling yield with the random yield. The random measurements were per
formed by tilting the sample 3° off from the < 100 > axis and spinning the sample 90° around 
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Figure 4.5: 2 MeV He+ RBS-channeling spectra fora virgin Si sample and a 120 keV B10H14 
implanted sample with 3 x 1014 cm-2 B dopant concentration. 

the surface normal during the measurement. A rotating vane was used to normalize the yield 
of the measurements. 

In figure 4.5 the resulting RBS-channeling spectra are shown for bath the virgin sample and 
the 3 x 1014 B/cm2 implanted sample. The detector angle (}is 93°. Figure 4.5 clearly shows 
that there is no significant difference between the yield of the virgin sample and the im
planted sample. The only direct scattering peaks observed in the spectrum are the silicon 
surface peak, an oxygen peak and a carbon peak from right to left, respectively. The oxygen 
peak is expected, since a small oxide layer is usually present at the surface of silicon. The 
carbon is the result of a contamination of the surface. The sample was put on the sample 
holder using tape. The heating due to the bombardment of He ions has probably vaporized 
some of the tape and this may have condensed on the sample explaining the contamination. 
Bath elements are present in the order of 10 monolayers and will have a negligible effect on 
the channeling behavior. 

Since bath the concentration of implanted B-atoms is relatively small and the scattering 
cross-sections of He incident on B are small, it is impossible to detect the presence of B atoms 
directly in the experiments. However, the baron atoms can also be detected indirectly by 
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Figure 4.6: 2 MeV He+ RBS-channeling spectra for both 120 keV B10H14 implanted samples 
with 3 x 1014 cm-2 and 3 x 1015 cm-2 B dopant concentration. 
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Baron clusters in Si have been estimated to consist of 4 to 5 B atoms by molecular dynamics 
calculations [13], and deform a relatively large region in the Si around the cluster (3nm or 
~ 700 Si atoms) as has been measured with X-ray scattering [14]. Since no increase of the 
scattering yield is measured at all, the conclusion can be drawn from figure 4.5 that clusters 
are virtually absent. Since the maximum concentration of B ( ± 7 x 1019 B / cm3 , or 0.1 of the 
maximum concentration in figure 4.3) is much lower than the saturation density of B in Si, 
clusters were not expected, which is thus confirmed by figure 4.5. The figure also shows that 
any implantation damage is effectively removed by the annealing process. This is important 
to remember, since any extra direct scattering in the following measurements can now be 
attributed to defects due to the presence of B clusters. 

The 2 MeV He+ RBS channeling measurements on the 3 x 1014 cm-2 B doped sample are 
compared to the 3 x 1015 cm-2 B doped sample in figure 4.6. The detector angle is slightly 
altered (0 = 95°) in order to be able to observe the full Si top-layer in the spectra. The loss 
in depth resolution, caused by an increased detector angle, is not a problem in analyzing the 
direct scattering peaks. 
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Table 4.1: Values of the scattering yield in a channeling experiment in the depth interval of 
120-160 nm (for 2 MeV) and 85-130 nm (for 3.5 MeV), and the content of the direct scattering 
peak of Si samples implanted with 3 x 1014 B/cm2 and 3 x 1015 B/cm2 from RBS channeling 
measurements with 2 and 3.5 MeV He+ ions. 

2 MeV 3.5 MeV 
3 x 1014 B/cm2 3 x 1015 B/cm2 3 x 1014 B/cm2 3 x 1015 B/cm2 

direct scattering 36 ± 2 ML 59 ± 3 ML 
dechanneling yield 0.070 ± 0.005 0.208 ± 0.008 0.07 ± 0.01 0.19 ± 0.01 

In figure 4.6, the measured Si random yield drops for low energies. The lower yield is due to 
the Si02 layer. In this layer, the concentration of Si is smaller, reducing the scattering yield. 
The particles scattered on 0 in the Siû2 layer have not enough energy to be detected. 

