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PHYS 6751 Laboratory: Characterization of a Foil via Rutherford Backscattering

Lab overview:
© Objective: Characterize the composition and thickness of a foil by comparing o spectra
from Rutherford backscattering (RBS) measurements to RBS calculations.
¢ Gain familiarity with: a spectroscopy, complex vacuum systems, low-energy particle
accelerator experiments, nuclear scattering

» Report style: Physical Review C (PRC)

Brief description:
Over the past century Rutherford scattering has transformed from a tool for fundamental
science, providing the first direct evidence for an atomic nucleus, to a standard technique for
the characterization of thin films. This technique relies on low-energy particle accelerators to
scatter light nuclei at ~MeV energies off of ~micron-scale thin films, which are detected at
various angles using silicon detectors. Comparing measured spectra to cross section
calculations enables the material composition and thickness to be extracted, providing
necessary information for industrial applications as well as fundamental nuclear physics
research.

In this experiment we will determine the thickness and composition of a foil using the RBS
set-up at the Edwards Accelerator Lab (EAL). The 4.5MV tandem will be used to deliver ‘FHe>
ions to our foil, mounted with the RBS chamber in the small target room. Signals from silicon
detectors, which will be placed at various angles, will be used to determine the differential
cross section of elastic scattering of a-particles on our foil. Foil characterization is completed
by comparing measured spectra to RBS differential scattering cross sections, which are
analytically determined.

Expectations for Run-plan:

The run-plan should consist of time-saving calculations and an order of operations. For
instance,

* How many angles do we need to measure the RBS spectra at and what are the optimum
angles?

* How long do we need to measure at each angle given a nominal beam intensity (e.g.
100nA)?

» How will the information about the target be derived from our measurement?

* Why are we using an a-beam as opposed to, say, protons or carbon?

¢ How will we determine the intensity of our a-beam?

* What materials is RBS ideally suited to characterize? What impurities would it be liable to
miss and how would you detect those?
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¢ What is the experiment order of operations; what information do we need to collect before
beginning the measurement?
s ...of course, other preparatory notes are welcome, so long as they’re useful!

NOTE: The above examples are suggestions. Please do not feel obligated to have all of them
done prior to the lab start. You will be working in a group, so with any luck your partners
will have prepared for some different portions of the lab.

Expectations for Lab Report:

The lab report should be a publication-quality paper typeset in the style of Physical Review
C. As such, it should include a thorough and balanced description of the experiment
motivation, the measurement technique, the data analysis, and the significance of the
results.

The reports will be written individually, but your group members should appear as co-
authors on the paper. As such, you are free to share calculations and plots. In fact, sharing in
this sense is expected, as this is how real experiments work. However, all writing must be

YOUr own.

NOTE: It is quite possible that the lab contains more work than you could possibly get done
during the experiment time allotted. This is OK, as I don't expect you to necessarily
complete every single task. However, a reasonable amount of work must be completed and
that work must be thoroughly described in an articulate way.

WARNINGS:

* Be careful with the bias voltage
o Don’t electrocute yourself
o Don’t exceed the maximum bias voltage for the detector
o Don’t apply bias without good vacuum
* Be careful with regards to beam-induced radiation
o The accelerator operator is in-charge and only they can give you permission to enter
the target room
o The target room must be “swept” for radioactivity by the operator before others enter
the room and it must be “swept” for occupants prior to securing the target room and
initiating target bombardment.
» If you aren’t sure, ask!
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Appendices

1. Notes on RBS
2. Paper on modern use of RBS
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II. Pre-Experiment Checkout

a). After performing the essential pre-lab preparations, begin to understand the experimental
setup. This includes understanding the purpose of each part of the system. The basic layout
of the Rutherford scattering experiment is shown in Fig. 1.

Moveable Detector

P e
Charge '
Integrator /

Scattering Chamber

Fixed Detector

Angle Readout

Figure 1: Major components of the Rutherford scattering experiment for this laboratory.

b). Go through the set-up step by step to understand how the electronics are laid out in
both the experimental area and the control room. This basic layout and the purpose of
each electronics module should be reasonably clear given the experience you have gained in
the first part of this course. The manuals for each of the electronics used are available for
review. A complete diagram is contained in Fig. 2. Be sure to provide clear and complete
documentation in your logbook. Also begin to understand how to operate the data acqui-
sition system and what the defined histograms mean. Make sure you understand where to
record the computer dead time for each measurement. This is crucial in order to measure
the Rutherford cross section.

