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The objectives of the work described in the thesis were:
(i) Development ofRS techniques for the separate depth profiling ofGa and As
in GaAs based structures
(it) Apply these developments to some technologically important questions viz.
determination of the stoichiometry of AlxGa(i-x)As layers and solid state
reactions of GaAs of interest for metallisation.

Description of Mikael Hult's scientific contribution to the papers
presented in this thesis
In the papers where I am the first author (papers I, II, III, IV and VII), I
have been responsible for the paper and participated to some extent in every
step in the investigation. The steps in which I have been heavily involved
(the major contributor) include:
• Planning
• Literature search
• "Money acquisition": The papers III-VII are based on measurements
performed at Lucas Heights in Australia where I stayed for four
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months and prepared a beam-line and the KTH detector telescope for a
long series of measurements. Through external foundations (mainly
the Swedish Institute, the Crafoord Foundation and the Swedish
Academy of Sciences) I was fully funded, which included amongst
other things all travel expenses and shipment of equipment.
• Preparation and setting up of the recoil spectrometry experimental
setup
• In paper II: sample-preparation
• Performing the recoil spectrometry measurements
• Evaluation of recoil data and development of software routines
for data storage, reading and evaluation
• Participation1 in XRD-measurements and compiling of data
• Participation1 in sample characterisation using SEM
• Writing the paper
• Correspondence with co-authors (which is not a negligible part of the
work in international collaborations) and with editors
In the two papers where I am not the first author my main
contribution has been that I performed the recoil measurements that form
the basis of the papers. I have of course been in frequent contact with the
main authors for discussions and for the exchange of software for data
evaluation. Finally I have discussed several versions of the manuscripts
with the first author before they were submitted.

'Participation here involved active discussion with the operator of the
machine on my part regarding how to perform the measurements and how to
interpret the results.

1. Recoil Spectrometry - Introduction
The development of nuclear physics could be said to have begun in 1896
when A. H. Becquerel (1852-1908) discovered radioactivity. This set off a
long chain of events involving many revolutionary discoveries made within
a rather short period of time by a variety of very prominent researchers.
The concept of the atom1 had been introduced already by the ancient
Greek philosopher Democritus (-470-400 B.C.) but it was not developed
further until the 19th century by the work of such natural scientists as J.
Dalton (1766-1844), A. Avogadro (1776-1856), J. J. Berzelius (1779-1848) and
J. L. Gay-Lussac (1778-1850). In 1869 D. I. Mendeleev (1834-1907)
summarised the findings of the time regarding atoms, creating a systematic
classification system, the Periodic Table2. It was not until after Becquerel's
discovery, however, that it was realised that atoms have a structure and
that there are ways of studying that structure. Based on the findings of a
number of experimentalists (such as Becquerel, M. Curie and P. Curie), J. J.
Thomson constructed in 1904 a model of an atom which involved a sphere
of positive electrification with rings of electrons around it. In 1909 H.
Geiger (1882-1945) and E. Marsden, in collaboration with E. Rutherford
(1871-1927), conducted a famous experiment in which they used a
radioactive source (radium) that emitted a-particles. They put various
numbers of thin gold foils in front of the source and detected the a-particles
with a fluorescent screen and a microscope. Most particles penetrated the
foil with very little scattering. It was discovered, however, that a relatively
large number of the particles were scattered through large angles, some of
them (-0.01 %) were scattered more than 90° (backscattered).
In an article in 1911 Rutherford presented a description of the
scattering process based on a single scattering event. He concluded that the
atom has most of its mass concentrated in a charged nucleus that has a
spatial extension of less than 10~14 meters. He was also able to calculate the
charge of a nucleus. After the interesting results that Geiger and Marsden
reported in 1909, they carried out several investigations of the scattering
process and in 1913 presented results that supported Rutherford's theory
from 1911 in every respect. This was a giant breakthrough and was based
on Rutherford's atomic model. In 1913 N. Bohr (1885-1962) presented a
model of the hydrogen atom, a model able to amongst other things to
Greek word atomos meaning "undividable thing"
Mendeleev left some blanks in the first periodic table (1869) where he expected
elements not yet discovered to exist. These presumptions led to the discovery
of gallium (1875) and later of scandium (1879) and germanium (1886).
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explain the optical spectrum of hydrogen and provide a theoretical value
for the Rydberg constant.
A few years later a new tool in the investigation of matter appeared:
accelerators. These made it possible to bombard targets with a chosen
particle with much higher fluxes than available from radioactive sources
and at a chosen energy. Over the years, accelerators have been employed in
both the quest for elucidating the innermost structure of matter as well as in
different elemental analysis techniques that go under the common name of
Ion Beam Analysis (IBA).
Rutherford's work on single scattering has given a name to a widely
used elemental analysis technique, Rutherford Backscattering Spectrometry
(RBS). In this technique, described in greater detail in Chapter 6, aparticles, generally from an accelerator impinge on a target. The energy of
a backscattered particle is measured and provides indirectly information on
the mass of the target nucleus as well as the depth from which the
scattering took place.
The basic general equation on which the quantitative nature of IBAtechniques rests:
Y = N^-GQ

(1.1)

ail

where Y is the number of detected particles, N the number of atoms per unit
area in the target, do/dQ the reaction differential cross section (the
reaction probability), X2the solid angle subtended by the detector and Q the
total number of projectiles hitting the sample. This is schematically
illustrated in Figure 1.1.The reaction cross section describing the scattering
of MeV ions is the Rutherford cross section, Rutherford having derived an
expression for this interaction. The derivation is based on the assumption of
the scattering of two point-charges in a central Coulomb force potential
(see section 2.2). The Rutherford cross section is related not only to the
probability of projectile scattering but also the probability of a recoil being
ejected. Thus, the same formalism applies when detecting recoils. Recoil
Spectrometry (RS) involves detection of the recoiling target nuclei (Fig.
1.2). Without knowing of it, Geiger and Marsden in fact detected recoiling
gold atoms as well as a-particles in the work they presented in 1909. The
main advantage of RS is that the particle detected carries direct mass and
depth information

Particle beam from
accelerator:

Q particles

Electronics for the
detection system

Fig. 1.1. Schematic drawing of a general experimental set-up for Ion Beam
Analysis (IBA).
regarding the target. Another advantage compared with RBS is that nuclei
lighter than the projectile also can be studied. An example of this is the work
by L'Ecuyer et al. in 1976, in which they used 35C1 to analyse a sample of
LiF/Cu/LiF/C This work is frequently referred to as the first application of
RS.
He-ions of 2-4 MeV are often employed as projectiles in RS. One
reason for this is that recoil spectrometry can be performed using exactly
the same equipment as for RBS and for some applications can be carried out
simultaneous with RBS. RBS quickly became a standardised technique in
materials science (Chu, Mayer and Nicolet, 1978). The use of heavier ions
has spread, however, since this improves depth- and mass-resolution for
most recoil species.
The development of powerful computers has made it possible in recent
years to collect and evaluate data from many different detectors on a
routine basis, which is important for making full use of RS in various
investigations, for example in materials research. Today it is also feasible
to make use of large and complicated algorithms in computer codes for the
evaluation of data.
RS as well as RBS have hitherto been mainly employed in materials
research on semiconductor samples. Some reasons for this are:

Fig. 1.2 Schematic drawing of
Backscattered'' t i

a

J incident

geometry and symbols for RS.

projectile

• The specimens can withstand vacuum and can usually be analysed in
the "as-received" state. Preparing specimens for electron microscopy,
for example, can be a very difficult and expensive process for some
categories of specimen, e.g. biomedical ones.
• The specimens can withstand MeV ion beam irradiation without mass
loss or serious degradation. However, many semiconductor samples in
materials research are electrically degraded after ion beam irradiation
because electrically active defects are introduced although some
samples can be annealed in order to regain their original qualities.
• In many cases the analysis time is very short (5-15 minutes) and the
evaluation process can be equally fast. By designing large sample
holders and using fast computers, a high throughput of samples can be
obtained.
• An accelerator laboratory for RS and RBS need not be more expensive
than a sophisticated SEM or SIMS machine.
One of the main drawbacks of RBS is its poor sensitivity to light
elements in a heavy matrix. This is evident from the Rutherford cross
section (Formula 2.8) which is proportional to Z2, where Z is the atomic
number of the target atom. This means that materials such as InP are
difficult to study by use of RBS because of the large difference in atomic
number between P (Z=15) and In (Z=49) (Persson at al., 1994). Gallium
arsenide which is another technologically important material, is
troublesome from another viewpoint. The small mass difference between
the naturally occurring isotopes 69Ga, 71Ga and 75 As means that the RBS
signals from Ga and As only be separated (if at all) close to the surface.

Other applications that cause problems in this context are for example the
study of carbon and oxygen in GaAs (paper II; paper V) and the study of
boron in silicon (Arai, et al., 1992). These problems can be alleviated by
designing a mass dispersive recoil spectrometry set-up which makes use of
the fact that the detected particles carry direct information of the target
mass. Another problem in using RBS on multielemental samples is that,
although a well defined spectrum can be collected and a good computer
fitting can be achieved, the results can be ambiguous because the measured
spectrum is a superposition of the components from all the elements in the
sample. There are cases in which the concentration uncertainties are very
large despite a nearly perfect spectrum fit was accomplished.
The objectives of the work described in the thesis were:
(i) Development of RS techniques for the separate depth profiling of Ga
and As in GaAs based structures
(ii) Apply these developments to some technologically important questions
viz. determination of the stoichiometry of AlxGa(i-x)As layers and
solid state reactions of GaAs of interest for metallisation.

2. Recoil Spectrometry - Basic Concepts
2.1 Elastic Collisions
Figures 1.1 and 1.2 describe the geometry of the elastic collisions
employed in RBS and RS, using standard notation for the essential entities.
For conserving energy and momentum, the following relations are valid:
M \\Q =

It is assumed that M2 is initially at rest in the laboratory frame. Eliminating
0 and V2 yields the following relation between the projectile velocities after
and prior to collision:

v,

±-\M\-M\

sin20
A/, +M2

(2 2)

'

If Mi<M2, as is the case in conventional RBS, the plus sign holds and the
ratio of the initial projectile energy and the projectile energy after collision
is:

cosö

'1 _

Af, + M 2

(2.3)

This ratio, denoted by the letter K, is called the kinematic factor. The
kinematic factor is shown in Figure 2.1 as a function of target mass and
scattering angle, 0. Solving the Equation system 2.1 with respect to v2 (and

Fig. 2.1. The scattered particle
kinematic factor, K, vs. Öand M2
forM 7 =4 (He).
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thus eliminating V\ and 6) results in the following relation between recoil
energy and projectile energy prior to collision:
E2 _ AM\M2 cos 2 (p

(2.4)

This entity is often denoted A and is referred to as the kinematic factor for
recoils. Various plots of A as a function of target mass, projectile mass and
recoil angle are shown in Figure 2.2.

(a)
Fig. 2.2. The recoil kinematic factor,
(a)A, vs. <j> and M2 for M1 = 4 and
(b) A, vs. M 2 for various Mj
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In recoil spectrometry one is often interested in just detecting the
recoils whilst eliminating detection of the projectiles. One way of doing this
is to use stopper foils as described in section 3.2. Another way is to make use
of the fact that when using a projectile that is heavier than the target atoms
{Mi> M.2) there is a maximum scattering angle for the projectile, 9max'-

Ö

max= a r c s i n Ä7

Q

I

(2.5)

A detector placed at an angle greater than emax will then be insensitive to
projectiles that have been single scattered. In Appendix B, values for some
typical recoil applications are listed.
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2.2 Scattering Cross Section - Coulomb Scattering
Rutherford derived in 1911 an expression describing the scattering
cross section for scattering from a Coulomb potential. It has been shown
that this describes the scattering processes for many ions well. It is assumed
that the Coulomb force acts during the collision of the projectile with Zj
protons and the target atom with Z,i protons. The Coulomb force acting on
the two point charges Zj and Zi at a distance apart of r is

(2.6)
where q is the electron charge and £o is the permittivity for free space.
A more detailed description of the calculations can be found in many
excellent textbooks (Krane, 1976; Feldman, 1986). A short summary stating
their basic limitations and features will, however, be given here.
The Rutherford cross section is most easily derived in the centre-ofmass frame, which yields the following result for scattered particles:

lfil J z>z«2 V
j

dil

c

{ l 6 E

'

•
'"

(27)
{
'

s

where the subscript C denotes centre-of-mass entities. This simple formula
becomes more complicated when transformed to the laboratory frame. In
the laboratory frame the Rutherford cross section for scattering is:

de{0) _ , - , - „

2

x2

,

•

L

4

{ %Jte0E ) sin 0

The corresponding Rutherford cross section for recoils is:

J

(28)

da (*&£__
dQ

{ %ne0E )

cos3 (p

The Rutherford cross section assumes that the particle velocity is
sufficiently large that the particle penetrates well inside the orbitals of the
atomic electrons. Scattering is then due to the repulsion of two positively
charged nuclei of atomic number Z\ and Zi. In small angle scattering of
MeV He ions or low-energy heavy ion collisions, the incident particle does
not completely penetrate the electron shells and hence the innermost
electrons screen the charge of the target atom.
For the Coulomb potential, and thereby the Rutherford cross section to
be valid, it is important that the major part of the scattering orbit takes
place within the electron shells of the target and projectile atoms. If this is
not the case, the interaction is weakened by electrostatic screening of the
electrons, a simple way to evaluate the low energy limit of validity is to
require the magic t parameter (Lindhard, Nielsen and Scharff, 1968) be
greater than ~10. t is given by:
(2.10)
where 6 is the projectile scattering angle and e is the well known LSS
dimensionless energy parameter (Lindhard, Scharff and Schiett 1963):
M
=
Ml+M2ZlZ2e2

14.398 eV2^i)

(2.11)

where a is the screening radius
a --

j

°-*853a°

(2.12)

typically for the work here t > 20.
There is also a high energy limit for the Rutherford cross section. This
limit is reached when the projectile energy is so high that the distance of
closest approach, d, is smaller than the nuclear radius. A rough but
adequate and often used estimate of the nuclear radius, R, is

10

(2.13)
where A is the mass number and Ro = 1.4xlO"13 cm. Using the same
approach as for the lower limit yields the following value for the upper
limit of the projectile energy:

_
*-" upper limit

1/

4 R A / 3
In Appendix A the Coulomb barrier is listed for various projectiles and
target atoms that are typical for the work presented in this thesis. A better
estimate of the upper limit for the safe bombarding criteria is given by Cline
(1969), cited by Svensson (1989), where the lower limit for nuclear reaction
is slightly lower than given by Eqn. 2.14.
2.3 Stopping Cross Section
Charged particles undergo a large number of inelastic collisions with
orbital electrons as they pass through matter. Each interaction causes very
little scattering and energy loss to the incoming ion due to the great
difference in mass between an electron and an ion. The large number of
such interactions taking place, implies the statistical mean range of an ion is
a well defined quantity. The energy loss, and range of different ions in
various materials can be calculated with a reasonable degree of accuracy.
The entity that describes this is called the stopping cross section, e
(eV/atoms/cm2). Another entity that is commonly used is the stopping
power, dE/dx (eV/cm). The relation between the two parameters is:
£=- ^
Ndx

(2.15)

where N is the atomic density. The target nuclei also contribute to the
slowing down process but because of the small radii of the nuclei compared
with the atomic radius and the abundances of the target electrons
compared with the nuclei, the nuclear scattering is a rare event as
compared with interaction with electrons, at the energies of concern in this
thesis. The stopping cross section can be divided into three different
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regions3 as can be seen in Figure 2.3; fast collisions with electrons, slow
collisions with electrons, and nuclear stopping. It is out of the scope of this
thesis to describe those processes in detail so the reader is referred to the
book by Ziegler, Biersack and Littmark (1985) for a thorough presentation
He in Si

III

Electronic+Nuclear
stopping

10
10

10
10
Energy (MeV)

Region of interest for IBA
Fig. 2.3 General shape of the stopping power energy dependence.