Figure 4.6 clearly shows that the 3 x 1015 cm-2 B doped sample has an increased yield com
pared to the 3 x 1014 cm-2 B doped sample. The increased yield has two components, a direct 
scattering contribution and a dechanneling contribution. The direct scattering contribution 
can be determined by subtracting the background as indicated in the figure. The direct scat
tering yield can be expressed in the yield as would be obtained by a number of randomly 
orientated Si monolayers (ML). In figure 4.6, the direct scattering yield corresponds to 36 ± 
2 ML of randomly orientated Si. 

The enhanced dechanneling yield due to the defected area, can be determined by subtracting 
the dechanneling factor of the non-deformed crystal (3 x 1014 cm-2 B doped sample) from the 
dechanneling factor of the defected crystal (3x1015 cm-2 B doped sample). The dechanneling 
factor from the non-deformed crystal is 0.070 ± 0.005, while the dechanneling factor from the 
deformed crystal is 0.208 ± 0.008. The obtained dechanneling contribution due to defects is 
thus 0.14 ± 0.01. 

Figure 4.7 shows the results of measurements with a 3.5 MeV He beam and a detector angle () 
of 93°. Again, both a direct scattering and a dechanneling contribution enhance the scattering 
yield of the 3 x 1015 cm-2 B doped sample. The direct scattering contribution due to defects 
measures 59 ± 3 ML, while the enhanced dechanneling factor obtained is 0.12 ± 0.01. The 
enhanced dechanneling due to clusters was again obtained by subtracting the dechanneling of 
the perfect crystal (0.07 ± 0.01) from the dechanneling of the defected crystal (0.19 ± 0.01). 
The results are summarized in table 4.1. 

The question remains, which kind of distortion in the lattice produces the yield as measured. 
If the deformed region is assumed to be amorphous, the dechanneling can be calculated with 
multiple scattering theory [4]. Assuming that each cluster of 4 to 5 atoms deforms approx
imately 700 Si atoms, a total of 2.5 x 1017 Si-atoms/cm2 are in the distorted region. The 
dechanneling due to an amorphous layer of 2.5 x 1017 Si-atoms/cm2 (± 180 ML) is calculated 
to be>:::::: 0.04 and>:::::: 0.02 for 2 MeV and 3.5 MeV, respectively. Since direct scattering is much 
lower in the measurements and dechanneling is much higher, the assumption of an amorphous 
region does not seem justified. 
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Figure 4.8: Schematic model of lattice-distortions due to precipitation 

Another argument against an amorphous region is the energy dependence of both direct 
scattering and dechanneling. The enhanced dechanneling due to defects diminishes with 
increasing energy E, but not so strongly as the 1/ E dependence for point defects would 
suggest. The effective direct scattering (in ML of random oriented Si) differs for 2 MeV 
and 3.5 MeV implying that f is not unity as in amorphous layers but is energy dependent. 
Obviously, amore profound model for distortions has to be used. 

4.5 Physical model 

lt is obvious that in the measurements there is considerable direct scattering (f > 0), but it 
is not as large as would be expected in the case of an amorphous region (f < 1). 

Clusters are expected in the region where the solubility limit of B in Si is exceeded. This 
corresponds to a depth-interval of 28 nm to 54 nm, which is about 95 ML. Since one B
eluster of± 4 atoms deforms a region of± 700 Si atoms, an amount of 1.6 x 1015 B/cm2 

in the cluster-region would deform roughly 2.5 x 1017 Si/cm2 , corresponding with 184 ML. 
This indicates rougly that the whole region must be distorted due to the presence of clus
ters. How large are the distortians and can a defected region of 28 nm to 54 nm be confirmed? 

