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--------------------------Abstract-------

Abstract 
Various polyatomic ill-V semiconductors have been investigated using ion channeling. The 
Monte Carlo trajectory program LAROSE is used to interpret the experiments. Several 
computational procedures used in LAROSE have been modified to enable application of the 
program to polyatomic crystals. 

Channeling experiments are performed on an InP bulk single crystal in both <111> and <110> 
directions using Rutherford Backscattering Speetrometry (RBS) for the detection of In while a 
nuclear (a,p) reaction is applied for the detection of P. The width of angular scans for In and P 
don't differ in the <111> direction, while a marked difference is observed in the results for P 
and In in the <110> direction. These differences are caused by the existence of distinct 
sublattices in the polyatomic crystal and can be qualitatively understood using the classica! 
continuurn model suitably extended for polyatomic crystals. A more detailed interpretation of 
the angular scans which also allows to determine the individual vibration amplitudes for In 
and P, can be obtained using the Monte Carlo trajectory calculations. The values for the 
individual vibration amplitudes of Pand In found are: Up= (11±1) pm and Urn= (14.0±0.5) pm, 
which are in good agreement with values found in literature. 

The effect of plasma etching on the crystalline quality of a GaAs/ AlGaAs/InGaAs/GaAs 
heterostructure is investigated. As a result of the presence of strain in the lnGaAs layer, the 
<111> direction in this layer deviates from the <111> direction in the substrate. Using RBS in 
combination with channeling this deviation, the so called the kink angle, can be determined 
before and after etching. After etching a kink angle of (0.55 ± 0.01) 0 is found corresponding 
with a concentration of indium in the layer of (14.8 ± 0.3)%. This value agrees very well with 
the value found in the growth menu (15% ). The occurrence of a fluxpeaking effect in the 
experiment before etching mutilates the measured result and causes an overestimation of the 
kink angle (0.63 °). Monte Carlo calculations of channeling in the heterostructure have not 
been able to simulate the observed behaviour. The shape of the calculated angular scans is 
shown to be extremely sensitive to the calculation algorithm and the choice of several 
parameters such as the exact layer thickness and the vibration amplitudes of the individual 
elements. Nevertheless, RBS spectra measured before and after etching with the beam aligned 
in the <100> direction of the crystal, provide the opportunity to estimate the amount of 
disorder induced by the etching process. No increase in minimum yield is observed and 
therefore only an upper limit to the amount of disorder in a depth interval of 1Jlm from the 
surface can be estimated. In case all defects are assumed to be point defects an upper limit of 
1.1017 defects/cm2 is found. In case all defects are assumed to be dislocation lines an -upper 
limit of 6.103 defectslem is found. The surface peaks of Gaand As, however, show a clear 
increase after etching. By simulation of these surface peaks, the amount of defects near the 
surface of the sample can be quantified and reveal the presence 8.1015 at/cm2 point defects 
located in the top -500 À of the heterostructure. The presence of these point defects is likely 
to be correlated with the decreased mobility in the heterostructure measured after plasma 
etching. 
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----------------------- Chapter llntroduction------

1. Introduetion 
In the group Nuclear Physics Techniques at the Physics Department of Eindhoven University 
of Technology ion beam analysis techniques are used to obtain information about the 
elemental composition of several kinds of materials. In the experiments beams of protons or 
Heions are used with energiesin the range between 2 and 30 Me V. One of the experimental 
set-ups present at the institute, provides the possibility to combine the ion beam analysis 
techniques Rutherford Backscattering Speetrometry (RBS) and Nuclear Reaction Analysis 
(NRA) with channeling, which provides information about the structural characteristics of the 
sample. 

A number of polyatomic ill-V semiconductor crystals are of present interest in semiconductor 
industry. Strained single quanturn well (SSQW) structures on both GaAs and InP substrates 
have demonstrated excellent performance in Heterostructure Field-Effect Transistors and 
optoelectronic devices. Since device characteristics are strongly affected by the SSQW 
properties, such as strain, well thickness and the presents of defects, characterisation of the 
crystals is very important. This work concerns the investigation of various ill-V 
semiconductors using the channeling technique. 

Chapter 2 discusses the ion beam analysis techniques RBS and NRA and describes the 
principles of channeling in the terms of a continuurn potential model. An extension of this 
model for polyatomic crystals is also presented. Predietiens made by the continuurn potential 
model agree only qualitatively with experimental results. A more detailed description of 
channeling can be achieved using Monte Carlo calculations. In Eindhoven we use the Monte 
Carlo simulation program LAROSE. The present version of LAROSE simulates channeling in 
manatomie crystals. In order to be able to simulate channeling in polyatomic crystals, several 
modifications are necessary. The modifications of LAROSE required to be able to simulate 
channeling in polyatomic crystals with a Zinc Blende structure are described in chapter 3 
which also discusses the computational methods applied in the program. 

Channeling in polyatomic crystals has distinctive characteristics compared to channeling in 
manatomie crystals owing to the existence of distinct sublattices. In chapter 4 we study 
channeling in an InP bulk single crystal. Channeling measurements are performed in two 
major crystallographic directions using a nuclear (a,p) reaction to obtain a signal for Pand the 
measured RBS spectra for the In signal. In actdition to the experiments, Monte Carlo 
calculations are carried out with the modified version of LAROSE. The results of the 
simulations are very sensitive to the magnitude of the individual thermal vibration amplitudes 
for In and P chosen in the calculations. By fitting the experimental results with the simulations 
the individual vibration amplitudes of In and P in InP are determined. 

In the fabrication of transistors and optoelectronic devices wet chemical or dry plasma etching 
is applied for gate recessing. The etching process can affect the electrical and structural 
properties of these devices. In chapter 5 we investigate the effect of etching of a highly doped 
GaAs top layer on the crystalline quality of a AlGaAs/InGaAs/GaAs heterostructure. 
Channeling measurements are performed before and after etching to determine the strain in 
the InGaAs layer and possible strain relaxation or crystal damage induced by the etching 
process. In actdition Monte Carlo calculations were done with the modified version of 
LAROSE to compare the measurements with numerical simulations. 

1 
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2. Channeling 
Ion beam analysis techniques like RBS ( Ruthe1:{ord Backscattering Speetrometry) and NRA 
(Nuclear Reaction Analysis) which are described in section 2. 1, offer the possibility to 
investigate bath the etenzental composition of a target and the distribution of atomie species 
as a function of depth. In combination with the phenomenon channeling, which is treated in 
section 2.2, also structural information about the target can he obtained. The classic model 
(Lindhard continuum model) which descrihes channeling is presenled in section 2.3 and an 
extension .for polyatomic crystals will he discussed. More detailed modelling can he achieved 
using Monte Carlo calculations which will he discussed in sectimz 2.4. 

2.1. Principles of RBS and NRA 

A typical ion beam analysis experiment can be described as follows. A beam of 
monoenergetic ions is directed upon a target. The incident ions can induce a nuclear reaction 
or can be scattered on the nuclei in the target which results in large energy and direction 
changes of the incident ions. Using a solid state detector the energy of the scattered ions 
(RBS, Rutherford Backscattering Spectrometry) or the nuelear reaction products (NRA, 
Nuelear Reaction Analysis) are measured and plotted in a spectrum. The basic physical 
concepts of these two techniques are discussed below. 

2.1.1. Kinematics of RBS 

When a low mass incident ion, mass M 1, collides elastically with a target atom, mass M 2, 

energy is transferred from the incident partiele to the stationary target atom. The ratio of the 
energy of the incident partiele after the callision to that before can be found by applying 
conservation of energy and momenturn and is defined as the kinematic factor K: 

K = _§_ = r ~(1- (MI I Mz)
2 

sin
2 e) +(MI I Mz)cos8l

2 

Eo l 1 +M1 I M2 

( 2.1) 

where 8 is the scattering angle as defined in fig 2. 1 

Projee I ile 

figure 2.1 scattering geometry 

Note that K increases with increasing M2. When the mass and kinetic energy of the incident 
projectile is known, mass M2 can be identified by measuring the energy of the projectile after 
collision. 
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2.1.2. Nuclear reaction kinematics 

A nuelear reaction can schematically be written as: 

a+X~Y+b+Q ( 2.2) 

where X is the target atom , a the incident partiele and Y and b are reaction products, Q is 
defined through the energy balance. 

figure 2.2 reaction geometry 

The sum of the rest masses of the reactants usually differ from the sum of the rest masses of 
the products of the nuelear reaction. According to the equation E=mc2 energy and mass may 
be exchanged. The mass difference will correspond to either an emission or absorption of 
energy and is expressed by Q. Q will be positive in a exothermic reaction and is given by 

Q = (M1 + M 2 - M 3 - M 4 )c 2 
( 2.3) 

where Mt is the mass of the incident partiele, M2 mass of the target atom, M3 and M4 

represent the mass of the reaction products Y and b. By conservation of total energy and 
momenturn the energy E3 of the emitted partiele M3 in the direction 8 is found to be 

E~ =A±~ (A 2 + B) 

( 2.4) 

where Et is the energy of the incident partiele. 
The equations show that for given masses and Q, E3 is a function of Et and 8. A kinematic 
factor K like that in section 2.1.1. can not be defined, because here E3 is proportional to Et 
only in case Q = 0. 

2.1.3. Differential cross-section 

The probability that a scattered partiele or a reaction product moves in a direction within the 
differential solid angle d.Q is expressed in the differential cross-section. For Rutherford 
scattering the Coulomb force is the only force that acts and thus in RBS the differential 
scattering cross-section is given by Rutherford' s formula: 

3 
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[ 1 - ( ~21 sin 8) 
2 

+ cos 8] 

2 

dcr ( Z 1 Z 2 e
2 J2 

4 
dQ = 47të 0 4E sin 4 8 M 

I • 8 2 1-(-sm ) 
M2 

( 2.5) 

where Z1 is the atomie number of the projectile with mass M1, Z2 the atomie number of the 
target with mass M2, E the energy of the projectile before scattering, 8 the scattering angle (fig 
2.1) and e is the electronic charge. 

Note that dcr/dQ is proportional to Z12 and Zz2 and ïnversely proportional to the square of the 
projectile energy. Further dcr/dQ rapidly increases with reducing angle 8. 
For a nuclear reaction differential cross-section data for analysis purposes is usually found by 
measurements on thin samples with a well-known composition. When a beam impinges on a 
target the total number of detected particles A is 

A= dcr QQNt 
dQ 

( 2.6) 

where Q is the detector angle, Q the total number of particles that have hit the target. N the 
atomie density of the material in at/cm3 and t the thickness of the foil in cm. 

If dQ, Q and Nt are known quantities, dcr/dQ fora nuclear reaction can be determined. On the 
other hand if dcr/dQ, Q and Q are known, information on the number of atoms present per 
unit area of the sample can be obtained. 

2.1.4. Stopping power 

When i ons with a typical energy of several Me V impinge on a target most of them will 
penetrate into the material, since scattering and nuclear reactions have a low probability, i.e. 
the differential cross-sections are small. As the particles move through the target, they interact 
with the electron cloud of the atoms that lie along the path and experience small-angle 
collisions with the nuclei lying along their route. These effects result in a loss of kinetic 
energy of the penetrating projectile along the path. The energy loss per unit length (z) is 
defined as the stopping power S 

S=dE 
dz 

( 2.7) 

The contributions of individual target atoms to the stopping power are independent. As a 
result, energy loss in a target can also be defined through the stopping cross-section E : 

1 dE 
E=--

N dz 
( 2.8) 

where Nis the atomie density. 

When a sample consists of different elements A en B in proportion m to n, Bragg' s rule 
postulates that the average stopping cross-section for this sample can be calculated with a 
linear combination of the individual stopping cross-sections. 

E(A'"B")= m.E(A) +n.E(B) 

m+n 
( 2.9) 
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The energy of the projectile penetrated into the target over a distance z is now given by 

N z 

E(z) = E 0 ---JE (z)dz 
cos81 0 

( 2.10) 

where 81 is the angle between the surface normal of the sample and the direction of the 
incident beam. 

In the surface approximation E (z) is replaced by its value at the energy E0 of the incident 
particle: 

E(z) = E0 _ __!!_EI _ z ( 2.11) 
cos8I E-Eo 

As a consequence the energy of particles, measured at an angle 8, after elastic scattering or a 
nuclear reaction, does not only depend on the masses of the particles involved, but also on the 
depth at which the scattering or reaction took place. The spectra obtained by plotting the 
number of detected particles against the energy of the particles gives information on the 
distribution of atomie species as a function of depth. In a RBS spectrum, yield from ions 
scattered at heavy elements at a certain depth overlaps with yield from ions scattered at low 
mass surface atoms. Furthermore, for low Z elements the cross-sections are lower than those 
for heavy elements. Hence, RBS is especially suitable for depth profiling of heavy elements 
on low Z substrates. For detection of low Z elements NRA can be used. For several low Z 
elements there are nuclear reactions with cross-sections sufficiently high to be useful for 
analysis purposes. In studying polyatomic crystals which consist of both heavy and low Z 
elements a combination of both RBS and NRA can be used to be able to detect both heavy and 
low Z elements. 

2.2. Principles of Ion Channeling 

When a beam of ions is directed onto a target, most ions will penetrate into the sample. In 
case of a crystalline target, the atoms are arranged ·in rows and sheets which form channels. 
These channels correspond with the major crystallographic axes and planes of the crystal. 
Once the beam is aligned with the direction of one of these axes or planes, ions penetrate 
deeper in the crystal than they would if the beam was directed in a random direction. Along a 
channel, ions make small angle collisions with the atomie rows, resulting from Coulomb 
repulsion between the incoming ions and those in the atomie rows. The motion is oscillatory 
with the particles bouncing from row to row or plane to plane. The majority of the channeled 
particles does not get close enough to the atoms in the rows or planes to undergo large angle 
Rutherford scattering or induce a nuclear reaction. Therefore the probability of close 
encounters (small impact parameter) processes like Rutherford backscattering or a nuclear 
reaction decreases by almost two orders of magnitude. If we measure the close encounter 
probability as a function of the angle between the beam and a major crystallographic axis a 
plot as shown in fig 2.3, aso called angular scan, is obtained. 