Region I in Figure 2.3 is where the nuclear stopping is most important.
It extends from about 0.1 keV up to about 10 keV. The contribution from
nuclear stopping at higher energies is very small (by a factor of
approximately 1/3600 smaller than electronic energy loss) but persistent. Its
importance should not be neglected because it is responsible for radiation
damage by collisional processes.
In Region II in Figure 2.3 the stopping cross section is proportional to
the velocity of ions. The ion velocity is lower than the orbital electron
velocity and the inelastic collisions taking place are called slow collisions.
The ion behaves as if it was moving through a sea of electrons. The region
extends up to about 0.25A MeV. During the 1950fs and 1960's Lindhard and
co-workers develcped the so-called LSS theory (named after Lindhard,
Scharff and Schiett) which was a unified theory of the stopping of all
atomic species for energies up to the peak in Figure 2.3 (where the ion and
3

Studying a wider energy range, there are more regions to describe. At about 1
GeV the stopping starts to rise again because of relativistic effects.
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electron orbital velocities are comparable) (Lindhard and Scharff, 1953;
Lindhard, Scharff and Schiett, 1963). Originally the LSS theory could
predict the range of ions in solids within a factor of two, which was a
significant breakthrough at that time.
In Region III (the so-called Bethe-Bloch region) in Figure 2.3 the
velocity of the projectile is much greater than the mean orbital velocity of
the atomic electrons. The interaction can be described using the theory of
Niels Bohr (1913), assuming that scattering occurs in a central-force field.
This leads to a stopping that decreases with increasing velocity of the
projectile (e~ir2) and is proportional to Z j . An expression for this, based
on quantum mechanical calculations, is the so-called Bethe-Bloch formula
(Bethe, 1930; Bloch, 1933), which describes dE/dx beyond the maximum in
the curve (see Fig. 2.3):

dxJc

L,

e2 = -P—

(2.16)

where L is called the stopping number and is given by

where the energy / is an average over the various excitations and
ionisations of the electrons in a target atom. Bloch showed through
quantum mechanical analysis that / = KZ2, where K is named Bloch's
constant and determined empirically («10 eV).
One reason for that Bohr's theory does not hold for heavy ions in
Region II is that the average positive charge of the particle decreases as the
energy becomes lower. Determining the effective charge of a partially
stripped ion is one of the major problems to solve in stopping theory.
Putting together the slow and fast stopping, results in a curve in which
stopping as a function of projectile energy has a maximum that corresponds
to the border between the two regimes.
Figure 2.4 shows the stopping power in GaAs and Si for various
projectiles. Experimental results and numerical computer calculations
during the last decades have improved the matters further. Today, the
accuracy is probably better than 2 % for light, high-velocity ions and only
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worse for heavy, medium-energy ions. For the latter the uncertainty can be
as high as 15 %, which is one of the major problems in using recoil
spectrometry as it is described in this thesis. However, further experimental
results should bp able to increase the accuracy also for heavy, medium energy ions like e.g. 77 MeV 127 I.

(a)

Cl
200

300

400

Energy (MeV)

(b)

20

30

40

Energy (MeV)
Fig. 2.4. The stopping power in GaAs and Si for five particles, (a) heavy
ions, (b) light ions.
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The findings regarding stopping for up to 10 MeV/amu were
summarised in 1985 by Ziegler, Biersack and Littmark (ZBL). They presented
a number of useful semiempirical algorithms and computer codes for
calculating stopping and ranges of ions in materials. In the work presented
in this thesis, the STOP-code, which is based on the Kitagawa-Brandt
formalism has been employed extensively for various calculations involving
stopping cross sections. The TRIM code (Biersack and Eckstein, 1984),
another widely spread code presented by ZBL, performs Monte Carlo
simulation on ions penetrating an amorphous solid.
In compound materials the stopping cross section very closely follows
Bragg's rule of linear additivity One reason for this is that the chemical
bonding has a vanishingly small effect on the electronic stopping. To
calculate the stopping cross section for a compound made up of the two
atomic species A and B one simply adds the two stopping cross sections and
takes into account their relative abundances.
A
£

mBn

=m£A

+n£B

(2.18)

2.4 Straggling
In Chapter 2.3 it was described how a charged MeV-particle that
traverses a solid undergoes a large number of interactions with the target
electrons. Because of the discrete nature of these processes they are of
course subject to statistical fluctuations. The result of these, is that identical
particles with the same velocity hitting a solid under exactly the same
conditions have different ranges and that, if the solid is very thin, the
particles have different velocities after penetrating the target. This
phenomenon, which is called energy straggling, sets the limit regarding the
depth resolutions that are obtainable with RS. As a consequence, depth
resolution degrades with increasing depth.
Niels Bohr in 1949 published an expression for straggling (so-called
Bohr straggling). The energy distribution of monoenergetic particles after
passing through a thin foil is approximately Gaussian, with a standard
deviation Q&, where the subscript B denotes straggling according to the
Bohr formula. By using the same classical considerations that led to the
expression of the rate of energy loss of a charged particle (and thus of
stopping cross section) Bohr derived an expression for
(2.19)
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The product Nt is the areal mass density of the target and is a measure
of the thickness of the film. QB> is actually the variance of the energy loss
distribution and strictly one must encounter a sufficient number of
scattering centres to achieve a statistical equilibrium (Besenbacher et al.,
1980). One sees clearly that heavy projectiles are subject to more straggling
than light projectiles, due to Zj dependence. A comparison of the
straggling for various particles and targets is shown in Table 2.1.
Table 2.1 The Bohr straggling for monoenergetic particles after their
penetrating a thin film (= 100 nm of GaAs) of common semiconductor
materials . Note that the FWHM is 2.35xflB.
Projectile and
charge
4He,
4He,
4He,
35C1,
35C1,
35C1,
1271,
1271,
1271,

2
2
2
17
17
17
53
53
53

197Au, 79
197Au 79
197Au, 79

Targetmaterial
Si
GaAs
InP
Si
GaAs
InP
Si
GaAs
InP
Si
GaAs

InP

Bohr straggling after penet- Bohr straggling after
rating 4.4 lOl 7 atoms/cm2 penetrating 100 nm
«B (keV)
CIB (keV)
2.5
2.7
3.8
3.8
3.8
3.6
23
22
33
33
33
31
67
72
102
102
97
102
107
101
152
152
152
144

In practice some orbit electrons will have velocities higher than the
projectile velocity and variations in the projectile charge state complicate
the picture. Besenbacher et al. (1981) have collected data that show that
straggling for heavy ions is considerably less than the Bohr value (Q^ is
typically a factor of 1 to 5 smaller than Qjfi-y Thus the Bohr values stated
here should be regarded as a conservative upper limit.
2.5 Quantitative Analysis
As was stated previously, Equation 1.1 forms the basis for quantitative
ion beam analysis. Below follows a brief derivation of the determination of
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the relative abundance of the two atomic species A and B in a compound
matrix A m B n , which is a commonly encountered problem. If the height of a
single element spectrum is denoted as H and the angles of incidence and
exit (aand f$) are defined as in Figure 1.2, Equation 1.1 can be written as
follows:
N

HA

A

T

A

dO

A

(EI

öaQpA

~~^^~~dö~

{EoUT

The subscript A denotes that the entity in question refers to the recoil species
A TA is the thin slab of the sample from which A-recoils with energies in the
energy-interval AE arise. dörA (E/#) /dii denotes the differential recoil
cross section at the projectile energy E/N- E/N is the energy of the projectile
immediately before scattering at the depth in the sample corresponding to
the energy interval in question. 8Q is the solid angle spanned by the
detector. PA(EOUT) is the efficiency of the detector system for the A-recoils
at the energy EOUT, which is the energy that the recoils have when they
reach the detector system.
A very useful entity is the stopping cross section factor described by
Chu, Mayer and Nicolet (1978) for RBS. The stopping cross section factor
for A-recoils in a matrix consisting of A- and B-atoms in the mean energy
approximation is:

A is the kinematic factor for recoils as defined in Eqn. 2.4. &IN is the mean
energy of the projectile along the ingoing path and E0UT is the mean energy
of the recoil along the outgoing path. The stopping cross section factor has
the same unit as the stopping cross section. (One has to be careful not to
mix entities with units calculated per atom and per molecule). By using the
stopping cross section factor, the number of A-atoms per unit area in the
slab with thickness TA, can be written as:
NA = - %

(2.22)

By substituting NATA in Eqn. 2.20 and by referring to the number of pulses
in the energy interval AE in the spectrum as an area, AA, one obtains.
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Using this equation one can determine the ratio of the abundances of the
two atomic species A and B from a homogeneous target.

m

'darB{EIN))
—Jn—
U

_ AA \

"

I^1AB

) tä-B h V£\A-gä

n(2.24)
9dx

r
Since ratios like this are frequently determined, a spreadsheet
program, EXCEL, has been employed in the work described in this thesis to
speed up calculations. This also provides the user with a good overview of
the parameters that are included in the calculations and allows estimates of
the influence of uncertainties of certain parameters to easily be obtained.
Some information is fed to the program (such as, the number of counts in
the spectrum, the energy calibration, the energy of the incident particle and
the stopping cross section) from which it calculates scattering cross sections,
stopping cross section factors and finally the stoichiometric coefficient
(even for compounds with more than two elements). In order to increase
the accuracy, the incident particle energy and depth scales are calculated
numerically, using a computer code based on an algorithm in which the
energy of the projectile (and subsequently of the recoil) is calculated in a
layer by layer basis. In each step, the energy loss is calculated using the
STOP-code (see Chapter 2.3). This program is called REC (Recoil Energy
Calculation) and is written in FORTRAN-77. When REC is employed, the
main contribution to the uncertainty of the concentration results (assuming
good counting statistics) is the uncertainty of the stopping cross section,
which can be as large as 15 % for heavy ions (Ziegler JF, Biersack JP and
Littmark U, 1985).
The depth scale can also be extracted from REC as a function of recoil
energy. Another, non-numerical, way to obtain a good estimate of the
depth is to use the stopping cross section factor and solve Eqn. 2.22 for t,,
where AE is taken as the energy difference between recoils from the surface
and recoils from a depths,.
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2.6 Radiation Damage
In RS a sample is typically irradiated with a dose of about
atoms/cm2. This dose is usually too low to induce any changes in the overall
elemental composition of inorganic solids. Some of the GaAs samples
described in paper II, III and IV have been analysed for three times and yet
show no change in the recoil yield. However, some elements in labile
materials are likely to be lost from the sample. Hydrogen is especially
sensitive and is likely to be lost from near-surface regions.
Irradiating a semiconductor sample with MeV heavy ions usually
deteriorates (or drastically changes) the electrical qualities of the material.
The damage is due to atomic displacements and to broken bonds. Sample
heating may lead to loss of volatile elements. Using 1 nA of 77 MeV 127T o n
GaAs, for example, puts a heating power of 77 mW on the sample
(neglecting the energy transferred by the recoils and by other particles that
escape from the target). This heat needs to be transported away from the
irradiated area which is easily done when the specimen is a conductor or a
semiconductor. Heating is usually only a problem when one works with ion
implantation, where beam powers may reach tens of watts. Ion
implantation is a very common technique to introduce dopant atoms into
GaAs. The damage that is caused by the ion beam calls for annealing after
implantation. For GaAs, anneal temperatures of 900 °C and above have
been found to be necessary to decrease the number of defects to a
reasonable level.
Another problem, encountered mainly in ion implantation (but also to
some degree in RS), is that part (or all) of the sample may be amorphorised.
For implantation, this effect is reduced if the implantation is conducted with
the sample heated to about 150-200 °C. It is possible to design a target
holder for RS that provides either heating or cooling of the target as
necessary.
For the work here, MeV ion sputtering is usually not a problem (see
also Chapter 6.4). Collisional sputtering is mainly associated with the
nuclear energy loss and thus has a maximum at about 0.1-10 keV. The
collisional sputter yield for MeV ions is usually a factor of 103-104 less than
for keV ions. Electronic sputtering which can give rise to large sputter yields
for MeV ions is not anticipated to be significant within the scope of this
thesis because it is restricted to dielectric materials.
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3. Recoil Spectrometry - Different Techniques
Many textbooks and review articles (e.g., Bik and Habraken, 1993;
Baglin, 1992) refer to experiments in the 1970's performed by L'Ecuyer and
co-workers (L'Ecuyer et al., 1976; L'Ecuyer et al., 1978) as being the start of
RS (ERD) in applied science. The first RS (ERD) measurements made use of
an energy detector with a stopper foil (typically 10 urn Mylar) in front of it
(Fig. 3.1) (Turos and Mayer, 1984). Over the last ten years a large number
of different techniques for making use of recoiling target atoms have been
developed. The most important of these are described in the sections below.
Projectiles

^ ^

Target

Recoiling target atoms

Scattered projectiles'

Stopper foil to stop
scattered projectiles

Detector

Fig. 3.1. Schematic illustration of the experimental set-up for stopper-foil
RS.