Monte Carlo calculations with FLUX will be used to interpret the measured spectra assuming 
a physical model for the distorted region. The model used for the distortians is shown in 
figure 4.8. The lattice-deformations proposed are very elementary. The lattice channel is said 
to be curved in a distorted region rD and with a maximum displacement Dm. The center 
of the deformed region ( 40 nm) corresponds almost with the middle of the region where the 
solubility of Bin Si is exceeded (28 to 54 nm). Although the model may not be very accurate, 
it does give a measure for the length of the region where distortians take place (rD) and the 
order of the displacement of atoms (Dm)· 

The angle <P defined by the angle between the x-z plane and the plane in which the crystal is 
curved, is chosen randomly for each particle. 
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4.6 FLUX simulations 

4.6.1 Program input 

Before discussing the results of the FLUX simulations, it is necessary to take a look at the 
FLUX input relevant to the simulations: 

• INTERFACE: This option is used when more than one type of layer is simulated. The 
depth of the interface, a rotation matrix and a translation matrix are given as input. 
The matrices are meant to incorporate any mismatch between two material layers into 
the simulations. 

• THICKNESS: Used only in combination with the INTERFACE option. Contains the 
total number of layers (alternating layer 1 and layer 2), and the thickness of each layer. 
The thickness given overrules the layer thickness given in the INTERFACE option. 

• CURVATURE: specifies a plane perpendicular to the cylinder axis by giving angle <Pof 
intersection with the xy plane (see figure 2.9). Also the radius of curvature is given. 
The program had to be modified to make it possible to chose a random direction of the 
curvature for each particle. 

4.6.2 Results 

Before explaining the results, the possible trajectories and scattering events of particles chan
neled in the curved crystal have to be examined. Two possibilities of particle trajectories in 
the curved region are schematically drawn in figure 4.9. 

In figure 4.9 (a), particles stay within the curved channel. The Coulomb potential of the atoms 
'steer' the channeled particles within the channel. The steering of the channeled particle can 
prevent nuclear encounters within the deformed region. The small angle collisions with atoms 
in the deformed region can enhance the probability on dechanneling as depicted in the picture. 

In figure 4.9 (b), channeled particles are unable to follow the curve. This will most likely 
occur when the particles velocity is too large or if the curve is too sharp. The particles have 
a large probabilty on scattering when leaving the channel or when re-entering the channel. 

2 Me V simulations 

The first simulations were done for a curved crystal with 2 Me V incident Hé particles. The 
curved region rv was given the succesive values of 20, 40, 60, 80, 120, 160, 200 and 240 ML, 
whereas the maximum distortian mv was taken to be 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4 and 5 A. 

The results are shown in figure 4.10. At first glance, the figures shows that enlarging the 
distorted region, has an increasing effect on both direct scattering and dechanneling. The 
interpretation of the results makes it necessary to split the picture in two parts. The simula
tions with 'small' maximum displacement (Dm < 0.15 nm) and the simulations with 'large' 
maximum displacement Dm> 0.15 nm are interpreted separately: 

• Maximum displacement Dm < 0.15 nm 
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(a) (b) 

Figure 4.9: Channeling behaviour of particles in a curved channel. In (a) particles are steered 
within the channel. In (b) particles are temporarely dechanneled. 

For Dm ~ 0.1 nm, direct scattering is low and more or less independent on the region 
of distortion. The direct scattering is expected to be small, since most of the channeled 
ions are in the middle of the channel and don't scatter with atoms slighty displaced 
from their lattice site. 

Another effect witch contributes to the low direct scattering is steering of channeled 
ions. The potential of the strained atom-strings can defl.ect the channeled particle in 
such a way that it stays within the channel. The steering process works best for small 
and gradual distortions. This explains why direct scattering is not larger, even a little 
lower, for large regions of distortion rD. Distortions are more gradual for large regions 
of distortions. Above Dm = 0.1 nm, the direct scattering increases fast because distor
tions are in the order of the channel-width. 

The dechanneling also increases for larger displacements as would be expected. Fur
thermore, dechanneling is larger for larger regions of distortion. For larger regions of 
distortion, there is a larger depth interval of interaction between displaced lattice atoms 
and channeled particles, leading to dechanneling. 