5 
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ANGLE RELATIVE TO <OOI> DIRECTION (OEG) 

jïgure 2.3 Schematic ofthe close-encounter probability as aJunetion ofthe angle between 
the beam and symmetry direction ofthe crystal 

The close encounter probability in the figure is normalised on the close encounter probability 
which is obtained when the beam is directed in a random direction. The close encounter 
probability at zero angle to the axis is defined as the minimum yield Xmin· The angular width at 
half minimum, defined as the half angle \}' 112 is taken as a measure of the cri ti cal angle for 
channeling which will be treated in the next section when we discuss the Lindhard continuurn 
model. 

2.3. Continuurn model 

As described in the previous section channeling is a steering process, resulting from the 
Coulomb repulsion between a positive incident ion and row or plane of nuclei which form 
channels in a crystalline target. In the channel the ion follows a oscillatory motion bouncing 
from row to row or plane to plane. This motion can be described in a continuurn description 
of the atomie rows or planes, which means that the rows or planes are considered as 
continuous strings or sheets of charge. Section 2.3.1 describes the channeling phenomenon 
with use of this continuurn model derived by Lindhard [LIN65] for manatomie crystals. 
Modifications to this model for polyatomic crystals are given insection 2.3.2. 

2.3.1. Lindhard Continuurn model for monatomic crystals 

Consider a row or plane of atoms as shown in fig 2.4 The incoming partiele undergoes a series 
of sequentia} binary collisions. 

ltLULLL I 

BINARY COLLISION ~/ 
0000000000000000000 0000000 0000000000000 

CONTINUUM 

figure 2.4 Part of the trajectory of a channeled partiele 
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Each collision gives rise to an angular deflection ~<!> which is govemed by a screened 
Coulomb scattering potential. The net effect of all these collisions is to steer the partiele so 
that it leaves the row or plane with the same angle as the incident angle <j>. ~<!> is very small 
compared to the total deflection. Because the steering process involves collisions with many 
atoms in the row or plane of atoms, we can consider the charge distribution along the row or 
plane as uniform. Then the interaction between the channeled partiele and the row or plane 
can be described with a continuurn potential. For the axial case the continuurn potential along 
the axis Ua , can be obtained by averaging the potentials of the individual atoms along the 
row. 

= 

u.(r)=-
1 

Jvc-Jz 2 +r 2 )dz 
d. 

( 2.12) 

where V(r') is the screened Coulomb potential of the individual lattice atoms with r' the 
spherical radial co-ordinate, in this case r'2=z2+r2

, Ga is the distance between the atoms along 
the row and rand z as defined in figure 2.5. 

figure 2.5 axial channeling geometry 

For the planar case the continuurn potential above or below the plane Up, can be obtained by 
averaging the potentials of the individual atoms in the plane. 

= 

Up(r)=Ndp I vcJr 2 +e)27ttdt 

0 

where V(r') is again the screened Coulomb potential of the individuallattice atoms with r' the 
spherical radial co-ordinate, in this case r'2=r2 +t2 ,d is the di stance between the planes, N 

p 

atomie density and r and t as defined in figure 2.6. 

r 

figure 2.6 planar channeling geometry 

For convenience we will use a simple screened Coulomb potential, the so called standard 
potential, that allows analytica! treatments of channeling effects. In Lindhard's continuurn 
theory the standard potential is given by 

V(r')= Zze (!- 1 ) (2.13) 
47tEo r' .J r' z +Cz az 

where a is the Thomas-Fermi screening distance, Z2 the atomie number of the target atoms an 
C2 is usually taken equal to 3 

7 
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This results in the following expressions for the continuurn potentials 

( 2.14) 

( 2.15) 

Critica[ angle for channeling 

The trajectory of the channeled partiele can now be described by consictering the total energy 
inside the crystal which is the sum of the potential and kinetic energy 

2 + 2 + 2 
E = Z eU(r) + Px Py Pz ( 2.16) 

I 2M 
I 

where Z
1 

is the atomie number of the channeled partiele with mass M
1 

Over the dimensions involved in the steering of the channeled partiele the energy in the 
direction parallel to the axis or plane is essentially constant, just as the total energy. This 
means that also the energy in the direction perpendicular to the axis E .l is a constant and for 

smallangles (sin<)>=<!>) given by 

( 2.17) 

When the channeled partiele approaches the row or the plane at a very small distance, it senses 
the roughness of the string potential because of the discrete nature of the atomie row and the 
thermal vibrations. Close encounter events can occur and the partiele will not longer be 
channeled. Consequently there is a distance of ciosest approach rmin for which the partiele just 
remains channeled. There is a corresponding maximum angle for which the incident particles 
can be steered by the rows or planes. This critical angle is found by equating the transverse 
energy E .l at the turning point (r=rmin) where <)>=0, to the energy E .l at the midpoint of the 

channel where U(r)=O 

'Jic= ( 2.18 ) 

This results in the following critical angles in case of axial (\jlc,a)and planar (\jlc,p) channeling. 

( 2.19) 

where \j/1 = 

\jl = 'JI2 [ (rmin)
2 

+C2 _ rmin] 
c,p .J2 a a 

( 2.20) 

where \j/2 = 

8 
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Since rmin is determined by the thermal vibrations of the atoms and the discrete nature of the 
atomie rows, the most useful first approximation to the critical angles are obtained by 

substituting in eq. (2.18): rmin =~u;+ a2 where a is the Thomas Fermi screeninglengthand 

u1 the root mean square thermal vibration amplitude. Note that in both cases the critical angle 
decreases with increasing energy. The proportionality of the critical angles with 'l'l and '1'2 can 
be expressed as 

"'c,a = U'Jf I and "'c,p = U'Jf 2 ( 2.21) 

where a has a value between 0.6 and 1.6 [PIC69] 

Minimum yield 

Using the definition of a distance of dosest approach we can make an estimate of the fraction 
of the beam that will not be channeled. The measurement of the close encounter probability is 
an experimental measure of the fraction of particles that are not channeled. For. 'Jf=Ü this 

quantity is referred to as the minimum yield 

0 0 0 2 
~1tro 

0~ 2 

0 0 0 1trmm 

.ft gure 2. 7 Geometrical view of the crystal used in the calculation of the nonchanneled 
fraction 

A geometrical picture of axial and planar channeling (fig 2.7) illustrates that the minimum 
yield for axial channeling x . and for planar channeling x . can be approximated by 

mm,a mm,p 

X min a = 1trmi~ 
2 

in which 1tr0 
2 = -

1
-, the area associated with each row 

' 1tr0 Nd. 

2rmin 
Xmin,p =-d-

v 

( 2.22) 

( 2.23) 

In case of axial channeling the minimum yield is usually in the order of a few percent. The 
value of the minimum yield for planar channeling is typically on the order of 25%. 

2.3.2. Extension of the continuurn model for polyatomic crystals 
In this work , channeling in polyatomic crystals is investigated. Channeling is these crystals 
has distinctive characteristics owing to the fact that, contrary to a manatomie crystal, where all 
rows consist of atoms of one kind, in a polyatomic crystal more than one type of row exists. 
To be able to describe channeling parameters, such as the critical angle and the minimum 
yield, for polyatomic crystals, the continuurn model presented in the previous section can be 
extended and for axial channeling a diatomic crystal with composition AB and a zinc blende 
structure discussed in this section 

In a crystal AB with a zinc blende strucure the <111>-channel has only one type of rows 
which consist of both elements A and B and is shown in fig 2.8. 

9 



----------------------- Chapter 2 ChannelinR _____ _ 

d 

0------ -· -0------. 
A B A B 

figure 2.8 <111>-channel in a crystal with a zinc blende structure 

The <110> and <100> channels consist of two types of rows; one type contains only A atoms 
and the other only B atoms and is shown in fig 2.9. 

d <100> d <110> 
11( • 

0- - - -0 - - - -o- ---0 0------0------0----- -0 
A A A A A A A A . --- -·--- ------. . ~-----.------.------· B B B B B B B B 

figure 2.9 Bath <100> and <110> channels in a crystal with zinc blende structure 

The criticalangles for channeling in a diatomic crystal AB 

lf the thermal vibration amplitudes of both elements don't substantially differ, channeling in 
the <111> direction can be viewed as being equivalent to that in a monatomic crystal with an 
average atomie number Z , spacing ëï, and. rmin [BAI90]. The minimum yield and critical 

angles '1''12 of the two elements are then the same and can be calculated with eq. 2.19. 

Since the [ 1 00] and [ 11 0] channels consist of two types of rows a minimum distance of 
approach for each type of row, r~n and r!n can be assigned. This is referred to as the single 
column potential approximation [BAI90]. In this approximation the critical angles for the 
different rows can be estimated using eq 2.19. 

Minimum yield fora diatomic crystal AB 

As stated before channeling in the <111> direction·can be viewed as being equivalent to that 
in a monatomic crystal. The minimum yield can be calculated by substituting rmin= rmin in eq. 
2.22. 

To the <100> and <110> direction a different minimum distance of approach has been 
assigned for each type of row ( r~n and r!n ). This already indicates that the minimum yield for 
both row types will differ. To obtain expressions for the minimum yield for rows consisting of 
only A atoms, A-rows and rows consisting of only B atoms, B-rows, an aligned beam 
impinging on a crystal AB with 'V:,. > 'V:,. is considered. 

ion beam 

~--~---~--~--~--~--tr!m 
figure 2.10 An aligned beam impinging on a crystal with composition AB 

10 
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Justasfora manatomie crystal the fraction of the beam that will not be channeled, applying 
eq. 2.22, can be used as a first contribution to the minimum yield XA min,t for the A-rows and 
the minimum yield X8 

min,l for the B-rows 

X~n,J = NA da 1tf~n,A 
( 2.24) 

When the beam enters the channel the ions undergo a series of sequentia! binary collisions 
with the lattice atoms in the rows. The net effect of these collisions is to steer these particles 
so that they leave the row with an angle 'JI, which depends on the impact parameter and the 
kind of atoms (A orB) in the row. Let's consicter the different cases that may occur. 

A 

B 

The ions approach an A-row with an impact parameter r(A). As a consequence the ions 
leave the row with an angle 'V· There are 
three possibilities 

1. 'JI<~ c,a and 'V<~ c,a 

2. 

The ions can be channeled by both A
rows and B-rows 

~ c,a <'JI< ~ c,a 
• • • • • 

The ions can be channeled by the A-rows but will be dechanneled by the B
rows. These i ons contribute to the minimum yield of B, but not to the minimum 
yield of A. There is a minimum distance of approach fA to the A-rows, for 
which the ions leave the A-row with an 
angle 'V equal to ~ c,a , the cri ti cal 
angle for channeling by the B-rows. fA 

can be calculated by substituting fmin=fA 

and 'Vc,a=~c,ain eq. 2.19. Hence 

C 2 2 

Ba ( 2.25) 

exp[ 2('1' c~1 )
2

] -1 

• • 
This results in a second contribution to the minimum yield of the B-rows given 
by 

( 2.26) 

3. \j/>~c,a and \j/>'JI
8

c,a 
The ions will not be channeled by either A-rows or B-rows. The contribution of 
these particles to the minimum yield of the A-rows is already accounted for by 
eq. 2.24. For the B-rows this situation doesn't differ from the previous one 
(A.2) 

The ions approach a B-row with an impactparameter r(B). As a consequence the 
particles leave the row with an angle 'V· There 
are again three possibilities OOOOQQA 
1. 'JI<~c,a and because ~c,a>'JI8c,a also 

~:e~;;s can be channeled by by both 'l{~ç:,-~~~---~--f~B) e 
the A-rows and B-rows 
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3. 

The ions can be channeled by the A-row but not by the B-rows. This 
contribution to the minimum yield of the B-rows is accounted for by eq. (2.24). 
'JI>~c,a and \jl>\j/Bc,a 
The ions will not be channeled by either 
A-rows or B-rows. For the B-rows this 
situation doesn't differ from the previous 
(B.2). 
The contribution to the minimum yield 
of the A-rows can be determined 

00 

analogous to A.2. There is a minimum distance of approach rB to the B-rows, 
for which the ions leave with an angle \jl equal to ~c,a, the critica! angle for 
channeling for the A-rows. this results in an extra contribution to the minimum 
yield of the A-rows given by 

( 2.27) 

Combining eq. (2.24) and (2.27) for the A-rows and eq.(2.24) and (2.26) for the B-rows 
results in the following expressions for the minimum yield XA min for the A-rows and XB min for 
the B-rows. 

X~n = darc{NA(r~n)2 
+NB(rB)

2
) 

( 2.28) 
X!un = darc(NB(r!n)2 +NA(rA)

2
) 

When \jl~ is much larger than 'V~ , a much smaller value for rB than for rA will be found. The 

second term in 2.28 is thus especially important for the row with the smallest critica! angle, in 
this case the B-rows. 

Let's now apply this theory to the <100> direction of ReSiz on a Si substrate. Fig 2.11 shows 
the <100> angular scans of Re and Si measured in a 1.4 MeV He+ channeling experiment 
[BAI90] 

figure 2.11 Angular scan of Re and Si in <100> direction 

Experimental results of channeling in elemental crystals indicate that eq 2.22 underestimates 
the values of the minimum yields. by about a factor three [FEL82]. To get a better numerical 
estimation eq. (2.24), (2.26) and (2.27) are multiplied with 3. 

12 
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The calculated angular widths and the different contributions to the minimum yields are given 
in table 2.1 together with the results from the channeling measurement. Details on the 
measurements and parameters used for the calculations can be found in [BAI90]. 

\j/
1 

(deg) 'l'c (deg) \jlexp 1/2· ( deg) Xmin I(%) Xmin2 (%) x . (%) mm 
xexp . (%) 

mm 

Si 0.78 0.65 0.65 3 10 13 14 
Re 1.81 1.52 1.54 1 0 1 2 

Table 2-1 Angular widths and minimum yieldsforSi and Re 

The measured values of the half-angles and minimum yields have been succesfully 
qualitatively predicted by the calculated critica! angles and minimum yields. Note that the 
second contribution to the minimum is largest for the element (Si) with the smallest critical 
angle 

2.4. Fundamental aspects of Monte Carlo channeling 
simulations 

Analytica! models like Lindhard's continuurn model have proven to be very useful for gaining 
qualitative insight into the channeling process. The use of a continuurn potential, however, 
limits the possibilities of introducing statistica! processes like the thermal vibrations of the 
lattice atoms or a random distribution of impurities. In order to interpret depth profiles of 
structural characteristics of crystalline materials, an accurate description of the ion flux 
distribution as a function of depth is required. Monte Carlo programs are more flexible in 
descrihing effects as thermal vibrations, the presence of impurities or changes in the structure 
or lattice and provide the possibility to calculate the local ion flux as a function of depth. 
Another advantage is the possibility of introducing a beam divergence and selecting the 
starting point of the trajectodes of the ions random óver the surface of the crystal. 