A large number of acronyms and names are to be found in the IBAworld. In this study I will mention a number of "old" acronyms (Appendix
H) but will try to likewise make use of names and acronyms that have been
suggested recently (Whitlow, 1992) and which accord with the naming of
different types of SIMS measurements. An overview of this is presented in
Fig. 3.2.:
All techniques where the distributions of recoiling target atoms from
elastic and inelastic scattering is used to characterise matter are covered by
the generic term RECOIL SPECTROMETRY (RS). This covers a wide
variety of different methods. One may then subdivide these methods
according to either the parameters measured (e.g. mass and energy
dispersive RS), or the type of detection configuration used (e.g. AE-E RS,
ToF-E RS, stopper foil RS, etc.)
In literature Elastic Recoil Detection (Analysis) (ERD(A))-as well as
various permutations and combinations of this (ERA, HIERD etc.) has been
widely used, especially for hydrogen analysis using stopper-foil RS. This
terminology is probably adequate where only detection of recoil atoms is
needed. However, because the term "detection" just means registration of
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MeV - Ion Beam Analysis (IBA)

\

RBS

Recoil Spectrometry
(RS)
\

Ineleastic

Elastic

PIXE

PIGE

Ineleastic Recoil Detection

Elastic Recoil Detection (Analysis)
(ERD/ERDA)

\
NRB

Monodispersive
detection methods

Multidlspersive
detection methods

Energy dispersive-RS
Stopper foil-RS

Mass and energy dispersive
measurements
Time of Flight - E detector
telescope
Magnetic spectrometer
Electrostatic analysis
Coincident detection
methods

Atomic number and energy dispersive
Measurements
AE-E detector telescope
Pulse shape discrimination

Position and energy
dispersive methods
Wire chamber detection

Fig. 3.2. An overview of the relationship between various types of RS and
other IBA-techniques.

an entity, ERDA is really inadequate to describe sophisticated single and
multi-dispersive measurements such as covered in this thesis. Moreover,
RS is not restricted to elastic recoils. It is quite possible to make use of
inelastic recoils from specific nuclear reactions for materials analysis.
The reader should, however, recognise that the somewhat misleading
term ERD(A) has become so established that it may well represent standard
terminology even the future.
3.1 Choice of Projectile and Energy
A number of factors govern the choice of projectile species and energy.
The main factor is often the accelerator available. One is often restricted to
a single or a few projectile ion species, limited energy range and a rather
short time for the experiment. The list of other factors involved can be
made very long. However, the following is a list of some of the most
important ones.
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• The mass and composition of the target.
• The elements of major importance in the target.
• The detection limit of the elements of interest.
• The time that can be spent per sample.
• The radiation damage that can be inferred.
• The necessary depth and mass resolutions.
• The accessible depth.
For a given experimental set-up there exists an optimum choice of
beam energy and mass in order to optimise such aspects as the mass
resolution for a certain mass. Döbeli et al. (1994) have shown that when
using a ToF spectrometer in heavy ion RBS it is well worth optimising the
beam parameters. They also concluded that, since the energy straggling
increases with projectile mass, it is not always better to use heavy ions to
improve the depth resolution. Heavy ions in RS and RBS have their main
application in the analysis of very thin films. This is also supported by range
considerations. The total range for various ions in GaAs is given in
Appendix E.
Many accelerators that are currently used for ion beam analysis were
only a short while ago solely in "pure" nuclear physics. The study of the
innermost structure of matter has moved over the years to accelerators of
increasingly higher energy. Much of today's "pure" nuclear physics is
performed in large international collaborations at governmental research
centres. The electrostatic accelerators that were employed in basic research
previously are now being used to a large extent in applied research making
use of IBA. IBA users have broadened the utilisation of accelerators so that
also persons working in such areas as medicine, biology, archaeology,
geology frequently employ IBA in their research.
A discussion of the influence of the projectile's mass and energy on
recoil mass resolution is given in Chapter 4.2.
3.2 Stopping Foil Techniques
The experimental equipment used originally was very similar to RBS
but with the detector placed in forward direction. The important feature is
that the scattered projectiles are filtered away, using a so-called stopper
foil in front of the detector. As was discussed in Chapter 2.3, stopping
power increases with increasing atomic number of the projectile. This
means that, for example 3 MeV He-ions (and heavier ions) can be stopped
using a 15 \im thick Mylar foil, whereas hydrogen atoms penetrate the foil
and can be detected. One drawback to using this routine is that the energy
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resolution (and thus the depth resolution as well) decreases because of the
straggling of H-atoms resulting from penetrating the stopper foil. The
inevitable thickness variations in foils also contribute to the degradation of
the energy resolution.
L'Ecuyer and co-workers in 1976 employed 35 MeV 35C1 as projectiles
in order to study light elements (especially Li) that are heavier than He.
They employed 5-7 urn thick Ni-foils in order to stop the Cl-ions.
Another way of using this technique is to sequentially repeat the same
measurements with several different stopping foils. By comparing the
various spectra it should be possible to deconvolute the single spectrum for
each element in the sample. If N elements are present in the sample, N+l
different stopping foils need to be employed (Whitlow, personal
communication).
3.3 Elastic Recoil Coincidence Spectroscopy
This name was suggested by Hofsäss et al. 1990 (see also Hofsäss,
1991) for a technique where He+ ions of at least 2 MeV are incident on a thin
target, typically 2 ^im thick, and the energies of both forward scattered He
ions and elastically recoiled light atoms are detected in coincidence, using
detectors that subtend large solid angles. The concept of this technique is
based on scattering recoil coincidence spectroscopy (SRCS) as proposed by
Chu and Wu 1988 (see also Chu, 1989). The technique has a high sensitivity
for profiling light elements ranging from H up to O. The technique is
preferably applied to profile light elements in a heavier matrix and in cases
where a low beam current (< 1 nA) or a low ion dose is required to reduce
damage, e.g. to study polymer samples, or for microbeam analysis.
Various geometrical configurations are possible. The configuration
best suited for measurements in order to profile light impurities ranging
from B up to O is the forward scattering and forward recoil configuration
with scattering angles 0 around 70° and recoil angles (f> around 50°
Since the pair of energies ^specifies both the depth at which scattering
has taken place and the mass of the recoiled atoms, well defined scattering
and recoil angles are no longer required. Thus the detector solid angle can
be increased within practical limits so the counting statistics of the
experiment can be increased significantly without degrading depth
resolution.
Another fairly common way of measuring the scattered particle and
the recoiling target nucleus is through hydrogen profiling using a proton
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beam. The two protons leaving the reaction are detected in coincidence at
45° (Cohen et al. 1972; Hult and Themner 1990).
3.4 Recoil Spectrcmetry Using AE-E detectors
In many (most) recoil applications of terrestrial material one is dealing
with elements in natural atomic abundances. It is unnecessary therefore, to
determine the depth profile for each isotope. Using gas AE detectors in
conjunction with an energy detector, one measures the stopping of the
recoil. From what is presented in Chapter 2.3 follows that the stopping is
proportional to Z (the atomic number of the projectile) which means that
the energy deposited in the AE detector is chiefly determined by the recoil
atomic number. It also follows from the Bethe-Bloch formula that AE is
weakly dependent on recoil mass number. Except for the very lightest
isotopes such as gLi and 3U this difference is too small to be recorded by
conventional AE detectors.
The AE-E detector telescope has the advantage that it is compact and
can thus easily subtend a large solid angle. The influence of the kinematic
spread on the energy-resolution, however, has to be taken into account.
The entrance window to the detector, will also contribute energy loss and
increased straggling.
Stoquert at al. (1989) have shown that it is possible, when 170 MeV 127I
is used as projectile, to study separately Ga and As to a depth of 400 nm
using a AE(gas)-E(solid) detector telescope.
The detector telescope can be made still more compact if solid state AE
detectors are employed. Recently, ultrathin AE detectors with thicknesses
down to about 10 \xm have become available. This is still too thick for the
applications presented in this thesis (see Appendix E). Such detectors are
useful, however, in applications in which there is very limited space in the
detection geometry. They could find applicability for constructing detectors
of large solid angle made up of a number of detectors arranged on a conic
surface (in order to minimise kinematic spread).
3.5 Recoil Spectrometry Using ToF-E detectors
There are various designs of ToF-E detector telescopes. The most
common type of time-zero time detector consists of a very thin carbon foil
(~5 ng/cm 2 ) which recoils penetrate. The secondary electrons that are
promptly ejected from the foil are guided towards one or two
multichannelplates (MCP) by either an electrostatic or a magnetic field.
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In some systems, a time-zero detector starts a time-to-amplitude
converter (TAC) which is subsequently stopped by the time signal from the
energy-detector. The temporal response of most energy detectors,
however, is dependent upon the recoil species due to plasma delay,
discriminator walk the charge state of the recoil. Moreover, the temporal
response is often dependent on where on the detector surface the recoil was
detected due to transit time effects. The time-resolution of a ToF-E system
can be increased by employing two carbon foil time-zero detectors to
measure the ToF and using the energy detector for energy measurement
only (Thomas et al., 1986; Whitlow, 1990a). The solid angle need not be very
much smaller for such a system since the flight path between the second
time detector and the energy detector can be made very short (e.g. 25 mm in
the case reported in Chapter 4.2). A time resolution of 200 ps has been
reported and is more or less independent of recoil species. Another
advantage is that if electronics have low timing walk there will be an
almost perfect linear relation between ToF and channel number (see, e.g.,
Fig. 3 in paper VI). The small departures from linearity are chiefly
associated with energy loss effects in the carbon foils.
3.6 Recoil Spectrometry Using Pulse Shape Discrimination
Another way of getting around the problem with straggling inferred
on the recoils when using stopper foils is to employ pulse shape analysis of
the signal from the detected ion (Klein et al., 1994). Since there is no need
for a stopping foil, it is not necessary for the projectile to be of higher mass
than the recoils of interest. This means that lighter ions, such as He-ions,
can be employed as projectiles, which causes less beam damage.
An ultrathin silicon detector (e.g. 7 \im) should preferably be employed
in order for the scattered He-projectile to penetrate without depositing all
of its energy, thus making it possible to discriminate the He-ions in the
energy-spectrum in some applications even without pulse shape analysis,
such detectors are not yet readily available. However, successful results in
using low-resistivity detectors operated at low bias voltages for a thin
active (depleted) layer have been reported (Klein, Rijlen, Tolsma and de
Voigt, 1994).
Amsel at al. (1992) have reported successful pulse shape discrimination
between protons and a-particles using a thick detector in which the
depletion layer (active volume) can be made very thin, and Klein et al.
(1994) have reported experiments in which selectivity between a-particles
and C-ions has been obtained. Note that when using this technique one is

25

restricted to discriminating a few (two) atomic species, which restricts the
applicability of the technique.
3.7 Recoil Spectrometry Using Magnetic Spectrometers
Measurement of recoil momentum can be carried out using a magnetic
sector analyser. However, these instruments are somewhat large and
quantitative analysis with them requires that the charge state distribution
be known. Their major advantage is the high energy resolution that can be
obtained. Recently, Dollinger reported on a magnetic spectrograph
containing one quadrupole followed by three dipole sector magnets, with
which a relative energy resolution of 7xlO~4 could be achieved (Dollinger,
1993). By using a silicon or gas-ionisation detector to determine the particle
energy in conjunction with the magnetic spectrometer (where the
momentum is measured) a mass and energy dispersive system can be
constructed.

4. Mass and Energy Dispersive Recoils Spectrometry
Using the KTH TcF-E Detector System
4.1 The KTH ToF-E Detector Telescope
The detector system employed in all the studies presented in this thesis
belongs to the Royal Institute of Technology (KTH = Kungliga Tekniska
Högskolan) in Stockholm. The detector was designed by Dr. Harry J.
Whitlow and is shown in Figure 4.1. It consists of two carbon foil time zero
detectors with a flight path between them that can be varied from 213.5 mm
and higher. The drift length can be varied by means of interchangeable drift
tubes that separate the time detectors. In the present work four different
flight lengths were used. Table 4.1 presents the solid angle and the angle
covered by the energy detector when the telescope is connected to the KTH
scattering chamber at The Svedberg laboratory in Uppsala.
Table4.1 Geometric data from the Uppsala RS set-up4.
Solid angle
Flight length
Kinematic spread for ^As
when Mi=127.
(%)
(sr)
(mm)
(deg.)
0.142
0.82
1.34
213.5
0.62
1.01
0.108
437.5
0.082
0.47
0.77
738
0.069
0.40
0.65
961
4

The detector aperture can be either circular or rectangular.
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KTH - Recoil Spectrometry System at ANTARES
Sample Mounted
on Goniometer
Scattering Chamber

Collimator
/

127

I 64-91 MeV

Ion Beam from
Recoil TOF-E
Telescope

Accelerator
Evacuated Beam Line

Fig. 4.1. The KTH ToF-E detector telescope for RS as it was mounted at the
ANTARES accelerator in Lucas Heights. (After H.J. Whitlow)

The energy detector is placed 25 mm behind the second time detector
and can be of various types. Silicon surface barrier detectors have been used
with good results. However, various photodiodes have been employed
recently since they yield the same resolution but for a much lower price.
Moreover, they are more reliable because they do not suffer from the
troublesome "pump-out syndrome" (this is believed to be associated with
removal of oxygen or OH-groups from the Au/Si interface). Ion-implanted
silicon p-i-n photodiodes from SiTek and Micron have been employed
successfully.
The two carbon foil time zero detectors are based on the design by
Busch et al. (1980). Figure 4.2 shows a schematic drawing of the time
detector design. The carbon foils employed were usually 5 ng/cm2 thick
(2.7xlO17 atoms/cm 2 ), which contributes very little to straggling and to
energy loss. Electrons ejected from the foils are directed towards the
multichannel plates by an electrostatic mirror-potential, so that the electron
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trajectories are isochronous and almost independent of what spot on the
foil the recoil hits. The electrostatic field is produced by applying various
voltages to three nickel meshes that each have a transparency of about 96
%. The total transparency of the detector telescope is about 75 %.
Mirror electrode
(-6.6 kV)

5 - 30 MeV
recoil

Carbon (oil ( 5 ngcm'2)
( -4.4 kV )

Field-free region
(-2.2 KV)
Channel plate
electron multipliers

so a

10 mV

50 a coaxial cable

500 ps

Fig. 4.2. Schematic drawing of the time zero detector used in the KTH
detector telescope. (From Whitlow, Jakobsson and Westerberg (1991))

4.2 Time, Mass and Energy Resolutions
The time resolution for the detector telescope, using the time detectors
described in the previous section, has been measured to better than 200 ps
with use of an a-particle source (Whitlow, private communication). It is
assumed that a major limiting factor is the charge collection on the
multichannel plates (MCP). In accordance with this, one way of increasing
time resolution would thus be to use smaller MCP.
It has been shown by Whitlow et al. (1991) that the principle limiting
factor in the mass resolution of the system described here and similar
systems is the energy-resolution of the energy detector. This determines the
mass resolution, since the mass (M) of a recoil is calculated from ToF (T)
and from the energy (£) ADC conversion results using the formula:
(4.1)
where To is a constant that varies with mass and adjusts among other
things for electronic delays and C is a constant chosen such that the mass
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scale spans a well defined region. Thus, the mass resolution is dependent on
both the time and energy resolution. When using projectiles in the range
0.1 A - 0.5A MeV in conjunction with the KTH telescope it is the energy
detector that sets the mass resolution, also when a short flight length is
employed.
Whitlow, Jacobsson and Westerberg (1991) have considered in detail
the factors governing the resolution of ToF-E detector telescopes. The
uncertainty in energy depends mainly on
• Detector energy resolution (varies with recoil species)
• Straggling in carbon foils
• Thickness variations in the carbon foils
The contribution to the uncertainty in time is associated mainly with
• The time resolution of the time detector pair
• Velocity spreading associated with straggling in the carbon foils
• Velocity spreading associated with thickness variations in the
carbon foils
The mass resolution is also dependent on variations in the timed flight
length that arise from
• Variations in path length for those trajectories that are
accepted by the telescope
• Misalignment of the carbon foils
• Multiple scattering in the carbon foils.
The influence of time resolution on mass resolution can be expected to
increase as the recoil energy increases because higher energy recoils move
more rapidly. On the other hand, the influence of the energy resolution on
the mass resolution can be expected to decrease with recoil energy. For any
specific set-up and recoil mass, one can expect a minimum to appear in a
curve of the mass resolution as a function of recoil energy . This has been
shown to be the case for 12C and 31 P recoils and for scattered 81Br, using a
flight length of 437.5 mm (Whitlow, Jakobsson and Westerberg, 1991). In
order to increase the mass resolution, one should choose a projectile energy
so that the recoils have an energy corresponding to the above minimum.
The flight length can then be increased up to the point where the solid angle
becomes so small that the time (and dose) per sample becomes a limiting
factor. A significant drawback of turning to higher energies is the resulting
decrease in the recoil cross section (~E"2). If, e.g., ^7\ j o n s o f 400 MeV
instead of 50 MeV (as employed in parts of this work) were to be used, the
recoil cross section would be a factor of 64 smaller. The velocity of the
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recoils would go up by a factor of 2.8, so that the flight length would need to
be longer. Doubling the flight length reduces the solid angle by a factor 4.
The loss of yield could be compensated for by an increased beam current,
which may not be feasible due to beam heating, charge state distribution or
radiation hygene considerations. The consequence of this is an increase in
analysis time of 100-300 times longer when 400 MeV as compared to 50
MeV. If 15 minutes is adequate for 50 MeV 127j/m e n 25-75 h. is necessary to
obtain the same counting statistics using 400 MeV 127 I.
4.3 Detection Limits
The detection limit depends strongly on recoil species, matrix and
other factors. A general rule is that depth profiling is possible down to
concentrations of about 0.2 at.%. The detection limit is higher for lower
mass elements because of detection efficiency and recoil cross section.
Recoil efficiency (neglecting the constant 75 % transmission through the
telescope meshes) is nearly 100 % for 27A1 and heavier masses. For 16 O it is
about 80 %. The efficiency for *H is close to zero but a significant signal
from lH has been detected in analysing plastic foils with high H-contents
using a 35 MeV 35Q-beam. The recoil cross section, as mentioned earlier, is
proportional to Z\, which also accounts for the improvement in detection
limit with recoil mass.
The detection limit5 has been determined for a few special cases listed
in Table 4.2. The values are not based on measurements where the detection
limit was optimised, so the values should not be regarded as definitive.