• Maximum displacement Dm> 0.15 nm 

In this region distortions are in the order of the lattice dimensions. Increasing the max
imum distortion enlarges the direct scattering, except for rD = 20 ML. For rD = 20 ML 
the direct scattering is roughly constant and almost equivalent to the direct scattering 
of 20 ML of randomly orientated Si. This means that for the distorted region of 20 ML, 
the curvature is too big to steer the ions within the channel. 

46 



........ 
ël5 
_J 

~ -0) 
c 

·.:::: 
Q) --ra 
(.) 
C/l -(.) 
Q) ...... 
i:5 

(a) 

c 
0 

+;:; 
(.) 
Cd ...... -"O 
Q) 

Q) 
c 
c 
Cd 

..c 
(.) 
Q) 
0 

160 

140 {:)--·-·-·-·-·-·-·-· 
/ 

120 
············· 

100 
...... v········ 

/ 

/ .·· 

80 

60 

40 

o· .. · """""" 
, .... -·*···· 

,,/''. .... ·\/·········: .-·· 
"' .... ·· .-·· 

~<::~:~~~-~·~-----*~ .. -.. -.. -.. ...r:.- .. - .. - . 
. .li*-- ____ .. ...r:. 

... >! ...r:.-··-·· .-·-
~· ·.1· • _. -X- · - · - ·- · - · -X-. -

20 

Ot:l:::Q!!~Sl......L-...._Jl-.L--1__,_---1.._._--1.._._-L_._....L_._...L......._~ 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

Maximum displacement (nm) 

0.16 

240 ML 

200 ML 

160 ML 

120 ML 

80 ML 
60 ML 
40 ML 

20 ML 

0.14 _,-il-·-·-·-·-·-·-·-· 240 ML ,.' 

0.12 

0.10 

0.08 

0.06 

0.04 

0.02 

·•..• ··························· 
···· ... t;. ...... ""." ........ " .... " ... v································V'····· 

-·· ···*-·------------"*······ ·---·· -
'\IE········· 

__ •• ...L>- •• - •• _ 
, •. .-• ••-.••-..A-•·-··-··-·• 

'A-·· ... 

~ ~·~~~:~.~~~·~~~:~~-~~··~~~~~.;~~;.: 
D D D 

o.oo ~~~~_.__u_::._~..J._~__.__J_~~__J___._il 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

Maximum displacement (nm) 

200 ML 

160 ML 

120 ML 

80 ML 
60 ML 
40 ML 
20 ML 

(b) 

Figure 4.10: Direct scattering (a) and dechanneling (b) as a function of both parameters for 
2 MeV He 
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Increasing the distorted region enhances the direct scattering, because more atoms have 
a distorted position in the lattice. Steering is responsible for lowering the direct scat
tering, since channeled particles are kept in the middle of the channel. The steering of 
ions is most likely for larger distorted regions and smaller displacements. For very large 
displacements, no steering is possible. Furthermore, the direct scattering should then 
equal the random direct scattering, which is already visible for rv = 20 ML. 

The dechanneled fraction is remarkably constant as a function of Dm. Although steering 
seems to have an effect on the direct scattering, it has little or no infiuence on the fraction 
of dechanneled particles. The dechanneling seems to increase roughly linearly with the 
distorted region. 

It is now possible to make an estimate of the distortions in our material, by comparing simu
lation results with the experiments. In the experiments, a dechanneling ratio due to clusters 
of 0.14 ± 0.01 was found. In the simulations this result can be obtained by a distorted re
gion of 200 ML or 240 ML. The measured direct scattering of 36 ± 2 ML gives a maximum 
displacement mv of 0.16 ± 0.01 nm for rv ~ 200 to 240 ML. 

3.5 MeV simulations 

Simulations with 3.5 MeV Hé are shown in figure 4.11. The simulations were clone for Dm= 
0.0, 0.5, 1, 1.5, 2, 3, 4, and 5 A and rv = 20, 40, 80, 160, 240, and 280 ML. 