At the Physics Department of the Eindhoven University of Technology, the Monte Carlo 
channeling simulation program LAROSE is used. It has been developed by Barrett [BAR71] 
at Oak Ridge National Laboratory. Since channeling of an ion in a crystal is related to 
collisions of this ion with a row of lattice atoms, the crystal lattice in LAROSE is viewed as a 
lattice consisting of rows. The organisation into rows is a convenient point of view because in 
channeling calculations the beam direction will generally be in the vicinity of some major row 
direction. LAROSE is capable of doing simulations for three major row directions, 
[100],[110], and [111] in all elements having a fee, bcc of diamond lattice. The present 
version is only able to perform calculations on a monatomic crystal structure. Since we are 
interested in channeling in polyatomic crystals some modifications of LAROSE are necessary. 
Fundamentals will therefore be discussed in view of the modifications of the program 
required to interpret data for polyatomic crystals which will be discussed in chapter 3. 

Binary Collision model 

Since the channeling phenomenon in crystals is closely connected to collisions of an energetic 
ion with a series of lattice atoms, the way in which ion-atom collisions are treated is an 
important part of a physical model which is to describe channeling effects. The basic 
assumption in LAROSE is that the channeled ion has only one important interaction at a time, 
according to the binary collision model. The deflection of a projectile is only caused by binary 
collisions with the atoms in the nearest row and consequently the trajectory of the projectile 
consists of a series of straight line segments extending from collision to collision. The 
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deflection in each binary collision is calculated using the impulse approximation valid if the 
energy Er of the ion satisfies E, ~ Z 1Z 2 x 300 eV [LEH63] The interaction potential which is 
used in the calculation of the deflection angle is a Molière potential given by 

Ze 
3 (_Ar' 1) V(r')= 2 ,Laiexp 1--'i/a 

41tEor i=l 

( 2.29) 

where {ai}={0.1, 0.55, 0.35} and {~i}={6.0, 1.2, 0.3}, a is the Thomas Fermi screening 
length, zl and z2 the atomie numbers of projectile and lattice atom, r' the distance between 

projectile and target. 
A binary collision event is shown in fig 2.12 

figure 2.12 Binary callision event 

I 
I 

I 
I 

where b is the impact parameter, rm the distance of dosest approach, and 8 the scattering 
angle. 

Applying conservation of energy and angular momenturn on this system results in 

8 = 1t - 2 s= bdr' ---;:::==1==~ where 
r'2 b2 

rm 1-v(r')--
r'2 

v(r') = V(r') 
E, 

where V(r') the potential andEr the kinetic energy of the projectile. 

(2.30) 

In the impulse approximation with the use of the Molière potential this results in [LEH63] 

8 - ZIZ2e
2 
~ A K (~ib) h K ( ) - s= zexp(-az)dz - L.t a.v 1 w ere 1 a - ~ 

41tEoaEr i=l I I a I "'z2 - 1 
( 2.31) 

is a modified Hankel function and Ui and ~i as in eq 2.29 
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Thermal vibrations of the lattice atoms 

A second important aspect of the physical model used in LAROSE is the treatment of thermal 
vibrations of the lattice. Only uncorrelated vibrations are considered. Since the velocity 
associated with the vibrations of the target atoms is much lower than the velocity of the 
incident ion, the target atoms are considered to be fixed at the time of a collision. The position 
of a target atom relatively to its equilibrium state is determined by choosing a random 
displacement with co-ordinates x, y, z from a Gaussian dis tribution ha ving the form 

P(x) = 
1 

exp- [-!(x
2 

/ 2 )] ( 2.32) 
~2nu; 2 jul 

where u 1 =< x 2 )'~=< y2 )·~=< z2 )lz is the root mean square thermal vibration 

amplitude. 

The value of u1 is computed from the Debye theory of thermal vibrations. Fora manatomie 
crystal the mean square vibration amplitude is given by [WIL75] 

<u;>= 
1 JE(~)g(ro)dro 

3mN0 (J) 
(2.33) 

E(ro)= Xnro+ ( ~: J 
exp -- -1 

kBT 

where the average energy at mode frequency ro, g(ro) the 

frequency distribution function, m the mass of the target atom and No the number of atoms in 
the crystal 
In the Debye approximation the frequency distribution function g( ro) is given by 

(J)2 

g(ro) = 9N 0 - 1 if ro < (J) 0 roo 
= Û if (J) > (J)D 

( 2.34) 

where ffio is the maximum frequency, which is determined by the dimensions of the crystal 
Inserting this in eq. 2.33 gives 

2 _ 31i
2

T [n.(8 0 /) 1 8o] <ui>- 't' /T +--
mkn8o 4 T 

(2.35) 

Sn is the Debye temperature defined by liro 0 = kn8 0 and the Debye integral function <j>(x) is 
defined by 

= 

<j>(x) = !J~y 
x eY -1 

( 2.36) 

0 

Deflections by other rows 

In addition to calculating deflections due to atoms along the row nearest to the projectile, 
LAROSE also calculates deflections due to the rows surrounding this nearest row. For each of 
these rows, the program calculates the contribution to the total deflection, using a continuurn 
potential fora vibrating row which is given by Barrett [BAR71] in the form 
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( 2.37) 

with K0, 10 modified Bessel functions, r the distance to the row and Uï,~i the same as in eq. 
2.29 

The rows surrounding the nearest row can be considered to be organised in rings. An example 
of a row in the <100> direction together with the rows surrounding this row is shown in fig 
2.13 

figure 2.13 Arrangement of <100> rows in a diamond lattice 

The number of other rings to be included in a calculation is selected by requiring that the 
deflection due to any neglected row is less than the deflection of the most important row by at 
least five orders of magnitude. For one target this number can be different for other row 
directions. 

Energy loss 

When the channeled partiele penetrates into the crystal it loses energy by small-angle 
collisions with the nuclei lying along the route and interaction with the electron cloud of 
atoms along the path. The first contribution, energy loss caused by transfer of momenturn in 
an elastic collision, is given by 

Acnuclear _ 4MIM2 E · 2 8/ 
tiD - sm 12 MI+M2 

(2.38) 

In LAROSE it is assumed that the mass of the target M2 >>the mass of the projectile M1 and 
the scatter angle 8 very small. This results in the following approximation 

Llli nuclear = MI e 2 E 
M2 

(2.39) 

The second contribution, the so called electronic energy loss is assumed not to vary very much 
on the dimensions of the simulated crystal and a constant stopping power is used. 

Modifications of this physical model for polyatomic crystals are described in the next chapter 
which also discusses modifications to the the calculation procedure used in the program.and 
the way that the polyatomic crystal structure is incorporated in LAROSE. 
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3. Modifications of LAROSE for 
polyatomic crystals 

In this chapter the modifications of LAROSE required to simulate channeling in polyatomic 
crystals with a Zinc Blende structure are described. In section 3.1 the incorporation of the 
diamond structure in LAROSE is described as well as the modifications necessary to change 
the diamond structure in a zinc blende structure. Section 3.2 discusses the procedure 
foliowed in calculating the trajectories of channeled particles. Section 3.3 treats of the output 
features of LAROSE 

3.1. Incorporation of zinc blende lattice structure in LAROSE 

The co-ordinate system in LAROSE is based on the organisation of the lattice in rows of 
atoms. A volume is assigned to each row in such way that all row volumes fill space. The row 
nearest to the channeled ion, the so called central row, is situated at the centre of one of these 
row volumes. Co-ordinates and directions in LAROSE are specified as follows. 

central 

figure 3.1 Co-ordinates as defined in LAROSE 

The central row determines the X3 co-ordinate. The Xl and X2 co-ordinates are chosen 
perpendicular to X3 as shown in fig 3.1. The beam direction with respect to this co-ordinate 
system is specified in the following manner (fig 3.2). 

Xl-axis 

ft gure 3.2 Definition of the beam direction 
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Angle A1D determines a plane formed by the X3-axis and an axis which is found by rotating 
the X1 axis by A1D towards the X2 axis. Then a new direction is obtained within this "new 
plane" by rotating the X3 axis over an angle A2D to the rotated X1 axis. The beam direction is 
now found by rotating this "new" X3 axis by A3D out of the plane towards the X2 axis. In 
LAROSE the angles A1D, A2D and A3D are converted in direction cosines U1, U2 and U3 
with regard to the axes X1, X2 and X3. 
Now that the co-ordinate system is defined we discuss the dimensions of the row volumes and 
the way that the atoms are distributed in the row volumes for a diamond lattice as well as a 
zinc blende lattice structure. 

figure 3.3 Diamond and zinc blende lattice structure 

Fig 3.3 shows a diamond and a zinc blende structure consisting of two atoms of type A and B. 
The positions of the atoms are the same. In case of a zinc blende structure, however, half of 
the positions are occupied by A and the other by B. The positions of the different elements in 
a zinc blende structure and the spacing of the atoms along a row as well as the cross-section of 
a row volume are determined by the row direction. We discuss the <100>,<110> and <111> 
directions separately 

The <1 00> direction 

The <100> direction of a crystal having a zinc blende lattice structure is shown in fig 3.4 

figure 3.4 <100>-direction in a crystal with zinc blende lattice structure 
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The cross-section of a row pointing in the <100> direction has a rectangular shape. 
Neighboming rows surrounding the central row are shifted along the row direction X3. Both 
the cross-sections of the row columns and these shifts are shown in fig 3.5. Rows shifted by 
the same vector along the X3 axis are labelled with the same index 

3 

G=lattice constant 
TRl=Y.V2 .G 
TR2='J.V2 G TR3=G . 

• 0 • 4 3 

0 • 0 
2 1 2 

3. 40 3. 

X1 

TR3 

1 • 
I 0 
I 

2 

IY.TR3 • I 3 

I YIITR3 
0 I 4 

1 .. • 

figure 3.5 Row volume cellsfor the <100> direction 

• • 
0 0 

• • 
0 0 

X3 

TRI, TR2 and TR3 determine the proportions of a row volume cell. Fig 3.5 shows the row 
structure for a zinc blende lattice with composition AB, where the open circles represent A 
atoms and the filled circles the B atoms. In the <100> direction there are two types of rows; 
one type containing only A atoms, A-rows, and the other consisting of only B atoms, B-rows. 
In the calculation of the trajectory of a channeled ion in a zinc blende structure it is important 
to determine the atomie constituents of the central row. After the collision with an atom of 
this central row the next collision will most frequently be with the next atom of the row, in 
this case, the same kind of atom. However, the trajectory will from time to time pass from one 
row volume to another. Another row becomes central row and depending on which row 
volume the trajectory is passing to, shifts as well as a change in atomie species have to be 
taken into account. All shifts, for transition from row 1 to row 2, row 2 to row 1, row 1 to row 
3, row 3 to row 1 etc., are stored in an array called FTR3 (fraction of TR3). As can be seen 
from fig 3.5 the magnitude of the shift in a transition from one row toanother indicates which 
kind of atoms the "new" central row will consist of. Only in case of a transition in which the 
shift is Y2TR3 (f.e. transition from row 1 to row 3) the "new" central row will consist of the 
same kind of elements as the present one. In the other cases, transitions to rows 2 and 4 with 
shifts 1ATR3 and %TR3, the kind of elements in the row changes. This procedure is used in 
the modified version of LAROSE to determine the possible change in atomie species in case 
of a row volume boundary crossing. A parameter CAS (Choice Atomie Species) is introduced, 
which indicates if the central row consists of atoms A or atoms B. When no row volume 
boundary is crossed CAS is not changed. If a row volume boundary is crossed CAS is 
changed into its negative value in case the shift amounts to 14TR3 or %TR3. In the calculation 
of the deflections of the trajectory of a channeled partiele the parameter CAS thus determines 
the element the projectile will collide with next. At the beginning of the trajectory when the 
ion impinges on the crystal half of the incident particles collide first with a row consisting of 
atoms A (CAS > 0), and half of the incident particles collide first with a row consisting of 
atoms B (CAS < 0). 

In addition to these modifications also the procedure which calculates the deflection due to 
other rows for a crystal having a zinc blende structure, needs to be modified since the rings 
surrounding the central row don't all consist of the samekind of rows and differ fora different 
kind of central row as shown in fig 3.6 
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14 13 12 
-o--

14 13 12 11 

4 3 
16 10 16 10 

17 9 17 9 

18 24 18 24 

20 21 22 20 21 22 

figure 3.6 Rings ofrows surrounding the central row for two different central rows 

If the central row is a A-row, the first row of the first ring indicated with number 1 in fig 3.6 is 
of type B. Along the ring the row type changes for every next row. The first row of the next 
ring, row 9, however, is the same as the last row of the first ring, row 8. The situation if the 
central row is a B-row is analogous to this. Therefore, in the calculation of the deflection due 
to other rows, for every next row the row type is changed except in the case of a transition to a 
next ring. 

The <11 0> direction 

In fig 3.7 the crystal structure in the <110> direction is shown. 

figure 3.7 <110>-direction in a crystal with zinc blende structure 

Rows pointing in the <110> direction have a row volume cross-section which has a 
rhombohedral shape. Justas in the <100> direction two types of rows exist; one consisting of 
only atoms A and one consisting of only atoms B. Every A-row however, is found very close 
to a B-row and the two rows form a pair. In LAROSE this pair of rows is treated as a single 
zig-zag row column. The spacing parameter TR3 is taken to be half of the distance between 
atoms along one row of the pair . A parameter X40 is used to produce the alternation of atoms 
from "zig" to "zag" by alternating sign at each X3 step along the row. The cross-section of the 
row columns and the meaning of X40 is shown in fig 3.8 
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Jigure 3.8 cross-section and spacing between atoms along the row in the <110> direction 

Fig 3.8 shows the structure fora zinc blende structure with composition AB, projected onto 
the Xl,X2 plane where X3 is along the <110> axis. As can be seen from fig 3.8 X40 
determines the atomie species in the calculation of the trajectory of a channeled ion. lf X40<0 
the next collision of an ion will be with an atom B and if X40>0 the next collision of an ion 
will be with an atom A. At the beginning of the trajectory when the ion impinges on the 
crystal the first collision of half of the incident particles will be with an atom A (X40>0) and 
the first collision of the other half of the incident particles will be with an atom B (X40 <0). 
Most frequently the next callision will be with the next atom in the row and the parameter 
X40 is changed in its negative value. When the trajectory crosses a row volume boundary X40 
changes only if the row type (1 or 2) doesn't differ from the central row. Treating the pair 
formed by one A-row and a B-row as a single zig-zag row, only one type of central row exists. 
Contrary to the <100> direction, where two schemes are used in the calculation of deflections 
duetoother rows, only one scheme is sufficient and is given in fig 3.9 

37. 013 

38. 014 36. 012 

39. 015 Qll 

40. 016 34. 010 

41. 017 01 33. 09 

42 018 48 •. 24 

43 019 47 •. 23 

44 02o 46. 22 ÜA 
ea 

figure 3.9 Scheme used in the calculation of deflections by other rows, <110> direction 
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All rows surrounding the central row consist of the same pair of rows. In the procedure which 
calculates the deflections by other rows, the pairs of rows are separated again and for every A
row and B-row the individual contributions to the total deflection are determined. 