¢c). Make sure you know how to set the angle of the movable silicon detector to the precise
angle that you want and that the angle readback makes sense to you. Note that the movable
detector is limited to angles in the range from 25° to 150° on one side of the beam and from
250° to 335° on the other.

d). Take measurements of the radial positions of the two silicon detectors. This is required
to compute the detector solid angle.

e). Make sure you record the size of the apertures in from of the two silicon detectors. These
are required for the solid angle computation.

f). Make sure that you understand how to read out the charge integrator for the alpha beam.
This is required in order to determine the number of alphas incident on our gold foil.
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g). Make sure you record the thickness of the gold foil {relevant units are pg/cm?). This is
necessary to compute the cross section.

h). Make sure you know how to set the angle of target (the gold foil). In this experiment
we will want to minimize the material traversed by the scattered alpha particle in the gold
foil. To accomplish this we will set the angle of the target to be 0,.q:/2 for angles 8, < 90°.
Here 8,.q4 15 the defined angle of the silicon detector. For angles larger than 90°, we will set
the target angle to be at 0° (i.e. normal to the incident beam flux).

ITI. Scattering Cross Section

The scattering of particles is described quantitatively by the differential cross section, % 1].
We will consider the case when Ny projectiles are incident on a target of uniform thickness
described by n, target nuclei per unit area. The incident projectiles can in principle scatter
to any angle with respect to the incident direction. The number of particles scattered into

a solid angle AQ is given by

d
Ns == %Ngﬂl AQ. (1)

In general, é‘% depends on the type of projectile, the type of target, the energy of the
projectile, and the scattering angle. Note also that the above formula is technically only
exactly true in the limit that AQ — 0, due to the fact that % depends on the scattering
angle. The number of scattered particles N, is directly proportional to Ny, nq, and AQ as
one intuitively expects — in this picture, the differential cross section is the proportionality
constant. It is often said that the differential cross section “contains the physics”...

The differential cross section has units of area divided by solid angle. While solid angle is
technically dimensionless, we traditionally utilize the units of steradians (sr) to describe it,
where AQ = 47 sr for an entire sphere. In nuclear and particle physics, it is also traditional
to use the units of fermis (fm) to describe distances {1 fm=10"'* cm) and barns (b) to
describe cross sections (1 b=10"2* cm?).

1V. Rutherford Scattering Physics

The Rutherford scattering formula may be derived classically (or quantum-mechanically!)

assuming the Coulomb potential between two particles (labeled 0 and 1):
Z0Z162
Ulr) = s (2)
dregr

where 7 is the distance between the particles, Zge is the charge of particle 0, Zie is the
charge of particle 1, and € is usual electrostatics constant (e = 8.854187... x 107! F/m).
The resulting differential cross section is

do ZEZiet 1
dQm  16(4weg)2F2 sin* (6, . /2)’
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Figure 3: Relative scattered energies (K) for several nuclei present in the target foils as a
function of laboratory angle.

where E. 5 and 6., are the center-of-mass kinetic energy and scattering angle, respectively.
Note that the Rutherford differential cross section diverges as f., — 0 and the total cross
section is in fact infinite.

Since we will not be performing the experiment in the center-of-mass coordinate system,
there is more work to do. The algebra of changing coordinate systems for the Rutherford
formula is non-trivial and is seldom discussed in textbooks. The formulas below are taken
from a paper by Sargood [2]. Let’s now assume that label 0 refers to the projectile and
label 1 refers to the target which is at rest. First we will define

Macos 0 + /M7 DY
COoS - S110
K = ( 0 1 0 ) , (3)

where M; are the masses and @ is the laboratory scattering angle, where 0° is by definition
the direction of the incident projectile. We will also define the parameter

Mg sind 2

azdl (4)

The differential cross section in the laboratory is given by:

do  Z3Z%*  (a+cos@)? 5)
dQ  da{dnep):E;  sinl@

where Ej is the kinetic energy of the incident projectile. The energy of the scattered projectile
is given by Ej, = KFj. Since K is dependent on both the target mass and the scattering
angle, particles scattered from different target nuclei will have different energies; Figure 3
shows the K values for several nuclei as a function of laboratory angle. Note that in the
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limit Mo/M,; — 0O (“light” projectile and “heavy” target) we have K — 1 and a — 1 and
the lab system is also the center-of-mass system — one can also verify that the differential
cross section formulas are equivalent in this limit using the trig identity

I+cosf 1 )
sin@  2sin®(6/2)
It is convenient to expand Eqs. (4) and (5) in powers of My/M;; the result is
d Z37Z%et 2 :
. e .41 2(%) o (%) ' (7)
d{l 16(47F60)2E0 s (9/2) M1 M1
The fundamental constants can be inserted as follows
ot o2 2 )
= 8
(4meg)? (lhre@hc) (e) ®)
1 2 10 mb
= (== 197.327 MeV-fm)? 9
(137.036) < [ MeV-fm)” x ( fm? ) ©)
= 20.735 mb-MeV? (10)
to yield “nuclear physics” units. The final formula is
do mb-MeV?\ 77,7\ 2 1 Mo\ 2
— = 1.296 -2 11
dQ ( st ) ( Ey ) sin*(6/2) (Ml) (1)

which can be used with Ep in MeV to calculate the differential cross section in mb/sr.