The results are at first sight similar to the 2 MeV Hé simulations. There are however some 
important differences. Both dechanneling and direct scattering start to rise for smaller Dm 
(between 0.10 nm and 0.15 nm). This can be explained by the fact that steering is more 
unlikely for higher energies. A curved crystal with rv=0.1 nm will therefore more easily steer 
2 Me V He+ particles than 3.5 Me V He+ particles. Furthermore, the dechanneling is lower 
for large Dm. This can be explained by the fact that high-energetic particles have smaller 
cross sections and will thus have less chance on scattering events large enough to dechannel 
a particle. 

It is again possible to estimate Dm and rv using the measured values of 0.12 ± 0.02 and 59 
± 3 ML for the dechanneling and direct scattering respectively. The same procedure gives 
values of 240 to 280 ML for the region of distortion and a maximum displacement of 0.17 ± 
0.01 nm, which is in agreement with the 2 MeV values. 

4. 7 Conclusions 

The clustering of boron can be detected using the RBS channeling technique. The boron 
clusters strain the surrounding Si lattice, which can be seen in a channeling spectrum 

The use of a curved crystal is a useful approach to determine the strain in heavily B-doped 
Si. Although it is unlikely that distortions are in reality of the same form, it was possible to 
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Figure 4.11: Direct scattering (a) and dechanneling (b) as a function of bath parameters for 
3.5 MeV He 
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define two parameters (Dm and rn) which give insight in the distortion of the lattice and the 
length of the distorted region. 

The value Dm = 0.165 ± 0.010 nm obtained from simulations is in correspondence with the 
cluster size of 4 to 5 boron atoms as predicted by theoretical models [13]. The size of such a 
cluster is estimated to be about 0.3nm. A deformation of the lattice in the order of 0.1 to 0.2 
nm seems therefore reasonable. 

The value rn = 240 ± 40 ML corresponds to a distorted region of 65 nm. This is maybe 
higher than expected since the region where B-clusters are expected is smaller (26 nm). One 
explanation to fill this gap is the fact that although clusters are confined to a region of 26 
nm, the lattice may be distorted in a larger region. 
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Chapter 5 

Planar channeling in GaAs /InAs 
super lattices 

5.1 lntroduction 

The use of buried ultra-thin strained layers with a thickness in the order of a nanometer 
has an increasing number of applications in semiconductor technology. Solid state lasers, 
heterojunction bipolar transistors and tunnel junctions are examples of such semi-conductor 
devices. The strain in these layers is one of the important parameters which determines the 
material characteristics. Knowledge of the amount of strain is therefore important. 

A new method has recently been developed by Janssen et al. [11] to measure strain in ul
tra thin buried layers. The method, based on axial channeling, was applied by Janssen and 
Selen [11] for InAs monolayers buried in GaAs. In this chapter, the possibility of planar 
channeling as a method to measure strain in InAs layers, buried in GaAs, is examined. Ions 
channeled within planes are characterized by smaller critica! angles than ions channeled along 
axes and consequently, the sensitivity to lattice deformation is expected to be higher 

The investigated material is dealt with in the following section. Both composition and re
sulting strain of the GaAs/InAs superlattices are discussed. The setup for the experiments is 
described together with the effect that strain has on the RBS channeling measurements. Pla
nar measurements for two different energies are compared with FLUX 7 simulations in order to 
see if the measured spectra can be explained. The chapter finishes with drawing conclusions. 

5.2 Materials 

The (100) grown GaAs/InAs material used in the investigations is schematically shown in fig
ure 5.1. The samples were grown with Molecular Beam Epitaxy (MBE). A 6750 A GaAs buffer 
layer is grown on top of the GaAs substrate. At a temperature of 410°C, 3.6 A thick InAs 
layers and 180.8 A thick GaAs layers are grown alternately on top of the buffer layer. After 
the tenth InAs layer, a 979 A GaAs layer is grown at 650°C and both a 300 A Al0.33Gao.61As 
layer and a 170 A GaAs layer are grown at 700°C. 
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GaAs 

AlGaAs 

GaAs 

GaAs substrate 

Figure 5.1: GaAs/InAs superlattice. From the bottom up, a GaAs substrate, the GaAs/InAs 
superlattice, and a GaAs/ AlGaAs/GaAs capping layer are grown. 