The <111> direction 

The < 111 > direction of the lattice is shown in fig 3.10 

Jigure 3.10 <111>-direction in a crystal with zinc blende structure 

Contrary to the <100> and <110> directions, in the <111> direction there is only one type of 
row consisting of both A and B atoms. The spacing between the A and B atoms altemates 
between a short and a long spacing. In LAROSE this effect is produced by a parameter X60, 
which also altemates in sign from step to step. The cross-sectien of the rows has a 
rhombohedral shape and is shown in fig 3.11 tagether with the spacings along the row as well 
as the shifts between adjacent rows. 
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Jigure 3.11 cross-sections and spacings between atoms for <111 > direction 
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In this direction thus X60 determines the atomie species and in modifying LAROSE this 
parameter is used to determine the element that is involved in a collision. At the beginning of 
the trajectory when the ion impinges on the crystal the first cellision of two third of the 
incident particles will be with an atom A (X60>0) and the first cellision of one third of the 
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incident particles will be with an atom B (X60 <0). When after a callision the channeled ion 
collides with the next atom in the row, X60 is changed in its negative value. lf the trajectory 
crosses a row volume boundary, X60 is also changed to its negative value in case the "new" 
central row is not shifted with respect to the present one or is shifted over a distance 1

/ 3TR3. lf 
the "new" central row is shifted over a distance 2

/ 3TR3, X60 is not changed and the next atom 
to collide with is of the same kind as the previous one. The scheme used in the calculation of 
the deflection due to other rows is shown in fig 3.12 
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figure 3.12 Scheme used in calculation ar deflection duetoother rows, <lil> direction 

All the rows surrounding the central row consist of both elements A and B. In the calculation 
of the contribution of the individual rows to the total deflection, just as in section 2.3.2 

Z +ZB -
Z 2 = A and d, the average spacings along the row as well as u1 , the average 

2 
vibration amplitude is used in the potential given by eq. 2.37. 

In this description of the rows for three directions only the equilibrium positions of the atoms 
are defined. As discussed in section 2.4 in LAROSE also vibrations of the atoms are taken 
into account by choosing a random displacement with a Gaussian distribution. For manatomie 
crystals the amplitude u1 can be computed using eq. 2.35. In case of a diatomic crystal, 
however, eq 2.33 is given by [WIL75] 

2 2 1 J E(ro) m 1u 1 +m2u 2 =-- ~(m)dro 
3N0 ro 

( 3.1) 

This equation shows that if the frequency distribution is approximated by the Debye theory 
(eq. 2.34), the quantity m 1 u; + m 2 u; can be determined but not the individual mean square 
displacements, u 1 en u2. Another problem is that for these di atomie crystals the val u es of the 
Debye temperature in literature are scarcely available and the reported values show large 
differences for individual crystals. These problems have been noted many times in 
literature.[BAI90][BAR88][DYG89]. An interesting option is to use the vibration amplitudes 
as fitting parameters. This approach allows todetermine the vibration amplitudes in diatomic 
crystal by camparing simulations and channeling experiments. In chapter 4 the vibration 
amplitude of In and P in InP is determined in this manner. 
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3.2. Trajeetory calculation procedure 

At the beginning of the trajectory calculations first an input data file is read which defines the 
angular scan which is being calculated. An example of such a file which defines an angular 
scan round the <IOO> direction in InP is shown in fig 3.13 

&NLI 

&END 

KMX=33,IZ2A=49,IZ2B=15,IRD=3,EMEV=4.,A1D=O.,A2D=O.,BDD=0.07, 
IN=2,IMS=4000, JN=10,JMS=28 
MET(1)=30,MET(2)=58,MET(3)=30, 

10* 0.0 (Tilt angle factor for each layer JN) 

20*0.00 (Concentrations at beginning and end for each layer JN) 

10* 0 (atomie number of extra element for each layer JN) 

-1.20 -1.10 -1.00 -0.90 -0.80 -0.70 -0.60 -0.55 -0.50 -0.45 
-0.40 -0.35 -0.30 -0.25 -0.20 -0.10 0.00 0.10 0.20 0.25 

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.70 0.80 0.90 
1.00 1.10 1.20 

figure 3.13 Example of an input data file for LAROSE 

The first data input variabie is KMX, the number of cases making up a run. The number of 
cases corresponds to the number of angles A3D for which trajectories through the crystal have 
to be calculated. Next come IZI, IZ2A and IZ2B, the atomie numbers of the projectile and the 
target atoms A and B and IRD, the index of the row direction. The value of IRD determines 
for which direction the simulation is done (I=<IlO>, 2= <III> and 3=<I00>. Next are 
EMEV the ion energy, AID and A2D. Angles AID and A2D determine the plane the angular 
scan is positioned in. These are foliowed by BDD, the beam divergence in degrees. BDD is 
the maximum angular deviation of the ion direction from the beam direction The beam 
divergence BDD determines the variatien of the ion direction about the beam direction using 
random numbers. Next are quantities specifying the number of trajectories and the number of 
atoms along each row within the thickness of the crystal. The total number of trajectories is 
made up of IN groups of IMS trajectories. The IN groups are used to compute standard 
deviation for certain output quantities. The number of atoms along a row is divided into JN 
groups of JMS atoms each. Dividing the number of atoms along a row in groups has the 
advantage that quantities that change as a functions of depth, e.g. the elemental and structural 
composition which is discussed in section 5.4, can be defined per group JN. The division in 
JN-groups also provides the possibility to generate results as a function of depth. The 
parameters defining the depth intervals are foliowed by an array which contains the maximum 
execution time (hours, minutes, seconds). Next come quantities that specify elemental 
changes and changes in the structure as a function of depth. First the Tilt Angle Factors, which 
indicate smali changes in the direction a the major crystaliographic axis as a result of the 
presentsof other elements besides atoms A and B. Next are the concentrations of these extra 
elements in each layer and their atomie numbers. The effect of the presents of extra elements 
in the structure is discussed in detail in section 5.4. Zero values (fig 3.13) mean that only 
atoms A and B are presentand no changes in the major crystaliographic direction occur. The 
last input data are the angles A3D, one for each case, which determine the range of angles in 
the plane determined by AID and A2D, for which trajectories through the crystal have to be 
calculated. In addition to these most important input quantities there are some other quantities 
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-------------------- Chapter 3 Modifications of LAROSEfor polyatomic crystals--

that can be specified, which are not specified in the input file given in fig 3.13. Since we 
didn't change these from default, we will not discuss them here. 

After reading this input file LAROSE is able to determine quantities like: mass, the screening 
length and the vibration amplitude for the different target atoms involved in the calculation. 
Also the parameters G and the lattice constant and TR 1, TR2 and TR3 defining the row 
volume cells are determined and the number of other rows to be taken into account in the 
calculation of deflections by other rows. All values are obtained from a subroutine which 
contains values for a large range of atomie numbers. 

After this initialisation the calculation of the first trajectory for the first case is started. Fig 
3.14 shows the different steps in this calculation. ------
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figure 3.14 Flowchart of LAROSE 
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At the beginning of a trajectory, its starting point on the cross-sectional area of the central row 
and its starting direction with respect to this row is selected using a random number generator. 
In fig 3.15 a calculation cycle for an ion near a row in the < 111 > direction is shown. The 
indexes in fig 3.15 correspond to the indexes in fig 3.14. First the entry of the ion in the 
crystal, indicated with ( 1) and the direction of the incoming ion is determined . 

• 

1--------------f-------------· 
• 

"---=-"""'----t-----------_J_ ______________________________________________________________________________ , 

X3-axis 

figure 3.15 rows in <111> direction illustrating fig 3.14 

Next (2), the position of the first lattice atom (a) of the row is determined by selecting a 
thermal random displacement with the random generator and taking the offset parameters X40 
and X60 in account. Also the element involved in the collision is determined by X60, X40 or 
CAS, in this case X60>0, corresponding with an A-atom. This is foliowed by the calculation 
of the impact parameter (3), which is used in the calculation of the deflection due to a binary 
collision. Subsequently a check is performed whether one or more row volume boundaries are 
crossed before the next collision, by calculating the position of the ion after travelling over a 
distance VzTR3 along the X3 axis in the present direction (4). In this case no row volume 
boundary is crossed (4). However a row volume cell boundary has been crossed which 
requires a translation over a distance TR3 along the X3 axis to point (5). Together with the 
channeled ion also the next atom (b) has been translated along the X3-axis, indicated with the 
grey atom in fig 3.15 (7). Now the deflection by the A-atom as well due to other rows is 
computed and the direction of the ions trajectory is changed in a discontinuous manner (6). 
Also the contributions to the output quantities are calculated. Then the procedure for the next 
collision starts all over again. The next impact parameter is determined with the translated 
atom b at (8). A check is performed whether a boundary is crossed before the next collision. 
In this case (9) a boundary is crossed and a translation FTR3 along the X3-axis as well as 
translations transverse to the X3-axis are performed for both the channeled ion ( 1 0) and the 
atom c (12). The deflection angle for the collision with impact parameter (8) (still with atom 
b) is computed and the direction of the ions trajectory is changed in a discontinuous manner 
(11). Also the contributions to the output quantities are calculated. This procedure is repeated 
until all the trajectories through the layers JN are calculated for all cases. 
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To improve efficiency of the program in the trajectory calculations, table look-up methods are 
used. Before the actual trajectory calculations start, a table made up of 1000 en tri es is created 
having a Gaussian distribution. A thermal vibration is then selected by choosing a value from 
this table with the use of a random generator and multiplying this value by the mean square 
vibration amplitude u1. Table look-up procedures are also applied for calculations of 
deflections of ion trajectories in single binary collisions and due to surrounding rows. For the 
binary collision calculation first a table containing deflections as a function of the impact 
parameter is created. For the calculations of deflections by other rows a table of deflections as 
a function of the position in the cross-sectional area of the central row is created. In case IRD 
is 3, conesponding with the <100>-direction, two tables, with deflections by other rows are 
created, one for each type of central row. This is necessary because the rings surrounding the 
central row differ fora different kind of central row (section 3.1). During the calculations the 
total deflection angle is found by interpolation in these tables with the impact parameter b and 
the position of the channeled ion in the cross-sectional area of the central row as a reference. 

3.3. Output information 

LAROSE offers the possibility to compute several output quantities of interest. The most 
useful output quantity is the probability that an ion may have a sufficiently close encounter to 
cause an event such as a nuclear reaction or a large angle scattering of the ion. This nuclear 
encounter probability is the cross-section for the event multiplied with the integral of the 
product of the ion flux and the probability of a lattice atom being at the point of passage. The 
different processes (nuclear reaction etc. ) can be put on an equal footing if each is expressed 
as a normalised nuclear encounter probability. This normalised nuclear encounter probability 
used in LAROSE is defined as the ratio of the cumulative probability computed in the course 
of a series of trajectories to the cumulative probability for an equal number of randomly 
oriented trajectories, for a monatomic crystal given by 

P 
cos \jl X1 + X2 l"lc ( 2 2) 

- exp-
- 2nu;Ndllc f.: 2u; 

( 3.2) 

where i labels the individual collisions and llc is the total number of collisions in the depth 
interval of interest, specified by a layer JN and \jl the angle between the ion beam and the row 
direction [KON91]. 

For polyatomic crystals a normalised nuclear encounter probability for each element has to be 
calculated separately. At each collision the contribution to the cumulative probability for this 
particular element is calculated using its specific rms vibration amplitude. Also the fraction of 
the total amount of collisions in which the particular element is involved, is determined, 
which gives for each element the value of llc to be used in eq. 3.2. These calculations result in 
values of the normalised nuclear encounter probability for each element separately for every 
layer JN. The normalised nuclear encounter probability is very useful since it can directly be 
compared with results derivable from spectra obtained in channeling experiments, such as 
angular scans. 

Apart form the normalised nuclear encounter probability LAROSE also generates histograms 
of ion flux distributions as a function of depth in the crystals and the angular distribution of 
the emerged beam at the back of the crystal and details on individual trajectories or collisions, 
which is especially useful to see whether the program is functioning properly. 
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4. Channeling in InP: individual vibration 
amplitudes of In and P 

This chapter describes channeling experiments on InP in bath <lil> and <110> directions. 
Angular scans of In and P are obtained with RBS and a nuclear ( a,p) reaction respectively. 
Section 4.1 describes the experimental set up used in the channeling experiments. Section 4.2 
discusses the typical RBS and proton spectra obtained. The energy calibration which is 
important in camparing the angular scans of In and P is described in section 4.3 and the 
angular scans are presented insection 4.4. The experiments are interpreted applying Monte 
Carlo calculations with the modified version of LAROSE. The magnitudes of the vibration 
amplitudes in InP are determined by using the vibration amplitudes as fitting parameters. The 
results of the simulations are given in section 4.5. Section 4.6 compares and discusses the 
results of bath measurements, Monte Carlo calculations and the modified continuurn theory 
for polyatomic crystals. 