Table 4.2 The detection limit of ToF-E RS using
the KTH-recoil detector telescope for a few cases.
Element
12

C
N
16O

14

5

Matrix
GaAs
Si
Si

Det. Limit
(at./cm 2 )
~10 13
~10 15
-5x10*4

Projectile
60 MeV
48MeV8lBr
48MeV8lBr

Defined as 3^NB (or at least 10 counts), where NB is the number of
background counts.
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4.4 Examples on Suitable Applications
As previously indicated, a great advantage of mass and energy
dispersive RS is that it allows many elements (isotopes) to be depth profiled
simultaneously. A good example of this is the study of thin film
CuInSe2/Mo solar cells deposited on soda-lime glass. Figure 4.3 shows a
contour plot of the recoil data from a solar cell plotted as a mass-energy
histogram. One can distinguish 9 elements (C, O, Na, Ca, Cu, Se, Mo, In
and I) which allows the user, when examining these plots, to quickly obtain
an overview of what processes may have taken place.
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Energy (Ch. no)
Fig. 4.3. M-E contour plot from an analysis of a solar cell composed of
CuInSe2 on soda-lime glass, analysed by use of 77 MeV 1 2 7 I as projectiles,
(a) High mass region, (b) Low mass region (with expanded z-scale).
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Another example of the technique's multielemental capabilities is
shown in Fig. 4.4. for the case of a SIMOX(= Separation by IMplanted
OXygen) structure implanted with nitrogen ions and subsequently
annealed. Evidently the nitrogen has segregated to the buried Si/SiO2
interfaces. Careful analysis of this data revealed the interfaces were not a
sharp as for thermally grown oxides, indicative of interfacial roughening
(Whitlow et al., 1988; Whitlow, 1990a).
Nitrogen segregation
to Si'SiQ, interlaces

/

\

Surface

Fig. 4.4. Isometric view of the
sorted mass energy matrix from
an ion beam synthesised
oxynitride structure. The thick
solid line indicates the energy
corresponding to the surface.
(From Whitlow et al., 1988)

In the solar cell case, several of the lighter elements were of particular
interest. Here RS is particularly useful. Another example in which light
elements are of interest is where O is an impurity in SixGei-x structures.
Figure 4.5 shows recoil data acquired in the same manner as the solar cell
data. Extracting the oxygen signal yields a spectrum (Fig. 4.6) from which
the oxygen concentration can be calculated.
Germanium (Ge), because of its many stable isotopes (Table 4.3), is an
element that represents a challenge in RS.
Table 4.3 The stable isotopes of germanium.
Mass number
Relative isotopic
Surface recoil energy;
abundance (%)
Mi = 127, E o = 77 MeV (MeV)
(amu)
35.277
20.52
70
27.43
35.559
72
7.76
73
35.693
36.54
74
35.823
7.76
36.070
76
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Fig. 4.5. RS data from the analysis of a Si0 2 Ge0 g. sample analysed using 77
MeV H^l. (From Johnston et al., 1994. Printed with permission from
Elsevier Science BV.)
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Fig. 4.6. Simulation fit to the oxygen spectrum in the Si0 2 Ge0 g sample of
Fig. 4,5. (From Johnston et al., 1994. Printed with permission from Elsevier
Science BV.)
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Figure 4.7, showing the Ge signal from a Si x Gei- x sample, displays
clearly the problems connected with Ge depth profiling. The 5 isotopes are
not possible to separate using the energies employed in experiments
reported in this thesis. The edge of the Ge energy signal is very broad, due
to the influence of the different isotopes. l( the mass resolution does not
allow a mass separating power of 1 u, depth resolution will be very poor.
The energy difference between the surface recoils of 76Ge and 70Ge (793 keV
in the case described in Table 4.2) corresponds to a depth of 17 nm in a Ge
matrix for ^Ge recoils.

80

Mass (u)
Fig. 4.7. The Ge-signal from a SIQ 2 Geg g- structure projected onto the massaxis. It was analysed using 77 MeV ^ 7 I ions. The five Ge-isotopes have
been fitted to the data using Gaussians with fixed relative areas and
positions according to their naturally occurring abundances and masses.

The problem of the multi-isotope nature of Ge can be to some extent
alleviated by deconvolution of the signals with the mass resolution
function. A step in this direction is given in Paper VII which presents an
empirical equation for the mass broadening.
Ge is widely employed in contact structures on GaAs, together either
with Au or with Pd (Palmström, 1985). The temperature stability is poor and
there is a need to determine the interfacial reaction that takes place during
annealing at high temperatures. By using ToF-E RS with very high
energies, heavy projectiles, long flight lengths and long acquisition times,
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Fig. 4.8. M-E contour plot of a
Ni/InP-sample analysed with 77
MeV 127I ions.

ENERGY

Goppelt at al. (1992) showed that it should be possible to achieve the mass
separating power to separately profile Ga, Ge and As.
InP is a IH-V semiconductor material that is excellently suited to
analyse using ToF-E RS. Figure 4.8 shows a M-E plot of a Ni/InP sample.
The P-signals stands out very clear. In RBS the P signal would reside on a
large background from In and Ni.
Boron (B) is another element that is difficult to analyse either it is
present in Si or in GaAs. Fig. 4.9 presents a mass-projection of data from a
Si/CoSi2-sample (Zaring, 1993). The excellent mass resolution in the low
mass region permits separation of ^B from

Fig. 4.9. Data for a low
mass range projected onto
the mass-axis from the
analysis of a CoSi2/Si
sample analysed with 77
MeV 127j a s projectiles.
(Zaring, Ph.D thesis,1993).
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4.5 Future Developments
Despite the drawbacks of radiation damage and long analysis time
that were mentioned in Chapter 4.2, employing the detector is of interest
when high energy projectiles are employed. In order to minimise analysis
time, the detector can be modified so as to subtend a larger solid angle. It is
necessary, however, to do this without increasing the kinematical spread.
This can be done, for example, by using several detector telescopes
arranged at the same scattering angle but different azimuthal positions.
The flight length can be kept short if the time resolution is increased.
This can be done (as mentioned in Chapter 4.2) by using a time detector
design where the secondary electrons are focused onto small MCPs.
The detection efficiency for light ions is poor. It can possibly be
improved by using thicker carbon foils, although this causes greater
straggling. The straggling effect is more pronounced, however, for heavy
ions (&B~Zl)- A better alternative would perhaps be to use foils with a layer
of a material having a high electron emission coefficient.

5. Data Evaluation
In recoil spectrometry experiments involving only one detector, a
single multichannel analyser will suffice for data acquisition and data
evaluation requirements are relatively simple. The greatest problems occur
when signals from different elements overlap. Although the data can be
fitted and the concentration at different depths calculated, there are often
many solutions that fit a given spectrum. When multi-dispersive detectors
are employed, the data is less ambiguous but is more difficult to evaluate. At
present there is no single software flexible enough to handle 2-dimensional
data and to yield concentration profiles for all the elements in the sample.
Most recoil groups use software they have developed themselves and
have optimised for a certain type of problem. Below, some of the software
that was developed in the present study in order to evaluate data from the
KTH detector telescope will be described.
5.1 DORIS and RAP (Recoil Analysis Program)
DORIS6 was written in FORTRAN 77 and was developed originally
for off-line sorting of 2-D recoil data from a ToF-E detector telescope
(Whitlow, 1986). In the early stages of the thesis work, I did some
6

The name arose because it is a sister program to DORA (an RBS simulation
code developed by Sven Eskildsen) and to DIANA (a universal fitting code for
RBS and SIMS developed by Harry J. Whitlow)
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developments on DORIS. After various changes had been made, the code
was rewritten. The new code was called RAP (Recoil Analysis Program).
RAP, although developed from DORIS, was designed to handle data
from various data acquisition systems and to be suitable to the computers
employed at the Department of Nuclear Physics in Lund. It was
subsequently equipped with new tools, such as new graphics capabilities
and time-to-energy conversion (see Chapter 5.3).
The plotting package employed in DORIS, and in RAP as well, was
quite old and is no longer supported. In 1992 the need for a new evaluation
code was investigated. The program package that came to substitute RAP,
one named PAW, will be described next.
5.2 PAW (Physics Analysis Workstation) and TASS (Turbo Analysis
Support)
PAW is a powerful software package developed at CERN and
designed for high-energy physics users dealing with multiparameter data.
The extreme flexibility of the system was well suited for its application in
mass and energy dispersive recoil spectrometry. Users can easily satisfy
their specific needs concerning plotting, sorting, etc. by writing macros that
employ PAW routines and syntax.
TASS is such a collection of macros developed for the evaluation of
data from the ToF-E detector telescope. It can easily be employed,
however, for other types of recoil data, such as for AE-E detector data, for
example. TASS is evidently more powerful than RAP, due to the multitude
of routines that are available in the CERN library. Furthermore, the FAWcodes are professionally maintained and are available for a wide variety of
platforms (VMS, UNIX etc.), which facilitates the interchange of data and
macros when working at different institutes.
5.3 TTEC (Time-To-Energy Conversion)
In mass and energy dispersive recoil spectrometry it is possible to study
separately the signals from different recoil species. Once identification of
the recoil has been achieved, the list-mode data can be sorted again in order
to extract the data from a single element. Since the mass (M) of the recoil is
known, it is possible in such cases to calculate the energy (E) from the ToF
(T), using the classical formula,
^ ,

(5.1)
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where L is the timed flight length. One should bear in mind that in
transforming the ADC conversion results one is performing a substitution
of variables, the Jacobian factor has to considered and the yield multiplied
by it (Mendenhall and Weller, 1989).
dt = Jacobian factor
(5.2)
dE
dt

dE

mv
ml}

ml}
It1

IE

(5.3)

where m is the atomic mass of the recoiling species and t is the ToF in ns. In
the FORTRAN code TTEC (which is called upon from within PAW/TASS),
the time-to-energy conversion is performed according to the flow-chart
given in Appendix C.
Figure 5.1 shows the energy and time spectra for 59 Co. Figure 5.2
indicates the relation between ToF and energy for 59Co within the energy
and time interval of interest. When the time spectrum is plotted, by use of
Eqn. 5.1, with energy on the x-axis, the spectrum is distorted. Figure 5.3
shows that by multiplication with the Jacobian factor, the spectrum obtains
a correct shape and is closely similar to Fig. 5.1a.

Fig. 5.1. Recoil data for 59 Co
projected onto the (a) energyaxis and (b) time-axis.

Time-of-Flight
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5.4 REC (Recoil Energy Calculation)
In order to establish the depth in nanometres (instead of in MeV), it is
necessary to perform numerical calculations in which the energy loss in
small slabs of the sample is determined. This numerical routine is described
by Chu, Nicolet and Mayer (1978) for RBS, but it can just as well be applied
to RS. An important feature is the calculation of the stopping cross section,
which is carried out using the STOP code (see Chapter 2.3).
The depth can also be expressed in the atoms/cm2 unit. This unit has
the important advantage of obviating the need for knowledge of the
density. The latter can be very difficult to establish for some samples, for
example if inhomogeneous phase formation has taken place.
CO

Fig. 5.2. ToF vs. energy
"boomerang" for 59

30
Energy (MeV)

Fig. 5.3. Energy spectrum E(T)
for 59Co derived from the time
spectrum Fig. 5.1 b.
350

5.5 Calibration
During the first years of data evaluation from the KTH recoil telescope
(see papers I, II, III and V) the Formula 4.1 was used to determine the mass.
The main problem with this technique was that a different value of To was
needed for each isotope. In order to make the signals from one particular
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isotope lie along a straight line in a mass-energy plot (which is especially
important when dealing with interfering elements such as Ga and As) it
was also necessary to use different To values for different energies. These
deviations from straight lines are associated with non-linearities in the
silicon detector response function, something which is especially important
for heavy ions and high energies. Differences in stopping in the carbon foils
for various ions contribute to a lesser extent to variations in To • The
tedious calibration work of establishing correct To(M,E) values was much
facilitated by the development of the calibration procedure described in
paper VI.
A flow-chart of the new calibration procedure is presented in Appendix
D. A short summary follows here: First, the time calibration (time in ns vs.
time in channel numbers) is established. This is shown in Figure 3 in paper
VI. Secondly, a time-energy plot for a single isotope with known mass is
studied, the energy is determined (through calculations similar to those in
the TTEC routine) from the ToF for a number of small time intervals (see
Fig. 5, paper VI). Comparing the accurate energy values established using
the ToF data with the data obtained using a silicon detector, it was found
that a second order polynomial, where the coefficients varied linearly with
recoil mass, could correct for discrepancies. The calibration formula, which
uses six coefficients, c0 - c 5 , is,
E = (co+clA)

+ (c2+c-iA)X+(c4

+c 5 A)X 2

(5.4)

where X is the energy in channel numbers. Fitting of the coefficients was
done by setting up an equation for each of the n data points in X,A space. In
Paper VI n=53. The equation system was solved using a least squares
routine, which reduced the main problem to that of inverting a n x 6 matrix.
In addition to rendering straight mass lines for all elements in the
mass-energy plot, this new calibration procedure also offers the significant
advantage of establishing an accurate conversion of energy channel
number to energy in MeV.
5.6 Other Computer Codes
As mentioned previously, most laboratories working with recoil
spectrometry develop their own computer codes. There are a few codes,
however, that have been widely spread. The codes to be mentioned are all
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associated with the quantitative analysis of data obtained through thin film
analysis using NRA, RBS or RS. An overview is presented in Table 5.1.
Table 5.1. List of some of the most frequently used simulation programs in
chronological order. (From G. Vizkelethy, 1994. Printed with permission from
Elsevier Science BV.)
Author

Year

Ziegler
Eridan
Simpson
Kido
Doolittle

1976
1985
1984
1985
1985

Butler

1986

Vickridge
Vizkelethy
Guo
Steinbauer

1989
1989
1989
1989

Tirira
Marwick
Saarilahti

1989
1991
1991

Johnston
Wuest

1992
1992
1993

Kotai

Program
name
BASF
RUMP

Computer or op. Comment
system
Mainframe
Apollo DN320
VMS
VMS/UNIX/DOS

RBS
RBS
NRA
RBS, Channeling
RBS, ERD, Non-Rutherford,
fitting
RBS
ION-SCATT HP9000 Series 200
or 300
SPACES
Very narrow resonances
DOS
SENRAS
NRA
DOS
2DRBS
multiple scattering
TRBS
DOS/(Fortran
Source)
GABY
ERDA
DOS
(p,y) resonances
DOS
GISA
RBS,
ERDA,
NonDOS
Rutherford, Channelling,
fitting
NRA, fitting
ANALNRA DOS
ISOS
rough surfaces
RBX
RBS,
ERDA,
NonDOS
Rutherford, Channelling

A common method for evaluating data is to simulate the spectrum by
guessing the sample composition and generating a spectrum from basic
knowledge of the physics that is involved. The simulated spectrum is usually
convoluted, using e.g. the energy distribution of the ion beam and
straggling. The simulation obtained is compared with the experimentally
measured spectrum and a better model is then calculated. Using iterations
and non-linear fitting methods, it is eventually possible to come up with a
good model of the sample structure. This approach has the disadvantage
that if the signals from different elements overlap no unique solution to the
depth distribution can be determined.