<100> 
GaAs ! 
InAs 

GaAs 

Figure 5.2: Strain in a GaAs/InAs superlattice. 

The InAs lattice constant (6.05 Á) is slightly larger than the GaAs lattice constant (5.65 Á). 
With a lattice mismatch of 7 percent and with layers only in the order of a monolayer, the 
InAs layers will grow on the GaAs without the formation of dislocations. [16] This will result 
in the straining of the InAs layers. A measure for the strain in the lattice is the so called 
tetragonal distortion Er: 

(5.1) 

with a_i the perpendicular lattice constant, a
11 

the in plane lattice constant and av the so 
called Vegard crystal lattice constant. The Vegard crystal lattice constant is taken to be a 
linear combination of the lattice constants of the elements in the material. The tetragonal 
distortion is found to be 0.14 using a_L = 6.48 Á, all = 5.65 A, and av = 6.05 Á. 

A schematic view of a strained layer is shown in figure 5.2. The strain can be described by 
a translation 8 of the strings along the < 110 > direction. The 0.14 tetragonal distortion of 
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<110> <100> Detector 

O> 

Figure 5.3: Schematic set up to determine strain. 

a 3.6 A InAs layer (1.1 ML), leads to a translation ó of 0.33 A. The rotation angle tl(} at 
the interfaces is 3.98°, much larger than the critical angle for planar channeling (typically 
~ 0.3°). 

5.3 Strain determination in a superlattice 

Since the distortions do not have a translation component perpendicular to the < 100 > di
rection, no interesting channeling phenomena are expected in this direction. In the < 110 > 
direction however, a translation step ó is observed in the channel, giving rise to enhanced 
dechanneling. Janssen and Selen [11] developed a method to measure strain, using < 110 > 
axial channeling. In this report, a similar method using {110} planar channeling is described. 
A schematic picture of the set-up for planar channeling measurements is shown in figure 5.3. 

The beam is aligned along the < 110 > axis and then tilted away 5° into the {110} plane. 
The {110} plane is the plane through the < 110 > axis perpendicular to the plane of sight in 
figure 5.3. An angular scan is made by varying the angle 'ljJ between the incoming beam and 
the {110} plane, as shown in the figure. The detector is placed at an angle (} = 130° with the 
incoming beam. 

A typical measured spectrum is shown in figure 5.4. In the spectrum two steps can be deter
mined. The measured steps are the result of an enhancement of the dechanneled fraction of 
the beam. The first step in the spectrum corresponds with the first InAs layer, whereas the 
second step corresponds with the last InAs layer. 

Axial channeling measurements on GaAs/InAs superlattices [11] only showed a single step in 
the spectrum. This step was explained to be an accumulation of ten small steps, one step 
at every ultra thin layer. A small part of the channeled particles dechanneled at every InAs 
layer, due to the translation ó of the channeled particles in the channel. 

In the planar channeling measurements, an oscillating yield is observed and there are two 
steps visible in the spectrum. The superlattice, comprising ten InAs and nine GaAs layers, 
can schematically be represented as a single, slightly strained layer, with an average con
tinuum potential different from the GaAs lattice (see figure 5.5). The strain is only small 
(tl(} ~ 0.08°), but still in the same order as the critical angle for channeling (typically 
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Figure 5.4: A typical measured {110} planar channeling spectrum of 6 MeV He in the 
GaAs/InAs superlattice, with the ion beam tilted -0.02° to the {110} plane. Two steps 
can be determined in this spectrum. 