V. Rutherford Scattering Experiment

The experiment will amount to acquiring data at a number of different scattering angles on
either side of the incident beam direction. You will record the number of counts in each
of our two silicon detectors. The naming convention is to call the fixed detector RBS and
the movable detector PRD. In addition to summing up the counts in the ADC spectra, you
will have to record the system live time (LT) for each measurement, as well as the real time
duration (RT) of each run and the charge integrator value. The counts in the ADC spectra
must be multiplied by the ratio RT/LT in order to determine the true number of particles
which struck the detector during the real time duration of each run.

In defining Fy for this experiment, use of the incident & beam energy is only an approxi-

mation. In general a better approximation is to use the average alpha energy in the target
given by:

4+ F ¥

Ea.vg = — 9 3

where E; is the incident alpha energy and Ey is the alpha energy after passing through the

gold foil. It would be relevant to compare the sensitivity of the final result with and without
this correction.

(12)



Based on the previous discussion, the measured differential scattering cross section in units
of cm® /st is given by:

do N,
- = 5 1
d? Ny AQ-ny (13)

where:

¢ N, = the number of detected particles, corrected by the ratio RT/LT.

e Ny = the number of beam particles which impinged on the scattering foil. This quantity
is determined from the charge integrator. Remember that we are using a He?™ beam
when converting the measured number of 4C to the number of particles.

o AQ = the solid angle of the detector (sr). The solid angle is given by A./R?, where A,
is the area of the detector (or the defining aperture) and R is the distance of separation
between the aperture and the target.

¢ n; = the number of target nuclei per cm?. This mumber will be given to you by your
lab instructor.



Silicon Detectors — Background Information

Semiconductor charged particle detectors have been used extensively in experimental nuclear
physics research for over 30 years, and have revolutionized nuclear particle detection. Silicon
detectors can be used to measure a wide range of charged particles. This range includes
protons and electrons as low as 20 keV up to fission fragments of energy over 100 MeV.
The inherent resolution of ion-implanted and surface barrier detectors is surpassed only by
magnetic spectrometers. The detector output pulses rise rapidly, hence they are well suited
for fast (~1 ns) timing with coincidence circnitry or time-to-amplitude converters.

The efficiency of silicon charged particle detectors for their active volume is essentially 100%,
and their energy vs. pulse height curves are linear over a rather impressive range. They
also have good long-term pulse height stability. This is particularly noticed when they are
contrasted with scintillation counters, gas proportional counters, or ionization chambers.
The high efficiency of these detectors allows for straightforward analysis of cross sections
via the extraction of detected particle yields from the accumulated spectra (provided data
acquisition/computer dead times are accounted for accurately).

Solid state detectors can be thought of as a solid state ionization detector. When a charged
particle enters the depletion region of the detector, it loses energy primarily by making
electron-hole pairs in the silicon. For each electron-hole pair that is made, the initial charged
particle must lose 3.6 eV. In this experiment we will be measuring alpha particles that have
an energy less than 3 MeV. If a 3 MeV alpha particle enters the detector, roughly 8x10°
electron-hole pairs will be produced. The detector is reverse-biased and these electron-hole
pairs are collected to produce the output pulse of the detector. Since a large number of
charge carriers is produced, the statistical variation in the number collected is small and
hence very good energy resolution is possible. The “partially depleted” silicon detector used
in this experiment has a resolution of roughly 20 keV.

The three main parameters that define a silicon surface-barrier detector are its resolution,
active area, and depletion depth. The shape of a typical detector is a circular disk. Thus
the active area is simply the area of the face of this disk (provided it is placed normal to
the incident flux of radiation). The depletion depth of a detector is synonymous with the
sensitive depth of the detector. For any given experiment, this depth must be sufficient to
completely stop all the incident charged particles that are to be measured. The detector’s
ability to do this is dependent upon both the energy and the particle type. Fig. 4 is a
range-energy curve for five of the more common charged particles. From it, the maximum
depth can be determined for the maximum energy of a particle type. From Fig. 4, note that
a 3 MeV alpha particle is completely stopped with about 20 pm of silicon.
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Figure 4: Energy-range curves for charged particles in silicon [3].