41

This type of evaluation requires computing power which is available
on most PCs today, whereas only 10 years ago it was very expensive. As the
hardware develops and becomes both more powerful and less expensive,
appropriate software for ToF-E RS will probably also be developed,
making it possible to routinely take into account such complicated
phenomena as multiple scattering.
ANALNRA is a NRA analysis package developed at RMIT (Johnston,
1993). It is written for situations in which the incident and exiting ions are
isotopes of hydrogen and helium. This includes (p,ct), (d,p), (d,a), (3He,p)
and (3He,cc) reactions that are used for the analysis of many light elements,
including C, O, F and Al. The package optimises a suitably parameterised
distribution of up to five isotopes, using non-linear least squares fitting.
Of the computer codes listed in Table 5.1, only ANALNRA was
employed in the work described in this thesis. A special version of
ANALNRA has been developed for the quantitative evaluation of recoil
data. Recoil spectrometry can be considered to be a special case of NRA in
which the reaction can for example, be X(127I,X)127I and the Q-value 0. In
this way, the oxygen concentration in a Si x Gei- x layer was determined
quantitatively, using the oxygen signal shown in Figure 4.6.
Of the programs mentioned in Table 5.1, RUMP is perhaps that which
is the most widely used. RUMP was written originally to handle RBS
analysis that was performed using MeV He-ions. Lately it has been
developed further so as to be able to handle the non-Rutherford crosssections valid for MeV protons as well as for other projectiles (Doolittle,
1990). It should be possible (if it is not possible already) to employ RUMP in
the evaluation of elastic recoil data since the latter involves basically the
same process as that studied in RBS.
Another code that is frequently employed in the ion beam analysis
community is TRIM (Biersack and Eckstein, 1984) (see also Chapter 2.3),
which performs Monte Carlo simulations of ion beam interactions in solids.

6. "Competing" Techniques in Materials Science
Techniques that yield information similar to what recoil spectrometry
provides are referred to here as competing techniques. Included in this
category are mainly techniques that can yield a quantitative measure of
elemental concentrations at various depths. The sections that follow will
summarise some of these techniques briefly. The conclusion to be drawn
from this chapter is that the technique best suited to solve a certain problem
varies, depending on the sample and on the problem itself. Mass and
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energy dispersive recoil spectrometry using highly energetic heavy ions is
still not a widely employed technique. There are many examples of
applications, however, for which it is better suited to do the job than are
other techniques in use today.
6.1 Introduction
In materials science there is a great need for determining depth
profiles for various elements in various applications. Although high lateral
resolution is not always necessary, one sometimes needs to resolve each
monolayer of atoms. At first sight, numerous techniques seem applicable.
However, all techniques have their limitations. Below, an overview is
presented of the advantages and limitations of various techniques that yield
information of a type similar to that of recoil spectrometry. The choice of
technique is governed mainly by cost, availability and accuracy. All of the
techniques mentioned in this chapter can, of course, be regarded as
complementary techniques as well. If one has the possibility (time, money
and patience) to analyse a sample using different techniques that yield
similar information, one should certainly do so.
6.2 Rutherford Backscattering Spectrometry (RBS)
The concepts basic to RBS are presented briefly in Chapter 2. A sample
is irradiated with He-ions at about 2-4 MeV. The backscattered projectiles
are detected using an energy-dispersive detector (usually a silicon surface
barrier detector or a p-i-n photodiode). Projectiles backscattered from
heavy nuclei have higher energy than those backscattered from light nuclei,
the yield is then proportional to the concentration of the element in question
according to Equation 1.1. The slowing down process of charged particles
causes projectiles scattered from a depth to have lower energy than
projectiles scattered from the surface, making it possible to create depth
profiles. A typical RBS spectrum is presented in Figure 4 in Paper III.
RBS has become a standard technique for the routine analysis of
structures in microelectronics and in thin film materials research. There are
several reasons for this:
• Most samples can be analysed as they are, provided they can
withstand the vacuum.
• The accelerator need not be very large (1-2 MeV He + or He2+ is
sufficient).
• A high throughput can be obtained since typically each sample needs to
only be analysed for about 5 minutes.
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Many highly developed data evaluation routines exist(see Chapter
5.6).
The technique has been in existence for so long (about 3 decades) that it
is well established.
Excellent depth resolution (-2-3 nm) can be obtained using such special
techniques as the highly glancing incidence of the projectiles.
Through letting the ions penetrate the sample at a certain well defined
angle, the ions can be channelled. This gives the projectiles a longer
range and a lower backscattering yield per depth interval, allowing
studies of interstitials, for example, to be carried out.
The backscattering yield can be increased by using resonances in the
cross section. In order to study a certain element, e.g. O in a Si x Gei- x
structure (see Fig. 6.1), the energy of the projectile can be chosen such
that the O-signal will be detectable.
RBS does not suffer from the matrix effects normally associated with
the profiling techniques that use sputtering.
The fundamental unit of concentration obtained by RBS is that of
atoms/cm2. To convert the energy spectrum into a depth profile in nm
it is necessary to assume a density, which sometimes is difficult.
There are several microbeam RBS systems (with a lateral resolution of
about 1 urn). The light ions employed are useful for biological samples,
in which the cell structures are some 10 urn (Hult and Themner, 1990;
Hult et al., 1992).
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Fig. 6.1. Backscattering spectrum from Si(10 nm)/Si 0 6 Ge 0 4(100 nm)/Si
(1 0 0) sample using 3.05 MeV 4 He 2 + channelled along the [100] direction into
the Si substrate. The sample was the same as for Figs. 4.5 and 4.6. (From
Johnston et al., 1994. Printed with permission from Elsevier Science BV.)
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The major problems encountered when dealing with RBS are the following:
• The mass resolution degrades with higher mass.
• Low-mass elements in a heavy element matrix (e.g. P in InP) are
difficult to analyse because of their low cross sections as compared to
heavy elements.
• Signals from different elements are overlapping and yield ambiguous
results.
• The fitting of the energy spectrum can result in a number of different
solutions due to the overlapping of signals from different elements.
6.3 Heavy Ion RBS (HIRBS)
In order to obtain a better mass resolution for higher target masses,
heavy ions can be employed as projectiles. The mass resolution AE can be
expressed as:

{dM2
where SEdet is the energy detector resolution at the energy KEo- For some
particles the detector resolution is difficult to predict when SSB-detectors
are employed, the optimisation problem being quite complicated. One can,
of course, determine the energy resolution for various projectiles, but this
requires a great deal of work, at the conclusion of which the detector
characteristics may have changed. Time-of-Flight detectors are
advantageous for use, due to their linear response and predictable
resolution. It is clear, however, that the mass resolution for heavy targets
is better when heavy projectiles are employed. Figure 6.2 shows the HIRBS
analysis of a GaAs and Al x Gai- x As sample, using 30 MeV i 6 O as
projectiles. The accessible depth in the separate profiling of GaAs is limited.
In Figure 6.2 the As-signal is isolated down to a depth of about 140 nm,
where signals from 71 Ga start to interfere.
HIRBS shows many similarities with recoil spectrometry involving use
of heavy ions. Both techniques enhance mass resolution for the heavy
elements as compared with the lighter projectiles and both are restricted in
the accessible depth, due to their limited range and to the large straggling
inflicted on the heavy projectiles. The problem of radiation damage that
apples to RS when heavy ions are employed also applies here (see Chapter
2.6)
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Fig. 6.2. HIRBS spectrum from a GaAs sample analysed by 30 MeV ™O. (From
Östling and Petersson, 1984. Printed with permission from Elsevier Science
BV.)

The cost of running HIRBS need not be higher than that of running
RBS. In many applications, however, it is useful to employ energies that
only are achievable by use of accelerators of more than 3 MV.
6.4 Secondary Ion Mass Spectrometry (SIMS)
There is a large variety of techniques for performing mass
spectrometry; e.g. SIMS, SALI, LIMS, SSMS, GDMS, ICPMS (see the list
of acronyms, Appendix H). All these methods have in common that they are
destructive. Material is removed layer by layer from the sample and is
analysed in some sort of mass spectrometer. The material can e.g. be
eroded by either an ion beam (as in SIMS or SALI), a laser beam (as in
LIMS or SALI) or a glow discharge (as in GDMS). Traditionally, mass
spectrometers were large sector magnets that allowed a high mass
resolution to be attained. Today most mass spectrometer system are based
on smaller and less expensive quadrupole magnets.
The technique most frequently encountered in materials science
literature is SIMS. Surface layer removal is carried out using low energy
(0.5 - 50 keV) heavy ions (like e.g. O + or Ar+). The sputtered ions are
collected into a mass spectrometer, where they are separated in an energy
filter in accordance with their mass-to-charge ratios. They are subsequently
detected by an ion detector.

46

There are various modes of operation of a SIMS instrument. One use
to distinguish between dynamic and static SIMS. In dynamic SIMS a depth
profile is obtained by eroding the surface with an intense ion beam. The ion
beam is usually rastered over a certain area, although data is collected only
from the central part in order to avoid signals from the crater walls. In
static SIMS a less intense ion beam is employed such that material is
removed from the top monolayer of the sample only. Because the sputtering
is less violent, molecules are able to be sputtered, thus providing chemical
information regarding the surface. Static SIMS is sometimes used together
with XPS (see Chapter 7.2). A third mode of running SIMS is in the imaging
mode. The imaging resolution is typically 1 um
An important entity in SIMS is the sputter yield, Y. This is defined as
the ratio of the mean number of emitted to the number of incident particles.
It is strongly dependent on the chemical state of the matrix material and on
the incident ions; it varies over several decades (Sigmund, 1981). For the
ions and the energies of the incoming ion that are mostly used, Y varies
between 0.5 and 20. The huge sensitivity of sputter yield to the matrix
involved is a severe problem in quantitative analysis. It is also very difficult
to determine the ionisation probability, a+, which gives the ratio of the
number of ions of a given kind with a particular charge to the total number
of ions of that isotope. Well defined standards must be employed if reliable
results are to be obtained.
It is difficult, if not impossible, to apply SIMS to problems in which the
elemental composition changes so much that the chemical matrix changes
significantly down to the accessible depth. In these cases the matrix effects
tend to dominate, requiring that a method that is insensitive to chemical
effects be employed. The thin film structures described in paper II, III and IV
are very difficult to analyse with SIMS since several phases (more than
predicted by Gibbs phase rule) may co-exist due to the system being far from
a thermodynamic equilibrium.
A marked advantage of SIMS is that it enables a high depth resolution
to be obtained. Although this is very much dependent upon the matrix, it can
be said to vary between 2 and 30 nm. It is also possible to reach a high
sensitivity for trace elements such as dopant atoms in a semiconductor.
Detection limits within the range of ppb or ppt are possible to achieve.
6.5 Secondary Neutral Mass Spectrometry (SNMS)
In SIMS it is difficult in quantitative analysis to determine accurately
the ionisation probability, ot+. There are also difficulties in neutralising the
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ions before they reach the mass spectrometer. Electronegative or
electropositive ions on the target surface may neutralise ions that leave the
material. One way of getting around this problem and of thus making the
analysis a little less sensitive to matrix effects is to analyse neutral atoms
that leave the target. Since the mass spectrometer still requires ions, the
neutral atoms leaving the material have to be post-ionised. Ionisation here
can be achieved using either low-pressure high-frequency plasma excited by
an electron cyclotron wave resonance or high powered lasers.
6.6 Sputter Auger-Electron Spectroscopy (sputter-AES)
AES is a technique such as XPS (see Chapter 7.2) that only is sensitive
to the surface layer of a material (~0.5-10 nm). In order to perform depth
analysis, the material needs to be eroded away in a controlled manner,
layer by layer, just as in SIMS.
In addition to the sputtering ions, the surface is irradiated by keV
electrons. The Auger electrons that are emitted from the sample are then
detected by an energy dispersive detector.
The basic principle is that the incident electrons ionise the target
atoms. The inner shell vacancies that are generated depend on the electron
energy and the target atom. Such a vacancy is subsequently filled by an
electron from an outer shell, allowing energy corresponding to the
difference in binding energy between the two electron shells to be released.
The energy is given to either a photon or an electron, a so-called Auger
electron. The photon is detected using the EDS (Energy Dispersive (X-ray)
Spectroscopy technique. This technique is not as surface sensitive, however,
as AES since the keV-photon can travel several micrometers without
interaction. It is the range of the electron beam that determines the depth
that can be probed. The range of the Auger electron, on the other hand, is
restricted to only a few nanometres, and this determining the analysed
depth in AES.
The depth resolution can be as good as 2 nm but depends on the
sputtering beam as well as on the Auger-electrons of interest. The lateral
resolution is of the same magnitude as for SEM, some 10 nm. As is the case
of EDS, AES can run in a mapping mode (SAM = Scanning Auger
Microscopy) and thus generate 3D elemental maps as well.
The sensitivity is not as good as for SIMS and can, roughly speaking,
be said to be about 100 ug/g, although this depends on the matrix. Sputter AES suffers from problems of preferential sputtering and from artefacts
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due to elemental changes during sputtering, which are problems similar to
those with SIMS.