GaAs 

Dechanneled 

Figure 5.5: Schematic picture of the geometrical approximation of a channel. The two steps 
in the measured yield, can be explained by the dechanneling at the first InAs layer and the 
last InAs layer. 
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Figure 5.6: A typical simulated {110} planar channeling NEP distribution of 6 MeV He in 
the GaAs/InAs superlattice, with the ion beam tilted -0.03° to the {110} plane. Two steps 
can be determined in the NEP distribution. 

around 0.3° for MeV He ions planarly channeled in GaAs). A fraction of the channeled par
ticles will dechannel at the first kink, corresponding to the first InAs layer and a fraction of 
the channeled particles will dechannel at the second kink, corresponding to the last InAs layer. 

A comparison with computer simulations is necessary to investigate the applicability of the 
step-size determination method in planar channeling spectra to measure strain. In the simula
tions, the strain has been simulated using the INTERFACE command (see subsection 4.6.1). 
The rotation matrix was used to apply a rotation at the GaAs/InAs interfaces and a rota
tion in the opposite direction at the InAs/GaAs interfaces. An example of a simulated NEP 
distribution is given in figure 5.6. Although the simulated NEP distribution has considerably 
more fine structure than the measured spectrum, two step sizes can be distinguished, and 
following the same procedure as in the measurements, an angular dependent step size curve 
can be constructed. 

5.4 Results 

Following the qualitative explanation given in the previous section, the steps observed in the 
measured spectrum of figure 5.4 are a measure for the strain in the material. Measurements 
and simulations were performed for both 2 Me V and 6 Me V He ions. In the simulations, InAs 
layer thicknesses of 1.0, 1.1, and 1.25 ML were used (corresponding toa step ö in the channel 
of 0.30, 0.33, and 0.38 A, respectively). 
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Figure 5. 7: Step size as a function of the angle 'ljJ between the {110} channeling plane and 
the ion beam in 6 MeV {110} planar measurements on a GaAs/InAs superlattice. 

5.4.1 Step size for 6 Mev 

In figure 5.7, the step size as a function of the angle 'ljJ between the {110} channeling plane 
and the ion beam (see figure 5.3) has been determined in both measurements and simula
tions. In the figure, both step 1 and step 2 are displayed. Step size 1 expresses the enhanced 
dechanneling due to the first kink in the channel, while step size 2 expresses the enhanced 
dechanneling due to the second kink in the channel. 

• step 1 

Step size 1 is not symmetrical around 'l/J=O degrees, in neither measurement nor simu
lation. This indicates that the flux distribution within the channel has not yet reached 
steady state yet. The oscillations in the yield, as depicted in figure 5.4 and figure 5.6, 
have not yet disappeared at the depth of the first InAs layer (2050 Á). 

The results from the simulations show some discrepancies with the measurements. The 
differences are relatively small for small (absolute) angles 11/JI < 0.15, but for larger an
gles 11/JI they are large. In the simulations, the step size is smaller than zero for 11/JI ~ 0.3. 

For the step size determination in the measurements with large angles 11/JI (~ 0.3°), it 
was extremely diffi.cult to determine a step size, since a plateau was virtually absent in 
the spectrum. This can already be seen in figure 5.4, where the first step is more diffi.cult 

56 



to determine then the second step. This problem might be circumvented experimentally 
by examining samples with thicker capping layers. 

For angles 17/JJ > 0.10, varying the InAs layer thickness makes little difference in the step 
size curves. In this region, step size determination is therefore not a good method to 
determine strain. For small angles (17/JI < 0.10), varying the thickness of the ultra-thin 
InAs layers, does change the step size significantly. This makes it possible to estimate 
the strain by comparing measurements and simulations. The InAs layers are estimated 
to be 1.0 ± 0.1 ML, corresponding to a step ö of 0.33 Á in the channel. In axial chan
neling measurement [11], varying the InAs layer thickness made it possible to estimate 
the InAs layer thicknesses to be 1.1 ± 0.1 ML. 

• step 2 

Simulations and experiments on the second step size correspond quite well. Changing 
the InAs layer thickness does not change the picture significantly. Apparently, the 
angular dependent step size is not very sensitive to the magnitude of ö. 