Science” by Jerome Puggan (1988).
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Rutherford backscattering and nuclear

reaction analysis

L G Earwaker. Schoo! of Physics and Space Research, University of Birmingham, Edghaston,

Birmingham B15 2TT. UK

1. Introduction

Throughout the 1950s and 1960s nuclear physics research was
carried oul in an increasingly large number of. laboratories
around the world, using accelerators producing ion beams with
energies of the order of a few MeV. The most commonly used
kons were protons, deuterons and alpha particles. As the research
developed, a wealth of knowledge was built up on the interaction
of energetic ions with all nuclei throughout the periodic table,
accelerator encrgies were extended to higher levels and more
complex ions were accelerated. This legacy of accelerator tech-
nology and basic nuclear physics information now forms the
backbone of the widely used near-surface analytical techniques of
Rutherford backscattering (RBS} and nuclear reaction analysis
(NRA).

Although Rutherford backscattering and nuclear reactions
were first observed soon after the turn of the century ', it was
not until forty years later that they were first used by Rubin ez
al in the analysis of materials™*. The rapidly growing need for
surface analysis since that time, particularly in the electronic and
related industries, has generated much development of energetic-
ion-beam analysis techniques to the point where they have gradu-
ated from research laboratory developments to routine tools used
by high-technology industrics. Tt is now possible to purchase
turn-key accelerator amalysis facilities providing jons in the
cnergy range up to a few MeV for around $400,000°, a sum
comparable with that required to provide a good quality dynamic
SIMS. Auger or ESCA instrument. Taken together, RBS and
NRA provide for the measurement of elemental concentrations
to a depth of about 10 gm and with sensitivities in the range
down to a fraction of a monclayer or parts per million (atoms)
in advantageous cases. The techniques are non destructive, quan-
titative, sensitive 1o all elements in the periodic table and, in the
case of NRA, isotope specific.

2. Energetic ion beam analysis

2.1. General principles. When energetic ion beams are incident
upon samples of materials they suffer a wide range of interactions.
Amny onc of these interactions ¢an be made the basis of an analysis
lechnique simply by observing that type of interaction and
designing the detection system to exclude, as far as possible, the
others. This article aims to provide a broad introduction to
Rutherford backscattering and nuclear reaction analysis and to
illustrate them with a number of specific applications. Readers
wishing to explore the topics in greater detail will aiso find the
following, more general references useful. Backscallering spec-
trometry and channelling have been described by Chu ef af° and
Feidman er al” respectively and an extensive coverage of ion
beam analysis of materials is contained in the books by Feldman
and Mayer' and Bird and Williams® An excellent review of the
cncrgetic ion beam analysis of light elements from hydrogen

te neon is contained in the conference proceedings edited by
Demortier'. Marion and Young'' have also produced a very
uscful compilation of graphs and tables of data related to nuclear
reaction analysis.

The radiations emitted when cnergetic ion beams impinge on
a sample are ilustrated schematically in Figure 1. In Rutherford
backscattering and nuclear reaction analysis, cmphasis is placed
on the scattered and transmitted ion beam. the recoil nuclei and
the nuclear reaction products. The sample Lo be analysed may he
‘thick” where the ion beam comes to rest within the bulk of the
sample, or “thin® when the ion beam loses only a small part of its
energy in passing through the sample. In some cases nuclear
reaction products may penctrate through the sample even though
it is thick to the incident beam. This may be the case when
nuclear reactions produce very energetic reaction products or the
products are neutrons or gamma rays. Figure 2 illustrates the
case of the detection of reaction products from thin and thick
samples. For the thin sample the incident monoenergetic beam
produces a reaction product with well defined energy. Here the
energy is defined by the particular interaction and the vield per
incident ion is determined by the number of atoms in the path
of the beam and the interaction probability or cross-section. Tn
the case of the thick sample, those atoms near the surface will
give reaction products of the same energy as from the thin sample.
However, as the ion beam penetrates the sample it will lose energy.
When a reaction oecurs at a depth in the sample, therefore, the
reaction product will generally be produced at a reduced energy
and it will lose further energy on its way back out of the sample
before cntering the detector. The contribution of atoms in a thin
fayer at depth in the sample is therefore correlated with particles
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Figore 1. A schematic illustration of the radiation processes induced when
an energetic ion beam is directed onto a solid material.
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THIN SaMpiE ¥

Figure 2. The ingectories and eoergics of energetic ion beam inleraction
preducts from the surface and o depth .« beneath the surlace ol a muderial
amd the reaction product energy distributions Irom thin and thick samples.

detected within a given energy element. as shown by the shaded
section in Figure 2(b).

2.2, Energetic ion—atom interactions. When a beam ol energetic
ions enters a4 material. tons in the beam interuct with the atoms
of the material in various ways. depending on the energy and
velooity of the ton. By fur the most probable interaction is with
orbital electrons of wtoms in the material. However. a small
fraction of the ions will seatier from atomic nuclel and at higher
ion energies an even smalter fraction may interact with nuclel.
producing nuclear reactions. All of these processes gradually
reduce the encrgy of the ions und, in the case of nuclear reuctions.
remove them from the beam completely.