7. "Complementary" Techniques in Materials Science
Below, a list is presented of various techniques for characterising a
material and that provide information complementing that obtained by
recoil spectrometry. Recoil spectrometry can neither image the sample nor
determine the crystal structure. It is also difficult in some cases to obtain
sufficiently low detection limits for certain elements.
7.1 X-Ray Diffraction (XRD) and Related Techniques
Early in this century it was assumed that the wave-length of x-rays
was comparable to the atomic spacing. Max von Laue suggested in 1912
that x-rays might be diffracted when passed through a crystal. The
diffraction pattern is directly determined by the lattice type and the lattice
constant.
In XRD a collimated beam of X-rays is diffracted by the crystalline
phases in the specimen according to Bragg's law (Å = Id sinö). The X-ray
energies typically employed are 1-25 keV. The intensity of the diffracted Xrays is determined as a function of the scattering angle 20. Since Å is known
and 9 is measured, the spacing between atomic planes, d, can be calculated.
The sensitive depth is dependent on the energy of the X-rays and on the
material, but is usually of a few um, which means that most thin films and
part of the bulk can be analysed. The large bulk signal may cause problems
in some cases. The area of a peak is usually proportional to the
concentration of the phases in question. However, in annealed thin film
structures where texture and stress appear the intensity information is
distorted.
Different types of radiation can be employed in diffraction studies of
solids. Common techniques are Low Energy Electron Diffraction (LEED),
Auger Electron Diffraction (AED), X-ray photoelectron diffraction (XPD),
SAD (Selected Area Diffraction) and X-ray Diffraction (XRD).
LEED provides information concerning only the outer surface (0.4-2
nm) due to the limited penetration by low energy electrons. XPD and AED
are virtually identical techniques that are also sensitive to only the surface
itself (0.5-5 nm). In performing TEM, the diffracted electrons can be studied
on a selected area of the sample. The condenser lens is then defocused to
produce parallel illumination of the specimen and a selected-area aperture
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is used to limit the diffracting volume. In theory, a depth profile using SED
could be obtained by studying a sample during sputtering.
7.2 X-Ray Photoelectron Spectroscopy (XPS)
One way in which photons can interact with matter is through the
photoelectric process. In XPS this is utilised in such a way that the target is
irradiated with X-rays that ionise atoms. The electrons that are ejected are
measured. In materials analysis the photon energy range of interest
extends from the ultraviolet (UV) to the X-ray region. In practice it extends
from 10 eV to around 20 keV. When 10-100 eV photons are employed, the
technique is often referred to as UPS (Ultraviolet Photoelectron
Spectroscopy). Low-energy photons interact with the outermost, less
tightly bound electrons, whereas high energy photons may interact with
the innermost electrons. The outermost electrons are involved in chemical
bonding and are not associated with specific atoms. Hence, they are not
useful for elemental identification. Another acronym for this type of work is
ESCA (Electron Spectroscopy for Chemical Analysis) (Siegbahn et al., 1967).
Because of the short range of the photoelectrons the depth that is probed is
in the range of 0.5-5 nm.
XPS was employed in paper IV of this thesis for determining if Co was
present on the surface, as well as to determine the chemical state of Si. The
depth resolution of the Co from the RS analysis was only about 30 nm at the
surface. Thus it was not possible to determine whether Co was present on
the surface. Using XPS, it was found that Co was only present on the
surface of a sample annealed at 700 °C. It was also found that Si existed at
the surface, both as elemental Si and together with O in SiO27.3 Scanning Electron Microscopy (SEM)
In SEM an electron beam is focused into a fine probe (>10 nm) that is
scanned over the surface of the specimen. As the electrons penetrate the
surface, a number of interactions occur that can result in the emission of
electrons or photons that can be detected by appropriate detectors. The
signal from a detector can be used to modulate the brightness of a cathode
ray tube whose x- and y-inputs are driven in synchronism with the x-y
voltages rastering the electron beam. The electron energy is usually in the
range 1 - 100 keV. The lower the energy, the more surface sensitive the
probe will be.
In the three major modes of utilising a SEM, the following particles
are detected: secondary electrons, backscattered electrons and elemental x-
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ray maps. The secondary electrons have a much lower energy (< 50 eV) than
the backscattered ones ( » 50 eV). The energy of the backscattered electrons
is dependent on the mass of the atom on which they were scattered, which
means that elemental maps of the specimen can be produced. The
backscattering yield increases, also with increasing target mass. The yield
of the secondary electrons does not vary much with the atomic number Z
The yield increases, however, largely with decreasing angles of incidence,
since scattering close to the surface is greater. This is also the case for
backscattered electrons and it allows the secondary (and backscattered)
electrons to produce pictures with good contrast, showing the surface
morphology.
In this thesis-work, SEM (Scanning Electron Microscopy) was mainly
used to study surface morphology (paper II and IV) and to study cross
sections of thin film structures (paper IV). Although studying a cross section
represents destructive analysis, studying the surface need not be. Whether it
is, depends on the material of the specimen, but most samples in materials
research can withstand an electron beam during a SEM study of the surface
without any change in the specimen (or in the operative characteristics of
the electronic materials).
7.4 Transmission Electron Microscopy (TEM)
TEM (Transmission Electron Microscopy) is an excellent method of
characterising the crystal structure and the microstructure of materials.
Atomic resolution images can be obtained. However, it takes quite a bit of
effort to produce a good image of a sample. One reason for this is that the
sample preparation is extensive. The sample need to be ion milled in order
to not be thicker than about 200 nm.
As in SEM the sample is bombarded by a highly focused beam of keV
electrons. The beam energy, however, is usually higher (50-400 keV). After
penetrating the sample, the electron beam is magnified by use of magnetic
lenses. Depending on where the signal is measured relative to the focal
plane, either the diffracted beam (see also Chapter 7.1, SAD) or an image of
the atomic arrangement is the result.
7.5 Nuclear Reaction Analysis (NRA)
NRA is an ion beam analysis method in which a charged particle beam
with an energy in the range of 100 keV to several MeV is employed.
Although the technique has been in existence for a long time, new ideas and
new areas of application turn up continually. Nuclear reactions were
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studied already in the 1930's with the first accelerators in existence, for
determining the structure of the nucleus. During recent decades, with the
evolution of ion beam analysis, NRA has been employed routinely in
industry as well as in non-commercial research. An important asset of NRA
is that the detection limits of some elements are very low (e.g., 10 at. ppm
for H in Si (Torri, Keinonen and Nordlund, 1994)). The reaction products in
the reactions that are studied are usually protons, cc-particles, deuterons
and y-rays. By detecting the outgoing charged particles, depth profiles can
be obtained. Another way of obtaining a depth profile is to vary the beam
energy and to detect the y-rays or other ejected particles from a reaction
with a sharp resonance. Because of its ability to generate quantitative depth
profiles, NRA is also an alternative technique to RS.
One reaction widely used in hydrogen profiling is the 1 H( 15 N,aY) 12 C
reaction. This reaction has an unusually sharp resonance at 6.39 MeV ( r c o m
= 116±16 eV) (Torri, Keinonen and Nordlund, 1994). A y-ray of 4.43 MeV is
produced by the reaction. Such a relatively high energy is above many of the
common background lines found in laboratories. The detection efficiency
can be high when a detector consisting of a large volume of a heavy element
is used. A BGO-detector is perhaps the most suitable one. The higher
energy resonances, found at 13.35 and 18.0 MeV, are also useful. Other
reactions suitable for hydrogen profiling are i H ^ ^ a y ) 1 6 © and
lH(7Li,ay)4He.
Umezawa et al. (1988) have shown that in hydrogen profiling it is
useful to employ NRA and RS (ERDA) simultaneously. They detected ccparticles from the lH( 19 F,ay) 16 O reaction with £o=6.46 MeV, together
with the recoiling hydrogen nuclei. In this way they could make use either of
the faster RS analysis or of NRA, which yielded a higher depth resolution.
An example of a nuclear reaction useful for the study of Na in aerosol
samples is the 22Na(p,p'y)23Na reaction. Asking, Swietlicki and Garg (1987)
showed that a proton energy of 2.64 MeV was desirable in simultaneous
analysis with PIXE.
The obvious drawbacks of NRA is that it is not multielemental
(although it is not unusual for other techniques such as PIXE and RS to be
employed simultaneously), and that it is highly isotope-specific.
Determining a depth profile by varying the projectile energy can also be
very time-consuming. The main assets of NRA are the high sensitivities that
can be achieved with it for certain isotopes and the fact that data collection
can often be very simple.
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For many investigations, a good way of planning the work is to start
by analysing the sample by use of RS and then, when an overall
understanding of the sample structure has been obtained, to determine
certain elements (isotopes) more accurately by use of NRA.

8. GaAs in Materials Science
8.1 Introduction
The bipolar transistor was invented by a research team at Bell
laboratories in 1947. In 1948 John Bardeen and Walter Brattain submitted a
paper describing the point-contact transistor. William Schockley explained
the physics of the transistor in a famous paper in 1949. This invention could
be said to have been the starting point of the "information era". Instead of
using thermoionic valves, the much smaller transistors could be employed
instead. This opened up possibilities for a large number of application, from
powerful computers to small and cheap radios.
Another major step in the development of electronic circuits was the
introduction of the planar technique (Hoerni, 1960). With this technique it
was possible to produce integrated circuits on chips of silicon. This made it
possible to decrease the dimensions and the costs of electronic equipment
such as computers even further.
Since the beginning of the 1960's, much interest has been directed at
the compound semiconductor GaAs. GaAs has many properties that make it
of interest for use in a variety of applications from high-speed devices to
optoelectronic components. GaAs technology's edge over Si-based devices
has remained more or less constant for several decades in spite of the rapid
development of both Si and GaAs technology over the past 30 years. The
reason for this is that the compatibility of Si and SiC>2, as well as the
metalsilicides and Al for metallisation, make the processing ot Si devices
much simpler and cheaper than for GaAs and other III-V materials.
8.2 Physical Properties of GaAs
Ga is a group III element and As a group V element. Together they
form a compound semiconductor possessing covalent bonds with an ionic
component because of the charge exchange. The lattice is related to that of
Si, which has diamond structure. GaAs has a zinc blend structure and can be
described as an f.c.c. lattice of As with another f.c.c. lattice of Ga displaced
by 1}-X of the lattice constant (= 0.244793 nm). Since the lattice constant is
J

4 4 4

0.565325 nm (at 300 K), the density is 5.3174 g/cm 3 .

53

A special consequence of the presence of dissimilar atoms is a marked
difference in the chemical activity of opposite {111} crystal faces of GaAs.
The {111} planes of GaAs consist either solely of Ga atoms or solely of As
atoms. A surface consisting of a Ga plane is less reactive than an As plane
because of the short distance (0.08 nm) to the underlying As atoms and
because three bonds link it with each Ga atom. An As plane is more reactive
since the distance to the underlying plane is 0.24 nm and since there is only
one single bond that ties it to the Ga plane. These qualities are important
for growing and etching GaAs.
The electronic energy band structure of GaAs is significantly different
from that of Si. GaAs has a direct bandgap of 1.43 eV, whereas Si has an
indirect bandgap of 1.12 eV (at 300 K). A consequence of the larger bandgap
of GaAs is that more highly insulating materials can be obtained than with
Si. The direct bandgap in GaAs allows optical devices to be produced. The
shape of the conduction energy bands near the minimum (bandgap)
determines the motion of the electrons under an applied electric field. This
shape induces a much higher electron mobility in GaAs (0.85 m2/Vs) than in
Si (0.135 mVVs). The mobility can be expressed in terms of effective mass
(m*), where a high effective mass means low mobility.
In order to obtain insulating GaAs, one usually incorporates defects
that create (deep) electronic states near the centre of the band gap. This can
be achieved by substituting Cr for Ga at some sites. It can also be achieved
by producing lattice damage through particle bombardment (electrons or
ions).
8.3 Growth Techniques
GaAs growth technology is considerably more complex than that of Si
since binary-phase equilibria and a highly volatile (As) component are
involved. Accurate control of As vapour is necessary in order to maintain
the stoichiometry and crystal perfection of GaAs. Bulk growth of semiinsulating (SI) GaAs has been carried out in a number of ways. Some of the
commonest techniques are Boat-Growth and Liquid-Encapsulated
Czochralski (LEC) growth, but it is outside the scope of this thesis to deal
with these.
Epitaxial growth is a very important step today in the process of
manufacturing integrated circuits. The different epitaxial techniques can be
divided into three main groups: (a) Vapour Phase Epitaxy (VPE), Liquid
Phase Epitaxy (LPE) and Molecular Beam Epitaxy (MBE).
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(a) The VPE technique is currently the dominant epitaxial growth technique
used in industry to obtain n- and p-type GaAs, InP and ternary and
quaternary III-V alloys. This is partly due to its being possible to achieve a
high throughput, which is difficult with LPE and MBE. VPE can be
subdivided into several techniques, such as chloride VPE, trichloride VPE,
hydride VPE and Metal Organic Chemical Vapour Deposition (MOCVD).
When using a chloride method the overall reaction is
As4 + 4GaCl3 + 6H2
> 4GaAs + 12HC1
The GaAs wafer is typically held within the 650 to 850 °C range and
there must be a sufficient overpressure of As to prevent the decomposition
of the substrate of the growing layer. The chloride system is not suitable for
the growth of Al compounds because of the reactivity of AICI3. MOCVD,
however, is excellent in this respect. Many high-performance devices such
as solar cells, lasers, photocathodes and quantum well heterostructures
have been grown using MOCVD. The overall reaction leading to epitaxial
growth of GaAs is
ASH3 + Ga(CH3)3
> GaAs + 3CH4
where the arsine (ASH3) and the metalorganic compound trimethylgallium
(Ga(CH3)3) are introduced in the reactor. Any other group III metal, such
as Al or In, can be carried as a metal alkyl vapour. Similarly, group V
elements, such as P are carried as hydrides (PH3). C is the only impurity
inherent to the MOCVD process. MOCVD is excellent for the large-scale
production of Al x Gai- x As structures, although this is more troublesome
than it is with GaAs. One problem is to keep accurate control of the
parameter x. The mass flow into the reactor can be controlled very
accurately (uncertainty less than 1%). The reactions in the reactor are more
difficult to control in detail since the mixing of the reactants is determined
by details of the gas dynamics. These are very sensitive to factors such as
how the wafers are loaded in the reactor and the materials of the reactor
walls. The in situ analysis of growth can be performed by using RD
(Reflectance Difference), but more common is to examine the AlxGai-xAs
structure using luminescence measurement after growth has taken place
and changing the mass flow for the next sample according to the
luminescence results. The luminescence measurement is quite accurate since
the bandgap changes smoothly with x. At about x=0.3-0.4 Al x Gai- x As starts
to become a material with an indirect bandgap this makes determination of
x using luminescence more difficult. It is difficult to study the depth profile
of the epitaxial layer. Paper V describes a study of the parameter x in a
MOCVD-grown Al x Gai- x As sample by the use of mass and energy
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dispersive RS. Since the atomic radii of Al (0.1432 nm) and Ga (0.1218 nm)
are nearly equal almost any fraction of x is possible.
LPE is a technique that is highly suited to growing thin epitaxial layers
of III-V compounds and multilayered structures although there can be
difficulties in controlling the morphology. Although the growth rate is quite
slow, the doping control is high and the composition control is better than
for MOCVD. The epitaxial layer is grown on a crystalline substrate
through direct precipitation from the liquid phase. The equipment is not
particularly complicated but is difficult to scale up.
MBE is a technique with a low growth rate (1-300 nm/min). Since it
can also be performed at quite low temperatures (400-900 °C), it is best
suited to producing superlattices and other complicated structures. In
principle, MBE is a technique of vacuum evaporation. In practice, one or
more thermal beams of atoms or molecules reacts with a crystalline surface.
It is of utmost importance that deposition take place in a ultrahigh vacuum
(~10~8 Pa) in order to keep the impurity concentrations (O and C) at
sufficiently low levels. One advantage of MBE is that many other analytical
measurements (such as AES, mass spectrometry, SIMS, RHEED and
electron microscopy) can be carried out in situ. Since very abrupt interfaces
can be produced, it is suited for optoelectronics and for GHz rate logic
structures.
Dopants can be introduced during epitaxial growth, but another, very
common way of introducing dopants is through ion implantation. The
sample is irradiated with an ion beam that consists of the dopant atom in
question. The interaction that takes place is the same as described in
Chapter 2.3. The range of the projectiles can be determined quite accurately
by control of the ion beam energy (typically 20-400 keV, although MeV
energies are also used). The concentration can also be accurately controlled.
The profile is quite similar to Gaussian due to straggling although marked
skewness can occurr for low (keV) ion energies. Lateral doping patterns can
be produced by either rastering the beam or using implant masks. Surface
effects and chemical barriers that can hinder diffusion doping do not affect
the ion beam. The radiation damage that is induced (and is usually
annealed away) can in some cases be useful, e.g. for making semiconducting
areas insulating.
8.4 Nanometre Structures
One of the great challenges in phj sics today lies within the field of
nanometre scale device fabrication. It is easy to understand that, as device