5.4.2 Step size for 2 Me V 

The same procedure was followed for 2 Me V He ions. The second step was not present in 
neither measurements nor simulations. The results for step 1 are given in figure 5.8. 

The step size curve for 2 Me V ions is more evenly distributed around 'Ijl = 0 than the step size 
curve in the 6 Me V simulations. The most likely explanation, is that for this specific energy, 
the flux is more evenly distributed in the channel than for the 6 MeV ions, although the flux 
distribution has not yet reached steady state. Evidently, the ion energy determines the flux 
distribution at the interface where the step occurs. The shape of a step size curve is therefore 
dependent on the specific energy of the ion beam. 

The general shape of the step size in the simulations corresponds with the step size in the 
measurements. Quantitatively, the discrepancy between the measurements and simulations is 
significant. Varying the InAs layer thickness does change the picture slightly, but not enough 
to explain the discrepancy. 

5.5 Conclusions 

The step size in {110} planar channeling spectra has been measured as a function of the angle 
'Ijl of the beam with the {110} plane. It is possible to simulate the general shape of the step 
size curve, but the deviations with the experiments are significant, especially for the 2 MeV 
simulations. With the 6 MeV results, it is possible to estimate the InAs layers to be 1.0 ± 
0.1 ML, in correspondence with the result found with < 110 > axial channeling (1.1 ± 0.1 
ML). The 2 MeV simulations show a large discrepancy with the measurements and can not 
be used to estimate the strain. 

The discrepancy between the measurements and the simulations, is relatively large due to 
the fact that the superlattice is at a depth of only 2050 Á (along the (110) direction). At 
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Figure 5.8: Step size as a function of the angle 'l/J between the {110} channeling plane and 
the ion beam in 2 MeV {110} planar measurements on a GaAs/InAs superlattice. 

this depth, a steady state ion distribution is not yet achieved. The step size as a function 
of the angle 'l/J between the {110} plane and the ion beam, depends largely on the precise 
distribution of ions within the channel, and apparently, the simulation does not calculate the 
distribution in sufficient detail. 

An alternative might be to compare the measured and simulated spectra in detail. At present, 
several factors limit a more detailed interpretation by comparing the simulated and measured 
spectra. The detailed fine structure in the simulated NEP distribution is not found in the 
measured spectra. It's important to note, that the energy resolution of the detection system 
is at present not sufficient to resolve the fine structure in the spectra. Finally, it can be 
concluded, that from an analyst perspective, the introduction of planar channeling to charac
terize the lnAs/GaAs superlattice is not providing advantages compared to the analysis based 
on axial channeling [11]. lmprovements in bath simulations and experiments are required to 
benefit from the wealth of fine structure that is observed. 
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Appendix A 

Technology assessment 

The Philips AVF cyclotron in Eindhoven is used to study the composition and structure of 
a wide variety of materials, e.g. biologica! tissues, polymers, and crystalline structures. In 
this graduation project, the cyclotron was used in combination with a channeling set-up, to 
examine various crystalline semiconducting structures. 

The channeling technique is a powerful technique to investigate the crystalline properties of 
materials. For the characterization of crystalline materials, knowledge on the energy loss of 
channeled particles is of fundamental importance, since depth perception follows directly from 
it. 

B doped SOi wafers and GaAs/InAs superlattices are crystalline semiconductor structures, 
used in several state of the art semiconductor devices. The low energy implantation of high 
doses of boron in Si is necessary for the fabrication of ultra-shallow junctions. The application 
of ultra-thin buried lnAs layers in GaAs can be used in a wide variety of devices in modern 
semiconductor industry, for example solid state lasers, hetero-junction bipolar transistors, 
and tunnel junctions. In these semiconductor structures, the channeling technique can be 
used to determine the amount of strain in the structures. Knowledge on the strain in these 
materials is important, since strain influences the device properties. 
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