4.1. Experimental set up and procedure 

The channeling experiments were performed with 3.92 MeV Heions produced by the Philips 
A VF cyclotron available at Eindhoven University of Technology. The beam current was about 
50 nA. To correct for changes in the beam current during the measurement of an angular scan, 
a rotating vane is placed in the beam line. The ions scattered from this vane are detected by a 
solid state detector and form a measure for the beam current. Also two slits are placed in the 
beam line to define the angular beam divergence. In these experiments the maximum beam 
divergence was 0.075°. The scattering chamber was evacuated to a pressure of about 5.10-8 

hPa. 

i rotatlon 

Çf' 

RBS detector 

tilt // 

(,7\ 

ft gure 4.1 Schematic view of the experiment al set up 

The <100> InP sample was placed in a three-axis goniometer having an angular resolution of 
0.001 degrees. To detect the Heions and the protons from the (a,p) reaction two solid state 
detectors were used; a small detector having a solid angle of 3.47 msr to detect the 
backscattered He ions and a larger detector with a solid angle of 62.5 msr for detecting the 
protons. The large detector is covered with a 10 J..Lm aluminium foil to stop the scattered He 
ions while allowing the protons to pass through. A schematic view of the experimental set up 
is shown in fig 4.1. 
The signals of both detectors are amplified by a preamplifier (Canberra 2003B) and a main 
amplifier (type Ortec 572) and analysed with two MCA's (Multi channel analysers). The data-
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acquisition system PHYDAS , which is developed at Eindhoven University of Technology 
[MUT95], is used for the control of the experiments and the measurement of data. The 
computer program Columbus [MUT95], also developed at EUT monitors the measured data 
during the experiments. Alignment of the beam is realised by monitoring the countrate of the 
backscattered ions as a function of the orientation of the sample on a Graphic Display 
Controller. By varying the rotation and the tilt just a few degrees from the sample normal a 
minimum in the backscatter countrate can be found which corresponds to the <100> direction 
of the InP crystal. Starting from this position the <110> direction is found by rotating the 
sample 45 degrees and adjusting the spin until a minimum countrate is measured again. 
Rotating the sample from this <110> position will keep the beam in the (100) plane. So, the 
rotation can now be used to measure angular scans in the (100) plane through both the <100> 
and <110> axes. A similar procedure is used to find the <111> direction. First the beam is 
aligned in the <100> direction as described before. Then the sample is rotated by 54.73 
degrees. By adjusting the spin, the <111> direction is found. Rotating the sample will keep the 
beam in the ( 11 0) plane and thus again the rotation can be used to measure an angular scan in 
the (110) plane through the <111> axis. The angular scans were taken in a crystal plane, since 
scanning from a random direction through an axis has very poor reproducibility. This is 
mainly due to accidental channeling in high index planes. An additional advantage of 
scanning in a major crystalline plane through the axis is a proper geometrical definition which 
offers a reference for Monte Carlo calculations. Random spectra which are used for 
normalisation of the angular scans, were taken by spinning the sample over 360 degrees with the 
tilt 3 degrees and the rotation 5 degrees from the aligned position 

4.2. The RBS and proton spectra 

The experiments described in this chapter contain angular scans measured in the <111> direction 
and the <110> direction. Examples of the <100> aligned and random spectra obtained with the 
two detectors positioned as shown in fig 4.1 are shown in fig 4.2 
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figure 4.2 Spectra for random and <i 00> aligned InP 

The RBS spectrum in fig 4.2 shows that the He ions scattered on phosphorus appear in the 
spectrum on top of a huge continuurn due to He ions scattered on In. The differential cross
section forscattering of a particles on Pis much smaller than that forscattering of a particles on 
In (eq. 2.5), which prevents the extraction of angular scans for P and In from a single RBS 
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spectrum. However, the region between channel 400 and 600 contains only yield from 
backscattering of a particles on In atoms. In section 4.4 this part of the spectrum is used to 
determine an angular scan for indium. The minimum yield for In determined just beneath the 
surface peak is 3%. The angular scans of P are obtained through the use of the second large 
detector which detects protons from the nuclear reaction 

31 P(a P )34 S 
15 ' 16 ( 4.1) 

The Q value (defined in section 2.1.2), for this reaction is 631.6 keV [SCH75]. The energy 
dependenee of the proton yield in the NRA spectra reflects the energy dependenee of the cross
sectien of the a,p reaction. Note that the energy of a proton measured with the proton detector is 
the energy of the protons after travelling through the aluminium foil. The minimum yield found 
for P from the NRA spectra is 8%, which is larger than that of In. A qualitative understanding of 
the high P minimum yield compared to the In minimum yields is provided by the continuurn 
theory for polyatomic crystals as discussed 2.3.2. The <100> channel in InP consists of two 
types of rows; one type contains only In atoms and the other only P atoms. The critica} angle for 
channeling of In (Z=49) ,\jfc,ain is larger than that of P (Z=15) 'l'c/ . As a result, the minimum 

distance for In, r!:n will besmaller than that of P, r~n (eq.2.19). This already indicates that the 

minimum yield for P will be larger than for In, because the fraction of a beam, that will not be 
channeled is proportional to nr!n. When the beam enters the <100> channel and approaches a 

row containing only P atoms, the ions undergo a series of sequentia} binary collisions. As a 
result the i ons leave the row with an angle 'I'· When 'I' is smaller than 'l'c,a In but larger than 'l'c/ 
the ions will be dechanneled by the P rows but still be channeled by the In rows. These ions do 
not contribute to the minimum yield of In. Conversely, ions which approach a row containing 
only In atoms and which leave this row with an angle \jf, between the two critica} angles (i.e. 
'l'c,a In > \jl> 'l'c/ ), will still be channeled by the In rows but not by the P rows. These i ons will 
contribute to the minimum yield of P. The minimum yield of the P rows is therefore larger than 
that of the In rows. 

4.3. Energy channel calibration 

The detectors, in combination with the amplifiers and the MCA's, produce a spectrum which 
shows the yield as a function of the different channels of the MCA. An energy calibration of 
both detectors is essential in order to select identical depth intervals required to compare the 
angular scans of P and In. Before the experiments an Am-Cm alpha-souree is used for this 
purpose, which generates a's with energies 5.443, 5.486, 5.764 and 5.805 Me V. As aresult four 
peaks are found in the RBS spectrum. The channels at which these peaks are found correspond 
with these four energies. The energy of the beam is known from earlier experiments (3.92 Me V). 
With the Kinematic factor of In and P, which is defined in section 2.1.1 the energy of the ions 
scattered at surface In and P atoms can be calculated. The corresponding channels are indicated 
in the RBS spectrum in fig 4.2. This results in 6 points which can be used in the calibration of 
the RBS detector. The energy channel calibration curve is shown in fig 4.3 
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Calibration RBS detector 
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figure 4.3 Energy channel calibration of the RBS detector 

The calibration of the proton detector is somewhat more complicated, because all the protons 
travel through an aluminium foil. Therefore it's important to know the stopping powers of the 
protons in aluminium and the thickness of the foil. The use of the l 0 !liD aluminium foil 
degrades the energy resolution which hinders an unambiguous identification. As stated before 
the form of the NRA spectrum is aresult of variation of the cross-section for the nuclear reaction 
as a function of the alpha energy. For two angles; 8=155 degrees and 8=105 degrees this 
variation is shown in fig 4.4 

I 'iCIOEPI T Al PHA Et:EAGY (Ut V) 

figure 4.4 Variation ofthe cross-section as ajunetion ofthe a energy [SCH75]. 

For both angles distinct peaks in the cross-section occur. Only the amplitude of the cross
sections differ for 8 = 155 degrees and 8 = 105 degrees. In spite of the degraded energy 
resolution, using the beam energy of 3.92 MeV and comparing the measured spectrum with fig 
4.4 several peaks, indicated with A, B, C and E in fig 4.2, can be identified. The a's from the 
Am-Cm souree with energies larger than 5 Me V are able to travel through the foil and can also 
be used in the calibration. The calibration curve is shown in fig 4.5 
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Calibration RBS detector 
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figure 4.5 Energy channel eaUbration ofthe proton detector 

4.4. Angular scans 

Angular scans are obtained by integrating the scattering yield or proton yield in a selected 
energy intervalfora large number of rotation angles. Normalisation is performed by dividing 
through the yield of a random spectrum integrated in the same energy interval. In order to 
compare the angular scans of In and P, it's importanttoselect energy intervals in the RBS and 
proton spectra which cover the same depth interval. Therefore the energy scale has to be 
converted in a depth scale using stopping powers. In the surface approximation, the energy of 
a He ion, Ea,det, which is backscattered from an In atom at depth x is given by 

Ea,det = K(Eo ---- (Eo) )- - (KEo) X ( 
1 dE 1 dE J 

COS81 dXainlnP COS82 dXainP 
( 4.2) 

where E0 is the energy of the incident partiele, 81 is the angle between the surface normal and 
the direction of the incident partiele and 82 the angle between the surface normal of the sample 
and the direction of the partiele when it leaves the sample. In case of NRA the incident 
partiele is an He ion and the detected partiele is a proton. A kinematic factor K can not be 
defined because E3, the energy of the proton just after the nuelear reaction is not a linear 
function of E, the energy of the a just before the reaction. (section 2.1.2). In a surface 
approximation the energy of proton before it travels through the Al foil, resulting from a 
nuelear reaction at depth x, is given by 

x dE 
EP = E3 (E)- (E3 (E0 )) . 

1 
P with 

. cos e dx . p m n 
2 

x dE 
E = Eo ----(Eo)ainlnP 

cosel dx 

( 4.3) 

with E3=E3(E), a non-linear function of E (eq. 2.2). The energy measured in the detector Ep,det 
is calculated using the stopping powers for protons in aluminium: 

xo 

Ep,det = EP - f :~ dx ( 4.4) 
0 pinAI 
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with x0 the thickness of the foil, Ep,det is calculated from Ep with the help of the program 
RUMP which contains the stoppingpowersof protons and a's in several materialsin a wide 
energy range. 

In the measured RBS and NRA spectra the boundaries of the chosen depth interval are 
determined as close as possible to the surface, in order to minimise the computer time needed 
for Monte Carlo simulations. The first boundary is set just behind the surface peak of In, 
which corresponds to a depth of 635 A . To obtain an acceptable error in the angular scans, 
integration of the yield over a certain number of channels corresponding with a certain depth 
interval, is necessary. This number of channels is determined by the NRA spectrum, because 
the cross-section for the nuclear reaction isn't very large (typical 0.3 mbam/sr) compared to 
the Rutherford cross-section for In (808 mbarn/sr). In order to obtain an accuracy better than 
10% for the minimum in the angular scan, the second boundary is set at a depth 2350 A 
beneath the surface. 

<111> angular scans 

Fig 4.6 shows the <111> angular scans of In an P normalised on the random spectra. As 
mentioned previously, the depth interval chosen in the spectra is 635- 2350 A. 
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figure 4.6 Angular scansjor In and P; <111> 

Within the experimental error the angular scans overlap. A qualitative understanding of the 
observed similarity of the In an P scans can be provided by the continuurn theory for 
polyatomic crystals (section 2.3.2). The <111> channel consists of only one type of rows 
which contains both elements In and P. Differences between the atomie numbers, and small 
possible differences in rmin of the individual elements average out along the row. Channeling 
in the <111> direction can then be viewed as being equivalent to that in a manatomie crystal 
with an average atomie number Z , average spacing between the atoms along the row and an 
average minimum distance of approach rmin . The minimum yield and the critica! angle of the 
two elements are then the same and can estimated using eq. 2.22 and eq 2.18. In the angular 
scans shown in fig 4.6 the minima are found at an angle 54.73 corresponding with the position 
of the <111> direction with regard to the <100> direction in the (110) plane. A few degrees 
from the minimum, the normalised yield is about 0.4 and not 1.0 as in fig 2.3, because 
although the i ons are not axial channeled anymore, they still are in the ( 11 0) plane. 
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<110> angular scans 

The same depth interval is selected in the proton and RBS spectra for the <111> direction. 
The counts in this interval are normalised on the counts in the same interval of a random 
spectrum. Figure 4.7 shows the normalised yield as a function of the rotation angle of the 
sample for In and P. 
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figure 4. 7 Angular scan for In and P; <11 0> 

In contrast to the <110> angular scans a marked difference is observed in the width of the 
angular scans for P and In. A qualitative understanding of the observed differences between 
the In and P scans can be obtained by using the modified continuurn theory for polyatomic 
crystals (section 2.3.2). The <110> channels consist of two types of rows; one type contains 
only In atoms and the other only B atoms. In the single column potential approximation for 
each type of row a minimum distance of approach, r!n and r~n can be postulated and the 

critica! angles for the differentelementscan be estimated using eq. 2.18. The critica! angle for 

channeling, which is proportional with jZ; , is much larger for In (Zm=49) than for P 

(Zp=15). In fig. 4.7, this results in a difference in the angular widths of the scans. The 
minimum yield of Pis much higher than that of In in fig 4.7. Justas discussed for the <100> 
channel in section 4.2, the minimum yield for channeling in the <110> direction, of P is 
increased as a result of ions which approach a row containing only In atoms and which leave 
this row with an angle \jf, smaller than ~c.a. but larger than ~c,a· Theseionscan be channeled 
by the In rows but not by the P atoms, which results in an extra contribution to the minimum 
yield of P. 

To investigate the effect of errors in the choice of the depth interval selected in the spectra, 
angular scans as in fig 4.6 and 4.7 were also determined with speetral windows shifted over 
about 5 channels. The accuracy, the angular width can be determined with, is better than 3% 
and the error in the minimum yields is less than 10%. So, the shape of the angular scans is not 
very sensitive for errors in the calibration and the stopping powers used todetermine the depth 
intervals. 