56

dimensions decrease, speed goes up. In industry, line widths down to 300
nm are in production. In laboratories, line-widths down to 100 nm are
fabricated routinely. At these dimensions, quantum mechanical properties
are manifested. Quantum wells are fabricated today using GaAs/Al x Gaix As heterostructures, for example. In a Modulation Doped Field Effect
Transistor (MODFET), layers of GaAs, Al x Gai- x As and SI GaAs are
designed so that a quantum well (a marked dip in the conduction band) is
produced in the undoped GaAs close to the n + AlxGai-xAs layer. The well is
filled with electrons that can move with very little scattering due to the
absence of doping atoms and which are referred to, therefore, as 2dimensional electron gas (2DEG). Such a transistor, which is also termed
HEMT (High Electron Mobility Transistor), can operate several times
faster than a similar circuit made of silicon and it results in much less power
dissipation.
One can grow alternating GaAs and Al x Gai- x As layers epitaxially
using MOCVD or MBE. As mentioned in the previous section, almost any
fraction of x is possible. One can thus tailor the bandgap or the height of the
quantum well wall according to one's needs. It is also possible to grow thin
structures with high accuracy. If the gate length in a MODFET is shorter
than 100 nm the electrons move almost ballistically (without any scattering
at all) and one can speculate that it will not be long before microwave
devices operating at frequencies as high as 1000 GHz will be possible to
realise. Today a multitude of new designs based on nanometre structures
turn up continuously. Much work is devoted, of course, to study materials
other than GaAs. InP is such a material and it, permits fabrication of
devices of even higher mobilities than with GaAs.
8.5 Metallisations on GaAs, Ohmic Contacts
Integrated circuits made out of GaAs devices are still relatively rare.
One reason for this is the problem of low resistivity, thermally stable ohmic
contacts to GaAs. The general question of ohmic contacts to compound
semiconductor devices has been of concern for many years. Recent device
designs based on heterojunctions (e.g. HEMTs) require contacts with such a
high degree of morphological uniformity that the lateral definition and
depth of penetration of the metallisation can be controlled within a few
nanometres. These stringent criteria can probably only be achieved with
metallic contacts to III-V devices that are in thermodynamic equilibrium
with the substrate. An ohmic contact is a contact that passes electrical
current equally well in both directions. Obviously, for practical use it must
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be electrically and physically well connected to a component. The voltage
drop over the contact should be negligible compared with the voltage drop
across the device. This means that as device dimensions decrease, the
contacts have to have minimal resistivity if the ensuing contact resistance is
not going to dominate the component properties. In the present work the
contact involved is that of metallisation to a semiconductor device.
Many metals in contact with a semiconductor form a rectifying
(Schottky) contact. A barrier in the conduction band prevents the flow of
electrons from the metal to the semiconductor. The barrier height, <f>bh, is
the difference between the metal work function, $m, and the
semiconductor's electron affinity, Xea- For ohmic contact behaviour the
barrier needs to be very low, negative and/or thin. This can be
accomplished through heavy doping of the semiconductor near the
interface so as to render the barrier as thin as possible. Electron tunnelling
through the thin barrier will then permit a current flow. The technologically
useful ohmic contacts need not only to display correct electrical behaviour,
it is also essential that they are thermodynamically stable during operation
(by e.g. not reacting with the semiconductor) at high temperatures during
operation. Moreover, the metallisation must not be subject to corrosion,
electromigration etc. over the lifetime of the device. In some cases it is
essential that the contact is not modified in subsequent high temperature
processing steps.
It turns out that no single element can form an ohmic contact on GaAs
that displays qualities that satisfy (he need for useful applications7 (which is
not true for Schottky contacts). Low barriers can be obtained by using
another semiconductor like e.g. Ge or Gai-xInxAs and ohmic behaviour for
these structures has been shown. The commonest way to produce an ohmic
contact to GaAs is to deposit thin layers of two or more metals (or all
together in one layer) and then heat-treat the structure so that either a
sintered or an alloyed contact is formed. Alloyed contacts are employed
more frequently than sintered ones. In the alloying process for contact
formation a liquid is formed and subsequently regrowth takes place. It is
also possible to use multilayer contacts or contacts that are combination of
7

An exception is the ohmic contact to GaAs that can be produced by heavily
doping a thin layer of GaAs near the interface with donor atoms (at least
5xlO19 donors/cm3 is needed and this is difficult to achieve using the
standard growth techniques). The conduction band edge of the n ++ - layer
will be lower than in the rest of the semiconductor and the barrier will be so
thin that tunnelling through it is abundant.
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alloyed and multilayers. As can be readily seen, a large number of contact
structures are feasible; a significant number of these have also been studied.
It is outside the scope of the thesis to describe these in their entirety, but a
few typical examples will be discussed8.
Gold is a popular element for use in contacts since it is ductile, simple
to deposit by vacuum evaporation and easy to connect to. Another
advantage is its resistance to chemical attack. Gold is not thermally stable
on GaAs, however. An approximate isothermal ternary phase diagram of
the Au-Ga-As system at an arbitrary temperature is shown in Figure 8.1 (An
explanation of how to interpret ternary phase diagrams is found in
Appendix F). In the "gold-corner" of Fig. 8.1 it is evident that gold dissolves
a substantial amount of Ga and As (as much as 10 and 1%, respectively) at
temperatures of 300 °C (Cooke and Hume-Rothery, 1966). This may
manifest itself as electromigration and morphological instabilities.

AuGa
AuGa

Ga

GaAs

As

Fig. 8.1. The isothermal ternary phase diagram at an arbitrary temperature for
the Au-Ga-As system. (After Beyers, Kim and Sinclair, 1987).

8

A good overview is the presentation by Palmström and Morgan (1985).
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By alloying (or sintering) Au with Ge a contact with interesting
qualities is formed. The alloying takes place above the eutectic temperature
(356 °C) of the Au-Ge system (usually at about 450 °C for 30 s to 3 min). The
basic principle is that Ge produces a n++-GaAs layer near the interface. The
contact is non-uniform in morphology, however, because of localised
melting and regrowth, but it can be made somewhat smoother by adding
Ni, In or Pt (although this does not completely rule out the problem of non uniformity). In some cases, ion beam mixing or ion implantation can also
enhance the uniformity. The system is very complicated and depends on
anneal temperature, time and elemental composition. A large number of
phases have been observed and, although the Au-Ge-(In, Ni or Pt)
metallisations are widely used, they is far from being fully understood.
Other elements that have been employed in the Au-Ge-(In, Ni or Pt) system
being substituted for one of the components, are Ag, Al, Sn, Pd and Si.
Silicides have been employed as metallisation on Si for some time due
to their compatibility with Si planar process technology and uniform
morphology. They also exhibit such qualities as high temperature stability
and resistance to electromigration. Several silicides (such as PtSi, NiSi2,
TiSi2, TaSi2, Pd2Si and CoSi2) have low resistivity. It is therefore of great
interest to use silicide technology for metallisation on GaAs. CoSi2 has a
low resistivity (16 (lii'Cm) and was the subject of the study presented in
paper IV, in which it is concluded that CoSi2 is thermodynamically stable on
GaAs up to at least 700 °C (the lowest eutectic temperature for CoSi2 is
1195 °C). The one drawback that was found is that CoSi2 grows rapidly
with considerable grain growth. An ideal contact would be an epitaxial
metallisation. Grain growth is troublesome because it governs the
morphology of the structure. Furthermore, grain boundaries are fast
diffusion paths for contaminants that may influence the reliability of the
metallisation. A Si/Co/GaAs structure can be considered originally as
composed of the two structures, Si/Co and Co/GaAs. A study of the CoGaAs system is presented in paper II. As can be seen in Fig. 4 in paper II and
Fig. 6 in paper IV, C and O are present on the GaAs surface. The thin
interface oxide layers probably prevents a fully uniform reaction and it is
important for the surface to be clean prior to deposition.
Another potentially interesting contact system is the Si-Pd-GaAs
system. Samples of it were studied using mass and energy dispersive RS on
the ANTARES accelerator at Lucas Heights Research laboratories. The
results of the analysis of samples annealed at 250, 400, 500 and 700 °C are
presented in Fig. 8.2. The Pd and Si layers were deposited using e-gun
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evaporation, the heat treatments being performed in a vacuum furnace at a
pressure of about 10"4 Pa. As in the case of the study of the Si-Co-GaAs
system presented in paper IV, the basic idea was that a stable silicide would
form (here Pd2Si) and that the excess Si should migrate to the top of the
GaAs layer where it would act as n-type dopant. A reaction is beginning to
take place at 250°C and is probably completed at 500°C. Reaction with the
substrate is only observed in the 700°C heat treated sample.
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Fig. 8.2. The normalised yield from (a) Pd and (b) Si from a Si(75 nm)/Pd(50
nm)/GaAs structure. Note that the yield from different elements cannot be
directly compared.

A most interesting system, one that has been of great interest lately, is
the Pd-Ge-GaAs system which can provide ohmic contacts of low resistivity
similar to that found in a Au-Ge-Ni contact system. A great advantage of it
is that the Pd-Ge contact can be formed by a solid state reaction, which
results in a very satisfactory and smooth morphology that is important in
nanometre structures (Lai and Lee, 1993). As was pointed out in Chapter
4.2, it is not possible with RS to separate Ge from Ga and As when
projectile ions with energies of about 0.5-0.8/i MeV are employed (as was
done in this thesis) in conjunction with the KTH recoil detector telescope.
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9. Industrial Application of Recoil Spectrometry
Although it may seem a bit outside of the scope of an academic thesis
such as this to discuss industrial applications, I do consider it important to
indicate briefly that my thinking has been partly directed at the usefulness of
this work outside an academic setting.
The various versions of recoil spectrometry represent important
contributions to the arsenal of tools that scientists today equip themselves
with. For certain types of samples, RS may yield information that no other
technique can provide. RS is already fairly well suited to numerous
industrial applications. This becomes clear if one notes that the technique is
closely related to RBS, which has been present within industry for several
decades. Some of the factors that make RS more advantageous than
various competing techniques (referred to in Chapter 6) are the following:
• It is usually not necessary to have an ultrahigh vacuum such as is in
sputter-AES, for example.
• A large number of samples can be mounted on a sample holder and
need not be analysed longer than ~5-15 minutes each, which means
that a high throughput can be achieved.
• By use of mass and energy dispersive recoil spectrometry, one collects
data that is unambiguous since the signal from each element can be
studied separately, which is not the case in e.g. RBS.
• The uncertainties associated with varying sputter yield based on
chemical matrix effects are avoided.
Today there are two main factors that limit the use of recoil
spectrometry in industry: (a) know-how and (b) cost.
(a) As was stated in Chapter 4.4, there are many applications for which
mass and energy dispersive recoil spectrometry is the most advantageous
technique to use. This fact is unknown to many technicians in fields of
science outside of accelerator physics. One reason for this is that not many
investigations concerning applications others than materials research
(especially in the arm of semiconductor physics) have been reported. There
are examples, however, of successful measurements in such areas as the
study of lubricating oils (Whitlow et al. 1992), metallurgy (Wielunski,
Benensen and Lanford, 1983) and polymers (Ingemarsson, 1988).
(b) Recoii spectrometry carried out through use of small electrostatic
accelerators of about 0.5-2 MV is available in-house at present at a number
of industrial facilities mainly involved with electronics development. The
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out in the same facility as RBS. The laboratory needs to be about 6x20 m 2 in
size and the cost of the instrument is roughly $1,000,000. In addition to this,
computers to collect, store and process data are needed. There are a variety
of problems in addition to hydrogen profiling, however, that can be studied
using a recoil system based on a small accelerator. One important condition
for this is that ion sources capable of producing various ion beams be
available. Although the initial costs of such a laboratory are relatively high,
the running costs can be kept low and many companies should be able to
make use of such systems. Compared with many new SIMS and SEM
systems that are commercially available, the only difference in cost is the
need of a larger laboratory.
The thesis presents measurements performed using accelerator
voltages in the range 5-7 MV. Electrostatic accelerators in the range 5-12
MV involve a much higher cost than the smaller ones. The cost of the
machine can be up to ten times that of the smaller ones and the laboratory
needs to be large. It is doubtful whether today any organisation uses a
machine of this sort for anything other than research activities. Most
laboratories with these machines serve a large body of user groups because
the high capital and running costs can thus be spread among users. The use
of such accelerators represents a good example of how collaboration
between a University or a governmental research centre and industry can
be very successful.
In Chapter 4.2 it was shown that RS using heavy ions at energies near
the Coulomb barrier may significantly increase the mass resolution
obtained in a ToF-E detector system. Such high energies require
accelerators that involve such high costs that only large national or
international collaborations can afford the investment. In this connection,
one can note that in the UK industrial users were willing to pay almost
£5000 for a day's synchrotron radiation and in 1991 spent about £500,000
for synchrotron-related activities (Barnes and Cernik, 1992).
One problem in using accelerators in industry-related applications
such as product control, where it is necessary for a machine to operate on a
strict time schedule, is that of reliability. Accelerators represent complex
systems. The more complex a system is, the more things are likely to go
wrong. It may be felt that adlering to a time schedule is so important that it
is necessary to have two similar accelerators, one acting as a backup
machine in the case of problems with the other. The initial costs for such a
system would of course be relatively large, yet since many functions (such as
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having technicians for service purposes) car; be shared between machines,
the running costs per machine can be kept quite low.
An example of a simple way of performing quick and non-destructive
product control on thin film optics (where electrical qualities are of no
importance) is to simply compare the spectra of the items checked with a
reference spectrum from an item known to be fault-free. Quantification of
the results is not necessary, which facilitates a very large throughput.
Mass and energy dispersive recoil spectrometry has great potential as
a tool for both basic research and industrial applications. It is likely that the
use of mass and energy dispersive recoil spectrometry will increase in many
areas as know-how of its capabilities is spread. Various ideas have also
been advanced concerning how to cut costs. In a recent article in New
Scientist (Davidson and Mullins, 1994), interesting ideas regarding desktop
accelerators of the future are presented. Optimists claim that such
machines, so-called plasma wave accelerators, will be available within ten
years. If such machines are ever realised, they will most certainly cause a
revolution in accelerator physics. Many universities today are searching for
research partners in industry, and industry is beginning to realise that its
potential gain is considerable, especially on a long-term basis, if it cooperates in this way with universities. If scientists succeed in demonstrating
the applicability of ion beam analysis in various applications, knowledge of
the techniques should spread and applied accelerator physics should be able
to play an increasingly important role in industry in a near future.

APPENDIX A: The Coulomb Barrier and Safe Bombarding Criterion
The energy of the Coulomb barrier for different projectiles and different target
atoms. The lower limit for nuclear reaction according to Cline (1969) and
Svensson (1989) is also given1.
Projectile: 4 He

Target atom

Coulomb barrier/MeV

Lower limit for nuclear
reaction/MeV

12C
28Si
59Co
75As
197 A,

5.4
9.5

2.3
4.2
6.9
8.1

14.3
16
28

16.2

Projectile: 81Br

Target atom

Coulomb barrier/MeV

Lower limit for nuclear
reaction/MeV

12C
28Si
59Co

94
166
250
282
490

175
192
210
219

Coulomb barrier/MeV

Lower limit for nuclear
reaction/MeV

12C

143

28Si
59CO
75As
197 A!

251
378
427
740

372
390

^As
197 A,

Projectile: ™l
Target atom

316

400
407
531

Projectile: ™ Au

1

Target atom

Coulomb barrier/MeV

12C
28Si
59Co
75As
197 A I

210
375
560
640
1100

using the Equation £ = 1.44—
1/

791

773
772
915

, where bs(180°) (in frn) according to Cline
A2

(

Lower limit for nuclear
reaction/MeV
780

bs(\80°)
i/\

(1969) is b s (180°) = 1.25/1 ( 3 + /I £ 3 + 5.1. The energy E should be in MeV.