The dominunt process, wherchy ions lose energy by inleraciion
wilh cleetrons to produce excitations and iomizition, is known
as electronie stopping and is denoted by {dE:dx),. Becuuse 1ons
are very much heavier thun clecirons, the raction of the ion
energy transferred in each collision is very small. as is the angulur
deviation of the ion. An jon beam will therefore slow down in a
maicrial in a straight line and. as ions arc not removed from
the beam. Lhe fluence remainsg constant along the path. This
behaviour has the important consequence thal the depth pen-
ctrated by an ion can be dircetly related Lo its energy at tha
depth, through the (d£:dy), relationship. thus providing the busis
for clemental analysis as a function of depth. As the ion slows
down. i1 will reach a velocity comparable with that ol inner shell
cleetrons for that ion. with the consequence that clectrons may
be captured and carried along by the ion. Eventually. as the
velocity drops further. clectrons will be captured into ail shells
and the ron will become a neutral atom. AL this stage energy loss
is no longer by excitation and ionizalion but by clustic collisions
between atoms. The particles involved in these collisions now
have much more comparable masses. large cnergy transfers
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become possible in single collisions and large changes in direction
ol the incident ion are probable. This process is known as nuclear
stopping and is denoted by (dF:dy),. U is this nuclear stopping
process that gives rise 1o sputtering. In this regime it is much
maore diflicult to refate depih with cnergy or with ien direction.
which can introduce complications when heavy ions are used for
anadysis. For aimost afl cases of energetic ion beam unalysis
however, nuclear stopping effeets can be ignored. Charge ox-
change only begins 1o play @ role for jons ol energy below about
100 KeV per atomic unit and nuclear stopping hecomes com-
parable with clectronie stopping at i few KeV per alomic muss
unit.

The cnergy loss process iz the electroniv stopping regine con-
sists ol a serres of collisions with electrons, cach removing u small
but different amount of cnergy from the ion. The cnerey loss is
thus a statistical precess and. as a result. ions which initially have
the swme energy will lose slightly different amounts of energy
when passing through the same thickness of matenal. This pro-
vess 15 known as cnergy straggling. For an ion ol charge /7,
passing through a material composed of un clement of number
densiiy ¥ atoms per unil volume and atomic number 7 .. o simple
form of the energy struggling, calealaied by Bobr, states that
the full-width-at-hall-maximum of the cnergy distribution aller
passing  through  u  thickness o Av is  proportional 1o
[NAL2AN] S Asan example. o 2 MeV *He beam traversing 0.3
janof 81 has an energy loss ol {23 keV and a siraggling ol ubouwt
7 ReV. Clearly. as encrgy loss is translated into depth, straggling
results nan uncertainty in the depth measurement. For heavy
ions the straggling increases greatly with mass and charge. In
addition, il the velocity of the ion approaches the nuelear stop-
ping regime. large ungle scatlering introduces an additionyl
uncertainty to Lhe depth scale.

A very small number of ions. perhaps us low as one in every
107 or 10 will approuch sufficiently closely to an atomic nucleus
o undergo a Coulomb interaction with the nuclear chirge. In
general. the distance ol closest approach will not be shont enough
for nuclear forees to come into play and the ion will be scattered
according o the well known Coulomb scatlering laws and with
a well defined analvtical probability. This process is known as
Rutherford scattering. For higher ion energies and. particularls.
lor low atomic number ions. some ol the larger angle collisions
will enable the 1on 10 enter the region of the nuclear forees. In
these cases the anadyticad Coulomb scattering probability will be
madified by nuctear effects and the probability of interaction can
no longer be caleulated in a simple manner. Non-Rutherfond
effects are most severe for light iongdight atom comhinanions,
being particulurly evident for protons above u few hundred ke
and alpha particles above 2 MeV incident on atoms with atomic
number less than T e addition 1o puclear clastic scatiering, an
even sotdler fraction of the jons may undergo nuclear trans-
formatton. In favourable cases, perhaps one ion in 16" will induce
a nuelear reaction.

In discussing the interactions ol ions with materials. no con-
sideration has yet been given to the structure of the slewing down
medium. Very many materials are erystalline in form wilh highly
ordered arrungements of aroms. In low-index crystallographic
dircetions. atoms lic in long rows and in planes and the ordered
eleciric fields produced by these rows and plancs profoundly
influcnce the behaviour of incident 1ons, IF a parallel ion bean is
incident along a major crystaflographic axis or planc. the electric
ficld acts 1o guide the ions between the rows or planes. thus
preventing them rom approaching individual nuclet and greatly
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reducing electronic stopping and the probability of Rutherford
scattering and nuclear reactions. Up to 98% of all incident ions
may be trapped in axial channels by this mechanism. This
phenomenon, known as channelling, has wide applications in the
analysis of crystals and for semiconductor materials in particular.