4.5. Monte Carlo calculations 

A more detailed interpretation of the angular scans which also allows to determine the 
vibration amplitudes can be obtained using the Monte Carlo trajectory calculations. The 
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choice of the thermal vibration amplitudes is of fundamental importance for the shape of the 
calculated angular scan. Values of the individual vibration amplitudes of In and P are scarcely 
found in literature and the reported values show large differences. This illustrated in table 4.1, 
where root-mean-square vibration amplitudes for In, u1n ,and P, up,• in InP, are reported. 

u~n(pm) up(pm) Method• 
b 11.6 11.8 RBS 

10.0 11.6 c 
XD 

8.0 8.0 d 
RIM 

10.7 8.6 e 
VSM 

11.6 9.9 f 
ND 

9.8 13.7 XDg 

"Theory- rigid ion model (RIM, valenee shell model (VSM); experiment- x-ray diffraction (XD), neutron diffraction (ND), RBS 
measurement of <100> aligned spectrum compared to simulation. 
bA. Dygo and A. Turos" Phys. Rev. B 40,7704 (1989) 
"V. T. Bublik and S.S. Gorelik, Krist. Tech. 12, 859 (1977) 
ctJ.F. Vetelino, S.P. Gaur, and S.S. Mitra, Phys. Rev. B 5, 2360 (1972) 
0J.S. Reid, Acta Crystallogr. Sec. A 39, I (1983) 
to.H. Nietsen et al., Z. Physik B 52, 99 (1983) 
gM.G. shumskii, V.T. Bublik, S.S. Grelik, M.A. Gorevich, Sov. Phys.-Crystallogr. 16,674 (1972) 

Table 4.1 One-dimensional root-mean square amplitudes of thermal vibrations at room 
temperafure for In and P in InP 

The shape of simulated angular scans is very sens1t1ve to the magnitudes of the thermal 
vibration amplitudes. By using the thermal vibration amplitudes as fitting parameters in the 
calculation of the angular scans of In and P, the vibration amplitudes of In and P can be 
determined. 
A series of angular scans has been calculated with the modified version of LAROSE, while 
varying the vibration amplitudes of In and P. The normalised nuclear encounter probabilities 
appearing in the angular scans were obtained by averaging the values over 340 atomie layers 
corresponding with a thickness of 1728 A, situated at a depth of 610 A beneath the surface for 
the <111> direction. For the <110> direction averaging over 840 atomie layers was performed 
corresponding with a thickness of 1740 A situated at a depth of 620 A. These depth intervals 
agree to the experimental depth intervals chosen in the previous section. The scans are 
computed in InP for the <111> direction wile scanning in the (110) plane and for the <110> 
direction while scanning in the ( 1 00) plane. From each angular scan the minimum yield Xmin 
and the angle el/2, which is defined in fig 4.8, are determined. 
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figure 4.8 Definition of 8112 
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<111> direction 

The <111> channels in InP consist of only one type of rows containing both In and P atoms. 
As stated before channeling in the <111> direction canthen be viewed as being equivalent to 
that in a monatomic crystal with an average atomie number Z , average spacing between the 
atoms along the row and an average minimum distance of approach ï'min • Small differences in 
ï'min average out along the row. Although we can individually change the vibration amplitude 

of In and P in the Monte Carlo calculations no large effects are expected in the width of the 
angular scans. Small differences in the individual vibrations amplitudes average out along the 
row. Therefore we expect that only the average vibration amplitude for In and P can be 
determined by simulating <111> angular scans of In and P. In the simulation of the <111> 
angular scans we take the vibration amplitude for In and P to be the same. To determine the 
average thermal vibration amplitude several angular scans were calculated while varying the 
vibration amplitudes in the range from 5 to 20 pm. The values found for 9112 and Xrnin for the 
<111> scans as a function of the vibration amplitudes are shown in fig 4.9. The lines through 
the data are not simulations but drawn to guide the eye. 
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figure 4.9 The angle 8112 and Xminfound by Monte Carlo trajectory calculations as a 
.function ofthe vibration amplitude;<lll> 

The dashed lines indicate the values found in the experiment; 9112=(0.55±0.02) degrees, 
Xmin=(0.065±0.005). Consictering the angle Sv2, this results in a average vibration amplitude 
for In and P in InP of 13 pm. The corresponding Xrnin is within the error but a bit lower than 
found in the experiment. This can be explained either by the fact that LAROSE considers the 
crystal to be ideal without any defects, or a possible error in the calculated depth interval as a 
result of errors in the used stopping powers. Small errors in the calculation of the depth 
intervals effect especially the Xmin 
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figure 4.10 Angular scans for In an P; < 111 > 

The measured angular scans of In and P together with simulated angular scan for a vibration 
amplitude of 13 pm are shown in fig 4.10. The simulations fit the measured scans very well. 
To show the sensitivity of the shape of the angular scans to changes in the value of the 
vibration amplitude also the angular scans fora vibration amplitude of 12 pm and 14 pm are 
shown. 

<110> direction 

The <110> channels in InP consist of two types of rows; one type contains only In atoms and 
the other only P atoms. In the single column potential approximation to each row a different 
minimum distance of approach can be assigned and different critica! angles can be calculated. 
The critica! angle depends on the atomie number Z2 and fmin,. Consiclering only the difference 
in the atomie number and taking fmin for In and P to be equal, the ratio of the critica! angles 
(eq. 2.19) becomes 

~zrlzr = 1.807 ( 4.5) 

The ratio of the angular widths in fig 4.7 is 1.61, somewhat smaller, and the difference in the 
angular width can therefore not be explained only by the difference in atomie number. 
Apparently also the minimum distance of approach, which is the sum or u1

2 and a2
, differs for 

the individual row types. The vibration amplitudes for In and P are therefore not necessarily 
the same. 

In the single column approximation, the critica! angles of the two row types can be considered 
to be uncorrelated . In contrast to the critica! angles, the minimum yields for the individual 
elements are correlated (eq. 2.28). However, the minimum yield for one row type only depend 
on the atomie number and the screening length of other row type, but not on its vibration 
amplitude (see eq. 2.25). A choice of the vibration amplitude of the In atoms in the 
simulations, different from that for the P atoms will therefore only effect the angular scan of 
In. Similarly a choice of a vibration amplitude for P will only effect the angular scan of P. 
Angular scans were calculated for vibration amplitudes in the range from 5 to 20 pm. In each 
calculation we have taken the value for the vibration amplitudes of In and P the same. The 
angle 8112 and Xmin for the <110> scans as a function of the vibration amplitude are shown in 
fig 4.11. The lines through the data are not simulations but drawn to guide the eye. 
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figure 4.11 the angle 8112 and Xmin as ajunetion ojthe vibration amplitude;<110> 

The measured values are indicated in this figure with a dashed line for P and a solid line for 
In. Consictering 8 112 and Xmin results in a vibration amplitude of 11 pm for P and a vibration 
amplitude of 14 pm for In. Note that in these calculations the vibration amplitudes for both 
elements have been the same. To check if the single column approximation, which states that 
the choice of a vibration amplitude for one element does not effect the angular scan of the 
other element, can be applied, angular scans for the <110> direction arealso calculated with a 
vibration amplitude for P of 11 pm and for In 14 pm. The results of this calculations are 
shown in fig 4.12 tagether with the calculations, where the vibration amplitudes for both 
elements have been taken the same 
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figure 4.12 Angular scansjor In an P ;<110> 

The overlap of the angular scans proves that the single column approximation can be applied. 
Fig 4.13 shows the measured scans of In and P tagether with the simulations with vibration 
amplitude of In, u~n=14 pm and that of P, Up=11 pm. To show the sensitivity of the shape of 
the angular scans for changes in the vibration amplitudes also angular scans for In with 
vibration amplitudes 13 and 15 pm, and angular scans for P with vibration amplitudes 10 and 
12 pm are shown. 
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figure 4.13 Angular scans for In and P ; < 11 0> 
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The simulation of the angular scan for In, with a vibration amplitude of 14 pm (solid line), fit 
the measured scan very well. The simulated angular scan of P (solid line) fits the measured 
scan well although the yield at the shoulders is somewhat higher than that of the measured 
scan. The angular scan of P is also less sensitive to changes in the vibration amplitude. 

Now that we have determined the individual vibration amplitudes for In and P, these values 
can be used in a simulation of the angular scans in the <111> direction. Angular scans 
resulting from this calculation together with the measured angular scans are shown in fig 4.14 
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figure 4.14 Angular scans for In and P with UJn = 14 pm and up= 11 pm; <JIJ> 

Fig 4.14 shows that also a simulation with these vibration amplitudes fit the measured data 
well. 
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4.6. Conclusions 

The experiments show that an angular scan of a low mass element (P) in a heavy matrix, InP, 
can be determined very well using an (a,p) reaction. The <111> angular scans of In and P 
overlap as a result of the fact that in this direction differences in atomie numbers and vibration 
amplitudes average out along the rows. Therefore from the simulations of the <111> angular 
scans in which the vibration amplitudes are varied, only an average vibration amplitude for In 
and P can be determined. The average amplitude found this way is (13.0 ± 0.5) pm. For the 
< 11 0> direction the angular width of the P angular scan is smaller than that of the In scan as a 
result of the fact that the critica! angle for the In rows is much larger than that of the P rows. 
In the single column approximation the In rows and the P rows can be considered 
uncorrelated. Fig 4.12 proves that this approximation can be applied; a change of the vibration 
amplitude of one element in the simulations does not the effect the angular scan of the other 
element. The individual vibration amplitudes of In and P can therefore be determined using 
the vibration amplitudes of In and P as fitting parameters in the simulations of the angular 
scans of In and P. The values of the amplitudes found this way are: Up =01±1) pm and 
Um= (14.0±0.5) pm. For In, the value of the vibration amplitude found is somewhat larger than 
the values in table 1. The value for P agrees well with the typical values found in literature 
(table 1). The values for the individual vibration amplitudes of In and P, determined from the 
simulations of the <110> angular scans, agree well with the average value found by 
simulating the <111> angular scans. This is confirmed by the fact that the <111> angular 
scans calculated with urn=14 pm and, Up=11 pm (fig 4.14) also fit the measured data well. 
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5. Strain and plasma indoeed crystal 
damage in an AlGaAs/InGaAs/GaAs 
heterostructure 

This chapter describes channeling measurements on an AlGaAs/InGaAs/GaAs 
heterostructure befare and after CH,/H2 reactive plasma etching of a cap layer. Section 5.1 
describes the properties of the sample and discusses strain present in the sample. To 
investigate plasma induced crystal damage, <100> aligned spectra are measured. Angular 
scans through the <111> axis are measured befare and after etching todetermine the strain 
existing in the InGaAs layer and possible strain relaxation resulting from the etching process. 
The experimental set-up and procedure is described in section 5.2. The results of the strain 
measurements are presented insection 5.3. Monte Carlo calculations were done to campare 
the measurements with numerical simulations. Results of these calculations are given in 
section 5.4. Insection 5.5 the measurements of <100> aligned spectra are discussedandan 
estimation ofthe sensitivity of these spectrafor crystal damage is made. Section 5.6 discusses 
the results of the measurements and the simulations. 

5.1. Sample properties 

A pseudomorphic AlGaAs/InGaAs/GaAs heterostructure was grown by molecular beam 
epitaxy on a <100> oriented GaAs substrate. On top of the substrate a GaAs buffer layer and a 
13 nm undoped ln0.r5Gao.85As channel were grown, foliowed by a 5 nm undoped 
Al0.25Gao.75As spaeer layer, a 5.1012 Si cm·2 delta doped layer and a 30 nm Alo.zsGélo.7sAs layer 
doped with 1.5.1 0 18 Si cm·3. Finally a 40 nm highly doped GaAs cap layer with 2.0.1 018 Si cm· 
3 was grown to prevent the AlGaAs from oxidation The electrans from the ionised donor 
atoms in the AlGaAs layer transfer totheInGaAs layer, which has a smaller bandgap. In this 
way an electric field is build up and by Coulomb· attraction the electrans are confined to a 
plane along the AlGaAs/InGaAs interface and form a two-dimensional electrongas (2DEG). 
The spaeer layer increases the separation between the electrans and the ionised donors. This 
reduces the Coulomb scattering of the electrans with the ionised donors. 

8- dope 

(a) 

I 
GaAs cap layer Alo.25Ga o. 7,/\s I In,~ GaAs substrate 

I 
I 

400Á 300Á 50Á 130Á 

(b) 

figure 5.1 Layout of the AlGaAs/InGaAs/GaAs heterostructure (a) A schematic picture of the 
grown layers, (b) Energy band diagram of the heterostructure. 
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During epitaxial growth of a thin layer of AlGaAs or InGaAs on the GaAs substrate the in 
plane lattice constant a,, is preserved. Since both AlGaAs and InGaAs have bulk lattice 
constants larger than that of GaAs, an in plane campressing strain arises in the AlGaAs and 
InGaAs layers, which effects the bandgap difference between AlGaAs and InGaAs. This strain 
causes the lattice constant a_]_ perpendicular to the growth plane to increase. The strain in the 
AlGaAs layer is very small compared to that intheInGaAs layer, because the lattice constant 
of AlGaAs does not differ very much from that of GaAs. 

(110) plane 

figure 5.2 The effect of strain on the lattice constant a_j_ and the direction ofthe <lil> axis 

The lattice constant a_]_ perpendicular to the growth plane for the InGaAs and the AlGaAs 
layers can be calculated from 

AlGaAs 2[Cl2] ( AlGaAs) a_!_ AlGaAs = av - - a// sub - av , c , 
11 AlGaAs 

( 5.1) 

InGaAs 2[ Cl2 ] ( InGaAs) a_l_,InGaAs = av - C a//,sub- av 
11 InGaAs 

( 5.2) 

where av InGaAs en avAlGaAs are the bulk lattice constants for In GaAs and AlGaAs given by 
Vegard's law 

( 5.3) 

( 5.4) 

where aoaAs=5.6533 A, ainAs=6.0584 A and aAtAs=5.6605 A. Here XAt and x1n represent the Al 
concentration and the In concentration in AlxGa1.xAs and InxGa1.xAs, respectively. C12 and 
Cll are the elasticity constants which arealso found by a linear interpolation of the individual 
values for InAs, GaAs and AlAs. As a result of the difference in the lattice constant 
perpendicular to the growth plane, the direction of the <111> axis for the strained layers 
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differs from that of the substrate. The kink angles ~8 indicated in fig 5.2 can be calculated 
from 

aH ag 
~8 = 8

1 
- 8 

2 
= arctan _ ___;;__ - arctan __ __.::_ __ ( 5.5) 

a .L,substrate a .L,strained layer 

where a_~_,strained layer = a_~_,A!GaAs for the AlGaAs layer and a_~_,strained layer = a_~_,InGaAs for the InGaAs 
layer. The kink angle is a function of the concentration since a_~_,strained Iayer depends on the 
concentration. Fig 5.3 shows the plot of the kink angle for the <111> axes intheInGaAs and 
the AlGaAs layer as a function of the concentration. 

( 111) kink angle vs concentrabon 
~1.2,.~~~~-,~~~~~-,~~~~, 

(f) 

QJ 
QJ 

~ 1.0 
QJ 

-o 

~ 0.8 
<J 

QJ 

bo 0.6 
~ 
l1:l 

~ 0.4 
~ 

;.g 
/'-.. 0.2 

..--< 

~o.o~~~~~~~~~~~~~~x=~~ 
0 5 10 15 20 25 30 

concentration (%) 

figure 5.3 Kink angle as ajunetion ofthe concentration x 

The concentration x1n found in the growth menu of the sample is 15%, which corresponds 
with a kink angle ~8 for the <111> direction of 0.5540° .The strain in the AlGaAs layer as a 
result of the presence of 25% Al is very small (~8AI=0.011 °). 