APPENDIX B: Maximum Scattering Angle
The maximum scattering angle for some experimental conditions typical
for the work in the thesis.
Projectile: 35Q
Target atom
12c
28Si
59Co
75As
197Au
Projectile: ^Br
Target atom
12c
28Si
59Co
75As
197Au

Qmax (deg.)

20.05
53.13
180.00
180.00
180.00

Qmax (deg.)

8.52
20.22
46.75
67.80
180.00

Projectile: I27i
Target atom
12c
28Si
59Co
75AS

197Au
Projectile: ^ 7 Au
Target atom
12c
28Si
59Co
75As
197Au

Qmax (deg.)

5.42
12.74
27.68
36.20
180.00

Qmax (deg.)

3.49
8.17
17.43
22.38
180.00

APPENDIX C: TTEC-Flow Chart
Flow chart describing the TTEC-routine
Some variables:
X(4096) A vector that holds the energy values calculated from ToF
YY(4096) A vector that holds the converted yield
IST(4096) A vector that holds the measured ToF-data
e- Recoil energy (in keV) per bin
RTIME - The time-of-flight in ns for a certain mass (Am)

Read the dataf lie with the time-spectrum
Determine the lowest channel with data (LAST)
Initialize vector»

RT1ME - I'TIMSLOPE • TIMOFF

1-1, NBINS

X(l) m KONST * A m l? / RTIME

Save non-equldlt tant
data

DTDE(IHST(I)' Jacobian factor

AREA.O

U1
J-NBINS

I* the next
• » ( d a t a point within
Interval?

Calculate the area from the point
to the upper limit of this bin.

YY(I)«AREA
J«J-1

Calculate the area
between the two polnta

AREA-0
START* 1 * 1

USTART, NBINS

Is this
data point within
the Interval?

Calculate the area in
the Interval.

YY(I) • AREA
AREA-0

Send the
spectrum to PAW.

yes

Calculate the
araa up to the

point

Is the next
(data point within^
vthe Interval?.

ye» T
Calculate the
area up to the
point
J-J-1

no

Calculate the area from
the point to the upper
limit of this bin.

YY(I) * AREA
J.J-1
AREA-0

A

APPENDIX D: RS Calibration-Flow Chart

X = energy in ch. no

ToF - calibration
ns vs. ch. no

E = energy in MeV
C = fitting parameter
e = error

T-E plots of isotopes in
the mass region of interest

I

T(ns)

Selection of 5-10 representative
points on each "isotope-boomerang"

E (Ch. no)
Derivation of the energy
vector ¥ from ToP-data

1
I
I

E = [X]C + e

Transposition of matrix [X]

Inversion of [[X]'[X]]

E(X,A) = C + C A + CX + C AX + c Å C AX2

C*[[X]T[X]]'1É"

APPENDIX E: Total Range in GaAs for Various Projectiles

Range in GaAs
—•—

16

o.

35

Cl

CM

Projectile Energy (MeV)

Fig. C.I. Range of different ions in GaAs estimated using Zieeler, Biersack and
Littmark (1985) STOP code.

APPENDIX F: Ternary Phase Diagrams; a Brief Guide to
Interpretation
Many alloy systems are based on three components. The information
regarding phase formation can be presented in various ways. One common
way is to use an isothermal ternary phase diagram in which the phases
present in each alloy at a particular temperature is presented. It is based on
the properties of equilateral triangles. The composition at a certain point in
the diagram is determined according to Fig. I.I. The point I with
composition A0.4B0.2C0.4 is shown as an example. The fraction of, e.g., A
can be determined by drawing a line which is parallel to the side that is
opposite to the A corner.

Gibbs phase rule predicts that at a fixed temperature and pressure a
maximum of three phases can be in thermodynamical equilibrium in a
ternary system. The phases at the corners of a given triangle are
thermodynamically stable in contact with each other.
Thus for different amounts of the components A, B and C one, two or
three phases may be present. Three phase regions are bounded by triangles
where the position of the corners correspond to composition of the phases
present at equilibrium. For example for point I, A, BC and C are the phases
present at equilibrium.
If two phases are in equilibrium this is indicated by joining them with
a tie line. For point II in Fig. I.I two phases AB2 and BC are in equilibrium.
Often two components exhibit a composition range (e.g. ABX, 0.5 < x <
1) if these are in equilibrium with another phase, a binary two phase region
exists. For composition III and IV in Fig. I.I, ABX and BC will be in
equilibrium, where values of x are then determined by the composition.
Solid solutions are indicated by filled regions. In Fig. I.I, B can dissolve
both AB2 and BC and form a solid solution.

Two phase
region

Solid
solution

Fraction of C

Fig. I.I. Schematic isothermal ternary phase diagram.

APPENDIX G: Data for the KTH ToF-E Detector Telescope
An overview of some fundamentals of the KTH ToF-E detector telescope
system for mass and energy dispersive recoil spectrometry.
Range of elements
• All. However, low detector efficiency for H.
• The detector efficiency increases with recoil mass and reaches 1 for about
M=25.
Mass resolution
• The mass resolution degrades with increasing recoil mass.
• The mass difference needed to completely resolve two equally intense
isotopes is 1 u for recoil masses < 32.
• The mass difference needed to completely resolve two equally intense
isotopes for recoil masses of about 75 u is 4 u.
• The mass difference needed to completely resolve two equally intense
isotopes for recoil masses of about 110 u is 7.6 u.
Depth resolution
• Depends on ion beam, angle of incidence, angle of exit and matrix but is
roughly in the range 10-30 nm at the surface.
• Degrades with increasing depth.
• The depth resolution is best for light recoils and degrades slowly with
increasing recoil mass.
Accessible Depth
• Depends strongly on the energy and mass of the ion beam as well as the
matrix, angle of incidence and angle of exit, typically 1
• Can be varied in the interval C.2 - ~2
Detection limit
• Depends on recoil species and matrix but is roughly in the range 0.1 - 0.5
at. %.
• Is about 1014 atoms/cm^ for 16 O in a silicon matrix.
Concentration accuracy
• Absolute accuracy, typically < 20 %
• Relative accuracy much better than absolute accuracy and limited by
counting statistics.
• Can be improved by using standards similar in composition to the
specimen.
Analysis time
• Depends on the accuracy required and the ion beam current.
• The recoil cross section decreases with projectile energy, which leads to
longer analysis times when high energies are employed. For 0.5/4 MeV
projectiles (like e.g. 64 MeV 12?I) with a few nA current 15-30 minutes is
sufficient, whilst for 2A MeV projectiles several hours may be needed.
Non-destructive analysis

• Non-destructive for elemental distributions for most semiconductor
samples and inorganic solids.
• Destructive to the electronic properties of the specimen.
Sample requirements
• Solids
• Vacuum compatible
• Typically 5 mm < diameter < 30 mm
(beam impingement ~ 2 x 10 mm)

Imaging
• The highly energetic heavy ions needed can be focused to small
dimensions, however, the radiation damage problems become severe
which render the technique not very useful for imaging of small
structures. Study of laterally homogeneous structures with nm
dimensions is feasible.
Various advantages
• Insensitive to recoil charge state.
• No interfering isobars up to M=40 (40Ca and 40Ar) for materials with
natural isotopic composition.
• No requirements for ultra-high vacuum.
• Many samples can be mounted simultaneously in the vacuum chamber
using a suitably constructed target holder.

APPENDIX H: List of Acronyms

Major technique acronyms are listed alphabetically. For techniques that have alternative acre
these are stated immediately afterwards. Related acronyms (variations or subsets of the techi
grouped together below the major acronym and indented to the right.
A AS
AA
VPD-AAS
GFAA
FAA

Atomic Absorption Spectroscopy
Atomic Absorption
Vapour Phase Decomposition-AAS
Graphite Furnace Atomic Absorption
Flame Atomic Absorption

AES
Auger
SAM
SAM
AED
ADAM

Auger Electron Spectroscopy
Auger Electron Spectroscopy
Scanning Auger Microscopy
Scanning Auger Microprobe
Auger Electron Diffraction
Angular Distribution Auger Microscopy

AFM

Atomic Force Microscopy

CL

Cathodoluminescence

EDS
EDX

Energy Dispersive (X-Ray) Spectroscopy
Energy Dispersive X-Ray Spectroscopy
Company selling EDX equipment

EDAX

EPMA
Electron Probe

Electron Probe Microanalysis
Electron Probe Microanalysis

ERD

Elastic Recoil Detection
(see also RS)
Elastic Recoil Detection Analysis
Elastic Recoil Coincidence Spectrometry
Elastic Recoil Spectrometry
Hydrogen Forward Scattering
Hydrogen Recoil Spectrometry
Forward Recoil Spectrometry
Elastic Recoil Detection Analysis
Particle Recoil Detection

ERDA
ERCS
ERS
HFS
HRS
FRS
ERDA
PRD
EXAFS
SEXAFS
NEXAFS
XANES
XAFS

Extended X-Ray Absorption Fine Structure
Surface Extended X-Ray Absorption Fine Structure
Near-Edge X-Ray Absorption Fine Structure
X-Ray Absorption Near-Edge Structure
X-Ray Absorption Fine Structure

GDMS
GDQMS

Glow Discharge Mass Spectrometry
Glow Discharge Mass Spectrometry using a Quadruple
Mass Analyser

IBA

Ion Beam Analysis

ICP-MS
ICP
LA-ICP-MS

Inductively Coupled Plasma Mass Spectrometry
Inductively Coupled Plasma
Laser Ablation ICP-MS

ISS
LEIS

Ion Scattering Spectrometry
Low-Energy Ion Scattering
Resonance Charge Exchange

RCE
IL

Iono-Luminescence

LEED

Low-Energy Electron Diffraction

LIMS
LAMMA
LAMMS
LIMA

Laser Ionization Mass Spectrometry
Laser Microprobe Mass Analysis
Laser Microprobe Mass Spectrometry
Laser lonization Mass Analysis
Nonresonant Multi-Photon Ionization

NRMPI
LPE
MBE
MCP
MEISS

Liquid Phase Epitaxy
Molecular Beam Epitaxy
Multi Channel Plates
Medium-Energy Ion Scattering Spectrometry

MEIS

Medium-Energy Ion Scattering

MOCVD

Metal Organic Chemical Vapour Deposition

NAA
INAA

Neutron Activation Analysis
Instrumental Neutron Activation Analysis
Fast Neutron Activation Analysis

FNAA

Neutron Inelastic Scattering

NIS

Nuclear Microprobe

NM
NMR
NRA
NRB
PIXE
HIXE

Nuclear Magnetic Resonance
Nuclear Reaction Analysis
Nuclear Resonace Broadening
Particle/Proton Induced X-Ray Emission
Hydrogen /Helium Induced X-ray Emission

PIGE

Particle Induced Gamma-Ray Emission

PESA

Particle Elastic Scattering Analysis

RBS
HEB

Rutherford Backscattering Spectrometry
High Energy Ion Scattering

RHEED

Reflection High Energy Electron Diffraction

RS

Recoil Spectrometry
(see also ERD)
Time-of-Flight Energy Recoil Spectrometry
ToF-E RS
Energy-loss Energy Recoil Spectrometry
AE-ERS
Stopper-foil RS Stopper-foil Recoil Spectrometry
Rapid Thermal Annealing

RTA
SALI
PISIMS
MPI
SPI
SIRIS
SARIS
TOFMS

Surface Analysis by Laser Ionisation
Post-Ionisation Secondary Ion Mass Spectrometry
Multi-Photon Ionization
Single-Photon lonization
Sputter-Initiated Resonance lonization Spectroscopy
Surface Analysis by Resonant lonization Spectroscopy
Time-of Flight Mass Spectrometer

SAM

See AES

SEM

Scanning Electron Microscopy
Scanning Electron Microprobe
Secondary Electron Miscroscopy

SE
BSE
SEMPA
SFM

Secondary Electron
Backscattered Electron
Secondary Electron Microscopy with Polarisation Analysis
Scanning Force Microscopy
Scanning Force Microscope

SEU

Single Event Upset

SIMS
Dynamic SIMS
Static SIMS
Q-SIMS
Magnetic SIMS
Sector SIMS
TOF-SIMS
PISIMS

Secondary Ion Mass Spectrometry
Dynamic Secondary Ion Mass Spectrometry
Static Secondary Ion Mass Spectrometry
SIMS using a Quadruple Mass Spectrometer
SIMS using a Magnetic Sector Mass Spectrometer
See Magnetic SIMS
SIMS using Time-of Flight Mass Spectrometer
Post Ionisation SIMS

SNMS

Sputteced Neutrals Mass Spectrometry
Secondary Neutrals Mass Spectrometry

SSB

Silicon Surface Barrier (Detector)

SSMS
Spark Source

Spark Source Mass Spectrometry
Spark Source Mass Spectrometry

STIM

Scanning Transmission Ion Microscopy

STM

Scanning Tunneling Microscopy
Scanning Tunneling Microscope

TEAS

Thermal Energy Atom Scattering

TEM

Transmission Electron Microscopy
Transmission Electron Microscope
Conventional Transmission Electron Microscopy
ScanningTransmission Electron Microscopy
High Resolution Transmission Electron Microscopy
Selected Area Diffraction

CTEM
STEM
HRTEM
SAD
UPS

Ultraviolet Photoelectron Spectroscopy
Ultraviolet Photoentission Spectroscopy

VPE

Vapour Phase Epitaxy

WDS
WDX

Wavelength Dispersive (X-Ray) Spectroscopy
Wavelength Dispersive X-Ray Spectroscopy

XPS

X-Ray Photoelectron Spectroscopy
X-Ray Photoemission Spectroscopy

ESCA
XPD

Electron Spectroscopy for Chemical Analysis
X-Ray Photoelectron Diffraction

PHD
XRD

Photoelectron Diffraction

GIXD
GIXRD

X-RayDiffraction
Grazing Incidence X-Ray DiFFraction
Grazing Incidence X-Ray Diffraction

XFS

X-Ray Fluorescence
X-Ray Fluorescence Spectroscopy

XRF

APPENDIX I: List of Symbols
A = Number of pulses
A = Mass number
d = Discance of closest approach
d = Interplanar spacing
Eo = Energy of projectile prior to impact
Ei = Energy of projectile after to impact
Ei = Energy of recoil (target atom) after to impact
F = Coulomb force
H = Spectrum height
K = Kinematic factor for elastic scattering
L = Timed flight length
q = Electron charge
Q = Number of projectiles per sec.
m = Mass
me = Rest mass of the electron
Mi = Projectile mass
M2 = Recoil (target atom) mass
N = Atomic density
NAVO = Avogadro's number
R = Nuclear radius
Ro = 1.4xlO"13 cm
t = Thickness
T = ToF = Time-of-flight
^0 = Velocity of projectile before impact
vi = Velocity of projectile after impact
vi - Velocity of recoil (target atom) after impact
X = ADC conversion result of the recoil energy
V = Yield
Y = Sputter yield
Zi = Atomic number of projectile
Zi = Atomic number of recoil
a = Angle of incidence
a 0 = Bohr radius = 0.053 nm
P = Angle of exit
PA = Efficiency of the recoil detector telescope.
AE - Energy interval

= Energy resolution of a detector
AM = Mass resolution
EQ = The permittivity for free space
e = Stopping cross section
<f> = recoil scattering angle
A = Kinematic factor for recoils
A = Wave lenght
Q = Solid angle
Qjj = Energy straggling according to the Bohr formula
6 = Projectile scattering angle
6 = X-ray diffraction angle
(fanax = Maximum projectile scattering angle
o = Reaction cross section
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