2.3. Depth scales. In nuclear analysis spectra, it is possible to
relate the energy to a depth in the sample through the energy loss
relations. With the geometry shown in Figure 2, an incident ion
of energy £, reacting with an alom at the surface will enter &
detector placed at an angle ¥ to the incident beam with an
energy K£,, where K is a proportionality constant known as the
kinematic factor. If the incident ion travels a distance x/cosf!,
into the sample before interaction, where x is the depth normal
to the sample surface. it will lose an encrgy

Y ox (dE
AE = |
0 _[} COSs 9] (dx)H\;c dx‘ (I)

where (dEfdx) ¢ is the rate of energy loss of the incident ions in
the sample material, If the ion then interacts at this point it will
produce  reaction product with energy K (E;— AE,}. In leaving
the sampie on its way to the detector this particle will lose an
energy

Y ox dr
= e X, 2
AEreov ,[) cos {1, (d-’f)}!mr_) dx, @

where (dE/dx) o is the rate of energy loss for the reaction
product in the sample material. The energy observed at the detec-
tor will therefore be

El = K(£, _AE[N(.‘) *AEPROD- (3)

Hence the depth scale is related to the energy scale by the differ-
ence in energy between the reaction products from the surface
and from a depih x and is given by

AE| = (KAE\nc + AEprop)Ax. 4)

The cnergy foss process relates to the sum of the interactions
between ions and individual atoms in the material. It is common,
therefore, (o replace (d£/dx) by a term known as the stopping
cross-section £ and defined as (1/M)}AdE/dx). The units of ¢ are
¢V cm” per atom and usually written as eV cm®. Real materials
generally contain mixtures of atoms or are specific compounds.
For these cases Bragg’s rule is used to combine.the stopping cross-
sections for the individual elements in the foHlowing manner. If
the compound or mixture can be represented by A, B, and the
individual stopping cross-sections are ¢* and &® then the mixture
or compound has a stopping cross-section given by "=
me* + ne®. For example, for the compound Al,0;,

gM0s = 2pM £ 360, )

2.4. Nuclear reactions. The complexity of nuclear reactions is
best iliustrated with the help of an energy level diagram. A typical
example for deuteron bombardment of '*0 is given in Figure 3.
If a deuteron of zero energy could be made to merge with an
oxygen atom it would form a '*F compound nuclens with an
excitation energy of 7.515 MeV. On the potential energy diagram
this is illustrated by placing the 'O energy level diagram 7.515
MeV above that for '®F (i.e. the Q value for compound nucleus

0 I "o 5

ah.ri

I 101

0 MV

Figure 3. Energy levels, nuclear reactions and cross-sections for energetic
deuteron reactions with '*0,

formation). This highly excited state may decay through any one
of the following decay channcls.

{a) A deuteron is re-emitied leaving '°O in its ground state.
This corresponds to elastic scattering and will be superimposed
on the normal Coulomb scattering (Rutherford). The yield of
clastically scattered deutcrons as a function of incident deuteron
energy is shown in the second column in Figure 3, where it can
be seen that the yield follows closely the Rutherford value up to
a deuteron energy of about 1.5 MeV, afier which the effects of
compound nucleus formation associated with various cnergy
levels in '°F become apparent as resonant shapes superimposed
on the yield curves.

(b) The excited state of '*F may decay by gamma emission. [n
this case the reaction product M2 is a gamma ray, or more
probably, a cascade of gamma rays from specific excited stales
in ""F. In this particular exampie, two other particle emitting
decay channcls are open and as these involve strong nuclear
forces, decay by these modes will usually be much more probable
than by gamma decay.

{c) Another decay channel encrgetically open is that of alpha
particle decay 1o "N, The O value for alpha emission 1o the
ground state of '*N is 3.111 MeV. Thus the energy level diagram
is placed at 4.404 MeV relative to the ground state of '*F. "N
has excited states at 2.31, 3,95, 4.91 (below 5 McV, there being
many more above 5 MeV). Consequently, the "*F compound
nucleus found at an excitation energy of 7.515 MeV can decay
by alpha emtission to both the ground state and first cxcited
state of "*N. These alpha particles are denoted as z, and x,
respectively, As the energy of the deuteron incident on '°0 is
increased, higher excitations are reached in '*F and further alpha
emission channels to higher exciled states in "*N become avail-
able,