The AlGaAs/InGaAs/GaAs heterostructure is very important in the development of a 
Heterostructure Field-Effect Transistor with improved transport properties and a greater 
carrier confinement The conductivity of the channel formed by the two dimensional electron 
gas is controlled by a gate, usually situated below the semiconductor surface. Wet chemica! or 
dry plasma etching can be applied for gate recessing. As a result of the etching process the 
electron mobility of the two dimensional electron gas is not always reeavered completely after 
annealing the sample [ESV93]. In the next sections we investigate the crystalline quality of 
the sample before and after etching of the GaAs top layer (400 À) using RBS in combination 
with the channeling technique. 

5.2. Experimental set up and procedure 

The experimental set up is basically the same as described in section 4.1. In the experiments 
described in this chapter the RBS detector with a small solid angle (3.47 msr) was used and 
positioned at 8= 170 degrees. This geometry guarantees a mass resolution sufficient to separate 
the indium signal from the gallium and arsenic signal. A 4 Me V He+ beam was used in the 
experiments, because using higher energies would reduce the indium backscattering cross
section and any lower energy would increase the widths of the angular scans and therefore 
decrease the angular resolution in the strain determination. The beam current was about 
100 nA in the channeling experiment before etching the sample and about 55 nA in the 
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experiment performed after etching of the cap layer. In both experiments the beam divergence 
was 0.075 degrees. Because of the small amount of In present in a very thin layer (130 Á), the 
indium peak is very small compared to the large edge of counts resulting from backscattering 
from Ga and As. To reduce the measuring time, the beam current is chosen quite high. The 
choice of the high beam current causes a very high countrate for He ions scattered on Ga and 
As atoms and the In peak is therefore found on a background which is the result of pile up. To 
reduce this background the electronic circuit sketched in fig 5.4 is used to block pulses 
following each other in less than 2 J...LS. 
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The preamplifier connected to the detector bas two outputs; a slow signal which is used to 
determine the energy of the detected partiele and a fast signal, the timing output which 
generates a fast pulse each time a partiele is detected. After shaping the fast pulse with a time 
amplitude filter (TAF) and filtering the noise with a constant fraction discriminator (CFD) the 
signal is split. One part of the signal stretched to 2 J...LS wide and delayed for 100 ns with a gate 
and delay generator (GDG). Tagether with the other part of the signal, which is not changed 
this stretched an delayed pulse is fed to a coincidence unit. When a second pulse, indicated 
with the dasbed lines in fig 5.4, follows the first pulse (solid lines in fig 5.4) within 2 J...LS, this 
second pulse will overlap with the delayed first pulse and the coincidence unit creates a veto 
signal indicating that pile up occurs. This veto is stretched by another gate and delay 
generator. The MCA determines the energy of the detected partiele only if a trigger signal, 
which is derived from the slow energy signal, is fed to it. By blocking the triggers with the 
stretched veto, with the help of another coincidence unit, slow energy pulses following each 
other in less than 2 J...LS, are not counted by the MCA. The reduction of pile up, achieved with 
this circuit is shown in fig 5.5 
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figure 5.5 
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RBS spectra of AlGaAs/lnGaAs/GaAs, with pile up rejection, without pile up 
rejection. Also the contribution of the pile up is shown. 

The background under the In peak is reduced with a factor 2. The indium peak is however 
still found on a small background. The option background subtraction of the program RUMP 
is used to determine the yield in the In peak. The background is estimated by fitting a second 
order fit through the speetral data on either side of tbe isolated peak. 

The aluminium peak (2.16 Me V) is not visible in the backscattering spectra, since this signal 
is found on a huge continuurn due to He ions scattered on Ga and As. Furthermore the 
Rutherford scattering cross-section is small and only 2.1016 at/cm2 are present. 

To determine the strain in the sample described in section 5.1, for both <100> and <111> 
directions angular scans were measured. The scans are taken again in a plane following the 
alignment procedure described in section 4.1. All angular scans are normalised on random 
spectra. All indium counts in the spectra are the result of scattering of He ions on In atoms 
present intheInGaAs layer. By selecting the indium counts in the spectra, an angular scan for 
this InGaAs layer is obtained. When this layer is grown under strain the angular scan will be 
shifted over an angle ~e relative to the <111> direction of the substrate. This angular shift 
correspond with the kink angle which is discussed above. From this angular displacement the 
lattice constant a.L and concentration x can be calculated with eq. (5.1) up to (5.5). 

Measuring the <100> angular scan is necessary because the position of the dip of the <111> 
scan in the substrate does not always exactly correspond exactly to the direction of the <111> 
axis in the substrate as aresult of steering of the ions [PAN85]. This is illustrated in fig 5.6 

figure 5.6 Steering of ionsin a strained layer 
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The initia! beam direction does not necessarily correspond with the beam direction at the 
interface between the strained layer and the substrate. This depends on the thickness of the 
layers on top of the substrate. In the <100> direction this effect does not occur and the <100> 
angular scan is therefore used as a reference in the determination of the kink angle ~e. 

5.3. Strain measurements 

To be able to compare the results of the experiments performed before and after etching of 
the cap layer, an energy-channel calibration is required. Just as described in section 4.3 the 
Am-Cm alpha souree is used for this purpose together with the measured surface peaks of Ga 
and As in the <100> aligned spectrum (fig 5.18). After etching of the cap layer the InGaAs 
layer will be closer to the surface. This results in a shift of the indium peak to higher energies. 
Fig 5.7 shows that the peak is shifted over 20 eV. The stopping cross-section for 
backscattering at 8=170 degrees in GaAs is 50 eV/Á. This shift thus corresponds with 400 A, 
just the thickness of the cap layer which is etched off. 
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ft gure 5. 7 Shift of the indium peak as a re sult of etching of the cap layer. 
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As stated before the strain in the InGaAs layer can be calculated from the shift of the dip of 
the.angular scan in the strained layer with respect to the <111> direction of the substrate. The 
angular scans in the InGaAs layer together with the angular scans in the GaAs substrate, 
before and after etching of the cap layer are shown in fig 5.8 
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figure 5.8 Angular scans in InGaAs layer and GaAs substrate befare and after etching 
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The rotation angle is determined with respect to the <100> axes in the (110) plane. As aresult 
of steering of the ions in the strained layer, the dip in the angular scans of the substrate is 
found at 54.706 degrees, in contrast to the expected value of 54.736 degrees, the angle 
between the <100> direction and the <111> direction in the (110) plane. The angular scans in 
the InGaAs layer, are both shifted with respect to the <111> direction in the substrate, 
indicating that the InGaAs layer contains strain before and after the etching process. Before 
etching of the cap layer the dip intheInGaAs profile deviates from the <111> direction in the 
substrate by (0.63 ± 0.02) degrees. With equation (5.5) a lattice constant aj_ =(5.786 ± 0.004) Á 
is found, which corresponds with a concentratien XIn of (17.1 ± 0.5)%. This value is somewhat 
higher than the value the growth menu reads (15%). After etching of the cap layer the dip in 
the angular scan in the InGaAs layer deviates from the <111> direction in the substrate by 
(0.55 ± 0.01) degrees. Eq (5.5) gives a lattice constant aj_=(5.769 ± 0.004) Á corresponding 
with a concentratien XIn = (14.8 ± 0.3) %. This value agrees very well with the value of the 
growth menu. The angular scan in the InGaAs layer measured before etching shows a peak at 
the position corresponding to the <111> direction in the cap layer and substrate, due to the 
flux peaking effect on the beam after channeling through the surface capping layer. This is 
illustrated in fig 5.9 

flux peaking no flux peaking 

figure 5.9 Flux peaking effect on the beam after channeling through the cap layer 

lf the nodes of the oscillatory trajectories of the ions coincide with the interface between the 
cap layer and the strained layer, a great part of the ions scatter under large angles by collisions 
with the string of atoms in the strained layer. As a result of the flux peaking effect the angular 
scan before etching can be mutilated in the region 54.0 - 54.5 degrees. In that case the 
minimum of this angular scan doesn't correspond with the <111> direction in the InGaAs 
layer and causes an overestimation of the kink angle. As a result, from the angular scans in fig 
5.8, no conclusions about possible strain relaxation caused by the plasma etching process can 
be made. 

5.4. Monte Carlo simulations 

To study the occurrence of the fluxpeaking effect, Monte Carlo calculations on the 
heterostructure described in section 5.1 are performed. In addition to the modifications 
discussed in Chapter 3 some changes have to made to the program LAROSE, to be able to 
simulate channeling of ions in the InGaAs and AlGaAs layers. GaAs is considered to be the 
basic diatomic lattice. The elements Al and In present in some of the layers are considered to 
be extra elements, which are distributed randomly in the lattice. The fact that Al and In are 
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'"d 

always located at Ga sites is taken into account. Per layer JN either Al or In can be introduced 
by specifying its Z-value in the input file. The amount of Al or In atoms in the layers is 
determined by the concentration x. As discussed in section 5.1 the presence of In or Al in 
GaAs causes strain. The kink angle corresponding to this strain increases linearly with 
increasing concentration of the element (see fig 5.3). In LAROSE the strain in these layers is 
incorporated by introduetion of the Tilt Angle Factor (TAF), which is defined as the ratio of 
the kink angle ~8 calculated using eq. 5.5 and the concentration x. As described insection 3.2 
both the Tilt Angle Factor and the concentration x are specified in the input file for each layer 
JN. Wh en the trajectory for a channeled partiele enters a strained layer the change in the 
direction of the major crystallographic axis is calculated by multiplying the Tilt Angle Factor 
with the concentration x in this layer and is accounted for by changing the direction of the 
ions trajectory in a discontinuous manner. The vibration amplitudes of all elements in the 
lattice are not necessarily the same and can be specified separately for each element. As a 
result also the values of the close encounter probability will be different and is calculated 
separately for all elements. 

Simulation of the experiments, which are described in the previous section, requires selection 
of appropriate values for standard parameters in the Monte Carlo calculations. Corresponding 
with the values in the experiment a beam energy of 4 MeV and a beam divergence of 0.075 

• 0 

are used. Furthermore the latttce constant of 5.6533 A for GaAs and for all atoms a thermal 
vibration amplitude of 11.0 pm corresponding with the typical values found in literature 
[NIE83] for InAs, GaAs and AlAs is used. From the slope of the curve, depicted in fig 5.3 a 
TAF for InGaAs of 0.6446 and a TAF factor for AlGaAs of 0.01106 is obtained. Two angular 
scans fortheInGaAs layer with and without the cap layer of 400 A are displayed in fig 5.10 
together with the measured angular scans. 
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figure 5.10 Measured and simulated angular scansjor the InGaAs layer befare and after 
etching of the cap layer 

55.5 

The shape of both simulated angular scans does not even qualitative agree with the measured 
scans and also the yield at the shoulders is much lower. The simulated angular scan without a 
cap layer doesn't even show a angular dip. The simulated scan with the 400 A cap layer 
however, is somewhat shifted with regard to the measured angular scan and the flux peaking 
effect occurring in the experiment performed beföre the etching process is not found in the 
simulation. In order to investigate the sensitivity of the shape of the angular scans to small 
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changes in the values of several parameters used in the simulations, some of these parameters 
are varied and the results are discussed below. 

The trajectories of the channeled ions in the channels have an oscillatory behaviour. Particles 
following trajectories with large amplitudes come close enough lattice atoms to undergo large 
angle Rutherford scattering . The wave length of the trajectories of these particles is a few 
100 A. As aresult also the close encounter probability shows an oscillatory behaviour. A large 
close encounter probability corresponds with the trajectory being near a channel wall and a 
small close encounter probability with the trajectory being in the middle of the channel. For a 
simulation of the 4 MeV He beam incident parallel to the (110) plane, 0.7 degrees of the 
<111> axis in GaAs, this behaviour is shown in fig 5.11 
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figure 5.11 Close encounter probability as ajunetion of depthfor a beam incident parallel to 
the (110) plane, 0.7 degrees ofthe <111> axis 

In this figure also the depth intervals used in the simulations, displayed in fig 3.10 are 
indicated. The close encounter probability in these intervals is very low corresponding with 
the low yield at the shoulders in fig 5.10. In contrast to the simulations of InP in the previous 
chapter, where the close encounter probability was averagedover a depth interval much larger 
than the wave length of the channeling trajectories, in this case the wavelength of the 
trajectories is comparable with the thickness of the InGaAs layer (130 À). The shape of the 
angular scan of the InGaAs layer is therefore very sensitive to the selection of the thickness of 
the individuallayers on top of the InGaAs layer (AlGaAs, 350 A and GaAs, 400 À). Fig 5.12 
shows simulated angular scans, in which the thickness of the layers on top of the InGaAs layer 
has been varied 
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( 111) angular scans with cap layer ( 111) angular scans without cap layer 
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ft gure 5.12 Effect of the thickness of the layers on top of the In GaAs layer on the angular scan 
in this layer 

The thickness of the layers on top on the InGaAs layer appears to effect particularly the yield 
at the left shoulder of the angular scan. 

The oscillatory behaviour of the channeled ions in the channels is the result of the repulsion 
between the channeled ion and the lattice atoms, which both have a positive charge. As stated 
before, in LAROSE, the interaction between the channeled ion and the nearest crystal atom is 
described by the binary collision model. Following the work of Barreu [BAR89] the influence 
of neighbouring rows close to the i ons trajectory as well as the influence of more distant rows, 
is calculated using a continuurn potential. Others use binary collisions to take into account the 
influence of atoms surrounding the nearest crystal atom [DYG89] or use the continuurn string 
approximation only as a small correction for the effect of distant rows and no longer for rows 
close to the ion trajectory [SMU90]]. Following the workof Smulders [SMU90] angular scans 
as in fig 5.11 have also been calculated, using continuurn potentials only for distant rows and 
no longer for rows close to the i ons trajectory, and are depicted in fig 5.13. 
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figure 5.13 Simulated and measured angular scans in the InGaAs layer using the continuurn 
string approximation only as a small correction for distant rows. 
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The use of the continuurn potential only for distant rows doesn't seem to effect the simulated 
angular scan without a cap layer. The simulated angular scan with a cap layer of 400 A, 
however, now gives a qualitative description of the flux peaking effect. In contrast the 
simulated scan, calculated for the case without cap layer, does still notresembie the measured 
curve. 