(d) The remaining decay channel open is proton decay to the
ground and excited states of '70. Here the energy level diagram
for 'O is at 5.597 MeV and the first three cxcited states are at
0.871, 3.058 and 3.846 MeV. In this case, only two proton decay
channels, p, and p, are immediately available. In both proton
and alpha particle decay. groups decaying to excited staies will
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Figure 4. A schemalic energy spectrum of the proton and ulpha purticle
groups and clastically scattered deuterons {rem the bomburdment of "0
with cnergetic deuterons. The [ull curves represent the response from a
thin turget and the dashed curves from a thick tarpet.

give Tise 1o gammi radiation as the states decay 10 the ground
state, It is possible. therelore. (o monitor such reactions by observ-
fng cither the particles or the subscquent ganuma rayvs. When o
thin oxygen conlaining sample is bombarded with T MeV deuw-
terons the particles and their energics observed by a changed
particle detector are illustrated in Figure 4. Here two proton
groups o stiles of 0L wwo alpha groups to states of N and
clastically scatiered deuterons are observed.

2.5. Reaction kinematics (nor refativistic). A schematic of an ion
iveraction with a nueleus 1s shown in Figure 5. Here an inerdent
ion of mass M, and cnergy E, is incident upon a stationary
sample alom of mass M .. Afler the interaction. two particles ure
usuadly produced with the lighier pariner having mass A and
energy F, emerging at 4 laboratory angle 4 1o the incident beam
dircction and a heavier purtner M, cmcrging at a laboraiory
angic ¢ with an cnergy £, Such an intcraction M, +A . —
M+ M+ 0 is usually written as MM A OM . O where
Q= (M, +M.—M,—M.jc" and can be positive. negative. or
sero. depending on the type of imeraction. Also. the total energy
ol the system

Er=E+0=L4+E, (6)
Standard kinematic caleulations then give

L, -

e = Blcos = (D;B—sin" ' 7], {7}
I

where the positive sign should always be used. except when ##:> D
in which case ¢, =sin "{D:B)' . Also.

p = Afcos S+ (A —sin” 537, (%)
&
Mo '
.
\] H N \[ .
| .
‘\} i ALY

F[gurc . A schematic r&.pr(.sgnlalum of the interaction of an encrgetic

ion M, mlh a sample nucleus M .. giving rise to i light reaction product
M, '.md heavy reaction production M.
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Aguin only the positive sign is used unless 4 > Cin which case

= sin "(C7A)

_ M M E\Ey)
(A, + MMM+ M)

MM AELED

L YTINeY

B= .
[.‘1’?1 + ﬁfll)(/‘f{: + ‘1‘14)
MM, ' 1,0 l
= and
(M, + MM, +M)H | 1.£,
b MM, 1,0 J
UM MMM M) 1.y

It should be noted that A4+ 84 C+ D=1 und 4= BN, A
special cise of the ubove Tormuldac s for clastic scattermg. when
M =M M. =M udD =10

2.6. Scattering cross-section dafd€2. When cnergetic fon beams
are used in materials analysis. reaction products are observed al
an angle i 1o the incident beam vsing a detector which subtends
a small solid angle (tvpically <10 7 str), The count rale in the
detector from u thin sample is given by
¥ = vy 2 O )
do :

Where £1s the incident beam current expressed s the numaber
of incident ions per second. A is the number of atoms por unit
valume in the sample undergoinyg the observed interaction, x s
the sample thickness. de dQ is the differential scuttering cross-
section for the reaction mto an clement of solid angle at the
observation angle @, Q s the detector solid angle and « is the
detector efficiency. tn general, daid€ is quoted for a given incident
cnergy and detection angle and g small clement of solid angle. I
thick targets are to be unalysed or karge solid angle detectors are
wsed then the above equation must be inwegrated over the detector
solid angle and the energy of the jons as they penctrae the
sumple,

For Rutherlord clastic scatiering the cross-section has i owell
defined analytical form given by the Rutherford formula

deo _ _Z|Z‘1 Cj- : 4
dQ [ lene,E, | sin® i
L0 (M A ) sin ] cos g

e |
(L= (A, M.)sin )] (o

In many applicitions of Rutherford backscatiering analvsis A,
- A7 In this ease, the Rutherford formula simplifies (o

da Z|Z3 L\:" ’f
= | ocosec?

dQ tome, I 2

Linfortunately. there is no such simple analyticul form for nuclear
reaction  cross-sections. Here the value of the cross-scction
depends, in g very complex way. on the particles involved. the
incident ion cnergy and the nuclear physics of the excited com-
pound nucleus. In general, however, the magnitude of the cross-
seetion is heavily influenced by the Coulomb barrier: the Cou-
lomb repulsion which prevents an ion and nucleus coming close