In the previous chapter the choice of the vibration amplitudes of the individual elements 
appeared to be very important. The effect of the vibration amplitude on the angular scans in 
the InGaAs layer with and without a cap layer is shown in fig 5.14. In the simulations the 
vibration amplitudes have been chosen the same for all elements and as in fig 5.13 the 
continuurn potential is again used only for distant rows. 
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figure 5.14 Effect of the value of the vibration amplitude on the angular scans. 

Increasing the vibration amplitude of all elements effects particularly the yield at the left 
shoulder of the angular scan with a cap layer and doesn't seem to effect the angular scan 
without a cap layer very much. 

Apparently, in the calculation of the angular scan for thin layers, like this 130 A InGaAs 
layer, parameters such as the exact layer thickness, the vibration amplitudes of the individual 
elements and the influence of atoms surrounding the atom nearest to the channeled ion, have 
to be chosen very carefully. This requires a systematic investigation of the influence of the 
individual parameters, which is beyond the scope of this report and is subject for further 
study. From the simulations it can therefore not be concluded if strain relaxation as aresult of 
the etching process, did occur or not. 

5.5. Sensitivity of the <100> aligned yield for crystal damage 

Shubnikov-de Haas and Hall measurements performed in the division of Solid State physics at 
EUT showed that after etching of the cap layer and annealing of the sample described in 
section 5.1, the electron density reeovers completely, while the electron mobility reeovers only 
to less than 50% of its original value [SP095]. This could betheresult of defects, introduced 
by the 300 e V hydragen i ons used in the etching process, which are not fully removed by 
thermal annealing. Defects provide a mechanism for scattering of channeled particles into 
nonchanneling trajectories. This scattering process is called dechanneling and results in an 
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increase of the yield in the aligned spectrum. In section 5.51 two specific kinds of defects are 
discussed; point defects and dislocation lines. From the aligned spectra measured before and 
after etching an estimate of the amount of defects induced by the etching process can be made. 
The disorder in a depth interval of 1 J.lm beneath the surface of the sample is calculated in 
section 5.5.2. Section 5.5.3 discussed the effect of the etching process on the surface peaks in 
the aligned spectra. 

5.5.1. Dechanneling by defects 

The probability of dechanneling by defectsper unit depth dP%z is given by the product of 

the defect channeling factor cr0 and the defect density n0 . 

( 5.6) 

The dimensions of the defect channeling factor and the defect density depend on the type of 
defect. For point defects the defect channeling factor is given in an area and the defect density 
is the amount of defects per unit volume. The dechanneling factor for dislocation lines is 
given in a length when the defect density is the amount of defects per unit area. 

Point defects 
Point defects present in the channels can scatter the beam of channeled particles beyond the 
critica} angle for channeling, which results in dechanneling of part of the beam. To obtain an 
expression for the defect scattering factor for a point defect, we consider a beam incident on 
isolated atoms in a channel (fig. 5 .15) 
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figure 5.15 Scattering of a beam of channeled particles by înterstitial atoms 

The defect dechanneling factor for a isolated atom in the channel is the cross-section for the 
close-impact collision probability of scattering a partiele through an angle 8 greater than the 
critica! angle 'l'v. 

1t dcr 
(j D ( \j1 1/ ) = J -=-=--dQ 

72 dQ 
'Vy; 

where dcr is the Rutherford scattering cross-section ( eq. 2.19) 
dQ 

( 5.7) 

For 8 is small, M 1 <<M2 and the critica} angle 'l''h approximated by 'l't (eq. 2.19) cro can he 
estimated by [FEL82] 

n Z 1Z 2e 2d 
(j D = - ----"--=--

2 47tE 0 E 
( 5.8) 

where d is the atomie spacing along an axial direction, E the energy of the incident partiele 
with atomie number Z1 and Z2 the atomie number of the isolated atom in the channel For a 
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beam of 4 Me V He i ons incident along the <I 00> axis in GaAs with Z2 is the average atomie 
number of Gaand As, cr0 = 1.8.10- 19 cm2

. 

Dislocation lines 
A dislocation line as shown in fig 5.16 introduces an extra half-plane into the crystal and 
therefore enhances dechanneling 

b -

figure 5.16 Projeered view of an edge dislocation created by adding an extra half-plane 

The dechanneling factorfora dislocation line can be estimated by [FEL82] 

b 
<io =--

1t'JI Yz 
( 5.9) 

where b is the burgersvector , which is indicated in fig 5.16 and '1''12 is the critical angle for 
channeling. When the burgersvectorbis approximated by a, the lattice constant of GaAs and 
'JI•;, approximated by 'JI1, the defect factor for dislocation lines for 4 MeV He ions incident 
along the <100> axis of GaAs, is 280 A. 

5.5.2. <1 00> aligned spectra 
A beam of ions initially aligned to the <100> direction at a depth zo in the crystal can be 
treated as composed of two components (see fig 5.17): a channeled fraction 0-XR) and a 
random fraction XR· The random fraction is that component of the beam that has the same 
scattering yield as for a beam of particles impinging on a solid with a nonordered or random 
arrangement of atoms. 

Channolod F•acllon ~~~!\\'<! 1&'\ll 

Random Fractlon Xn ~ 
M lM.\l ~~ R-..,~ IÄ~ I&~ J 

!Ion Beam 

ft gure 5.17 Schematic showing channeled fraction ( 1-XR) and random fraction XR of the beam 
in a crystal 

In a defect free crystal the random fraction is denoted as Xv(z). Note that Xv(O)= Xmin and 
Xv(z) includes Xmin and the fraction dechanneled by scattering interaction with electrans and 
thermally displaced atoms at the channels walls. The quantity Xv(z) is directly measurable in a 
<100> aligned backscattering experiment and corresponds with the aligned yield normalised 
on the random spectrum. The presence of defects leads to an increase in the random fraction 

53 



-------- Chapter 5 Strain and plasma induced crystal dama~e in an AlGaAs/InGaAs/GaAs heterostructure ---

of the beam. The random fraction for a crystal containing defects is denoted Xo(z) and is also 
a measured quantity. For small defect concentrations the total disorder No found between the 
surface and depth z0 is given by [FEL82] 

No(Zo)=-1 [Xo(Zo)-Xv(zo)] ( 5_10 ) 
(jo 1-Xv(Zo) 

For point defects the total disorder is given in defects/unit area and for dislocation lines in 
defects/unit length. 

An estimation of the maximum amount of total disorder in the AlGaAs/InGaAs/GaAs sample 
as aresult of the etching process, can be obtained by consictering the <100> aligned spectra 
before and after etching. 
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figure 5.18 <100> aligned yield befare and after etching ofthe cap layer 

When we approximate the term [1-xv(z0)] in eq 5.10 by 1, the maximum amount of disorder 
between the surface and depth zo can be estimated by the ratio of the difference between the 
two <100> aligned spectra at zo and the dechanneling factor. Using the defect channeling 
factors calculated in the previous section this results in a maximum amount of disorder 
present in a depth interval between the surface and a depth zo= 1 ~m of 1.1017 defects/cm2 in 
case all disorder is the result of point defects and 6.103 defectslem in case all defects are 
dislocation lines. 

This maximum amount of disorder also sets a limit to the possible strain relaxation in the 
In GaAs layer as a re sult of the etching process. As shown in fig 5.19, strain relaxation effects 
the average lattice constant in the growth plane a11. 
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figure 5.19 Schematic of a partially relaxed InGaAs layer 
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When a fraction f of the strained InGaAs layer is relaxed, the average in plane lattice constant 
a//,rel in this partially relaxed layer is 

a//,rel = (1- f)a// + fav,// ( 5.11) 

where av,t/ is the bulk lattice constant of In GaAs in the ( 11 0) plane. The amount of dislocation 
lines N0 introduced in this layer as a result of the strain relaxation is given by the difference 
in the amount of unit cells per unit length: 

1 1 
N 0 =--- (5.12) 

a// a //,rel 

Rewriting eq. 5.11 and 5.12 results in an expression for the fraction f of the InGaAs layer that 
is relaxed 

f = Noa; 
av,//- a//- Noa; + av,//a//ND 

( 5.13) 

When we consider all 6.103 defectslem to be the result of strain relaxation, we find for the 
maximum fraction of the InGaAs layer that is relaxed: f= 0.039 

As a result of strain relaxation also the average kink angle changes; the relaxed part of the 
layer doesn't contribute to the average kink angle, and is given by 

~8 rel = (1- f)~8 strainedlayer ( 5.14) 

Before etching a kink angle ~8 of 0.63 degrees was found (fig 5.8). Using a maximum 
fraction of 0.039 results in a minimum kink angle of 0.61 for the sample after the cap layer 
was etched of. After etching we measured a kink angle of 0.55 degrees (fig 5.8). This value is 
substantially lower. The measured difference between the kink angle before and after etching 
can therefore not be explained by strain relaxation in the InGaAs layer and probably has to be 
blamed on the flux peaking effect occurring in the angular scan measured before etching of 
the cap layer, which mutilates the angular scan and binders the determination of the kink 
angle. 

5.5.3. Surface peak analysis 

In the previous section the total amount of disorder in a thick layer of 1 J.Lm is discussed. The 
etching process took place at the surface of the sample. lt's therefore interesting to consider 
the yield resulting from scattering of He ions with the outermost atoms layers of the sample in 
the aligned spectra of fig 5.18 in more detail. Wh en the aligned beam enters the surface of the 
sample the ions are not channeled yet and the differential cross-section for scattering of the 
ions with the lattice atoms in the outermost atomie layers is equal to that for a beam impinging 
on an amorphous layer. Somewhat deeper in the crystal and lower energies in the 
backscattering spectrum there is a contribution from scattering within the bulk. The bulk 
scattering arises from particles that have been deflected by one atomie row and have crossed 
over to another row, where they undergo a close-encounter event. This bulk contribution is 
typically two orders of magnitude lower than the contribution from the first monolayer. In the 
aligned spectrum (fig 5.18) this results in so called surface peaks for Gaand As, resulting 
from scattering of He i ons with the outermost atom layers. Fig 5.19 shows that the surface 
peaks of Ga and As in the aligned spectrum measured after etching of the cap layer are larger 
than those measured before. This increase can be explained by the introduetion of defects in 
the surface layer by the etching process To quantify the amount of defects introduced in the 
sample we simulate the aligned spectra with the help of the program RUMP. RUMPis only 
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able to simulate RBS experiments in amorphous layers. As stated before the differential cross
section for scattering in the outermost layers is almost equal to that of an amorphous layer. 
The outermost layers are therefore simulated by a very thin amorphous GaAs layer. To 
simulate the yield in the aligned spectrum just behind the surface peaks a layer consisting of 
Ga, As and B situated beneath this thin GaAs layer, is added. B is not present in the real 
sample, but is only used to account for the decreased yield for scattering in the layers situated 
deeper in the crystal. Since B is a very low mass element, the He ions scattered on B will not 
effect the simulated spectrum in the energy region near the surface peaks. The thickness of the 
surface layer contributing to the surface peaks is now determined by adjusting the thickness of 
the amorphous toplayer in the simulation, until the simulation overlaps with the measurement. 
As an example a simulation of the surface peaks together with the measured spectra measured 
after etching is shown in fig 5.20. 
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ft gure 5.20 Measured and simulated swface peaks for the spectrum measured after etching of 
the cap layer. 

This way an amorphous layer thickness for the surface layer of 18.1015 at/cm2 is found for the 
spectrum measured before etching of the cap layer and 26.1015 at/cm2 for the spectrum after 
the etching process. The etching process thus resulted in an introduetion of an amount of 
defects in the surface layers equivalent to an amorphous GaAs layer thickness of 8.1015 at/cm2 

5.6. Conclusions and recommendations 

The use of a 4 MeV He+ beam, a scattering angle of 170° and a detector with a small solid 
angle in combination with a pile up rejection circuit appeared to be a very useful contiguration 
to obtain angular scans in the thin 130 A InGaAs layer. Both angular scans, measured before 
and after etching of the cap layer show an angular shift with respect to the <111> direction of 
the substrate as a result of strain present in the InGaAs layer. The indium concentration 
x~n=(14.8±0.3)% in this layer calculated from this shift (0.55°) of the angular scan in InGaAs 
measured after etching, agrees very well with the value the value in the growth menu (15%). 
Before etching of the cap layer, the shift of the angular scan in InGaAs is substantially larger 
(0.63 °). The difference between these angular shiftscan not be explained by strain relaxation 
and is probably the result of a flux peaking effect, which mutilates the angular scan measured 
before etching and hinders the determination of the kink angle. To study the influence of this 
flux peaking effect on the shift of the angular scan in InGaAs experimentally, it would be 
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interesting to repeat these experiments with varying thickness of the layers on top of the 
strained InGaAs layer. 

Monte Carlo calculations of channeling in the heterostructure have not been able to simulate 
the behaviour observed in the measured angular scans. The shape of the calculated angular 
scans is shown to be extremely sensitive to the calculation algorithm and the choice of several 
parameters such as the exact layer thickness and the vibration amplitudes of the individual 
elements. The sample studied in this chapter is rather complex; two layers containing strain 
and four different elements are present in the sample. To investigate the influence of the 
individual parameters, it would be interesting to study channeling in a sample containing only 
one thin strained layer. 

RBS spectra measured before and after etching with the beam aligned in the <100> direction 
of the crystal, provide the opportunity to estimate the amount of disorder induced by the 
etching process. No increase in minimum yield is observed and only an upper limit to the 
amount of disorder in the depth interval of lf.lm from the surface can be estimated. In case all 
defects are assumed to be point defects an upper limit of 1.1017 defects/cm2 is found. In case 
all defects are assumed to be dislocation lines an upper limit of 6.103 defectslem is found. The 
surface peaks of Ga and As, however, show a clear increase after etching. By simulation of 
these surface peaks, the amount of defects near the surface of the sample can be quantified 
and reveal the presence 8.1015 at/cm2 point defects. As a result of the poor depth resolution in 
these experiments the point defects can be located in the top -500 A of the heterostructure. 
Since the two dimensional electrongas is situated at a depth of 350 A, the presence of these 
point defects is likely to be correlated with the decreased mobility in the heterostructure after 
plasma etching. Further study is required to establish the correlation between the measured 
point defects and the electron mobility of the heterostructure. An interesting possibility is to 
investigate this correlation by varying the plasma parameters during the etching process. 
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