(11
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enough together for nuclear reactions to occur. The Coulomb
barrier has a value proportional to

FAYAS M+ M,
(AP435 M,

where 4, and A, arc the atomic mass number of the ion and
struck atom respectively. Very roughly, the Coulomb barrier for
proton or deuteron beams is > 2.5 MeV for elements with atomic
number 210 and atomic number > 5 for alpha particle beams.
Cross-sections tend to be higher near the Coulomb barrier for
loosely bound incident ions such as deuterons and *He. For
beams of a few McV, nuclear reactions with reasonably large
cross-sections are limited to combinations of light incident ions
and elements with atomic number less than about 20. For some
nuclear reactions with light elements, the excited states of the
compound nucleus are well spaced in energy and have a very
narrow energy width. In such cases, cross-sections often only exist
at incident ion cnergies which correspond to excited states. These
arc known as resonance cross-sections.

(12)

3. Analysis techniques

3.1. Transmission jom microscopy. The simplest analytical
measurement that can be made is to measure the energy loss of
ions in passing through thin samplés of material. The electronic
stopping process has a rate of energy loss (dE/dx).
%(NZiZ,/E,). Hence, for a thickness of sample x. the loss in
energy AE varies as NZ.x. By measuring energy loss as a function
of position, by scanning an jon beam uniformly over a sample
or by moving the sample under the beam, it is possible to build
up a topographical map of the relative stopping power of the
sample. The technique is very powerful because in principle, a
measurement can be made at each location with a single ion. In
practice, however, the energy loss of several ions is averaged at
each point on the map. Information can be quickly collected with
an extremely small beam current of only a few thousand fons per
second. thus greatly reducing the possibility of damage to the
sampie or loss of volatile material. The technique, known as
Scanning Transmission Ion Microscopy (STIM) is ideal for use
with cxtremely small beam spots of less than one micron diameter
when very high spacial resolution images are obtainable. The
range of 3 MeV protons in most materials is of the order of
30 um and samples of several tens of microns thickness can casily
be measured. Alpha particles of the same energy have a range
around 10 pym and arc commonly used for samples of a few
microns thickness. Heavier ions can be used with even thinner
samples.

STIM measurements generally have two types of application.
As ion beam analysis measures the number of atoms in the path
of the beam, it is not possible to convert this measurement into
an elemental concentration unless the thickness of the sample is
known. Hence, if for example, clemental concentrations in an
unsectioned biological sample arc to be determined, the elemental
yiclds must be correlated with the thickness at each point.
Assuming that the elements of interest are minor or trace
elements, the NZ, term will be determined by the biclogical
matrix and the energy loss values measured by STIM witl provide
a direct measure of the thickness. Elemenial! yields and STIM
thickness therefore allow concentrations to be determined.
Another example of the application of STIM is where a sample
has 2 uniform thickness but contains regions of different elemen-

Figure 6. A 4 MeV H™ STIM image of part of the head of a fruit fly.
Whiter areas indicate larger proton energy loss. The highest energy loss
corresponds to about (.1 kg m" %, {Reproduced by permission of H W
Lefevre e al, ref 12.)

tal composition. An example of this type of sample is an elec-
tronic micro circuit which may be made up of layers of silicon,
oxides or nitrides and perhaps heavy metal connecting strips.
Here STIM is able to image the contrasting N7, components
and can clearly image buried metal strips invisible from the
surface. An excellent review and bibliography of the STIM tech-
nique has been published by Lefevre er al' .

Figure 6 shows a STIM image measured by Schofield er wf'®,
4 MeV protons were used to bombard the freeze dried head of a
fruit fly and the energy of the penetrating protons were measured
in a surface barrier detector placed 1 cm behind the object.
The image is composed of 256x 256 pixels, the whiter areas
corresponding to larger proton energy loss. The maximum energy
loss indicates an areal density of 0.1 kg m . The mouthparts
of the head are at the bottom and the eye occupies the upper
right of the picture. In a subsequent analysis of the Ca content
of the head using X-ray emissions, an uncorrected image of the
Ca distribution was obtained. This image was then divided pixel
by pixel by the STIM areal density image to provide a Ca con-
centration distribution, as shown in Figure 7. Here it can be seen
that the highest Ca concentration appears in the retinular cell
region of the compound eye.

3.2. Ratherford backscattering. Rutherford  backscattering
(RBS) is probably the most widely used and easiest understood
of the ion beam analysis techniques. Elastically scattered ions
behave as billiard balls in bouncing from nuclei in the sample
and the energy and vield of the scattered ions can be measured
with a suitable particle detector, Elastic scattering is a special
case of the kinematics equation (7) where M, = M;, M, =M,
@ =0and E, = E;. In RBS experiments M, is usually greater
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CALCIUM X-RAYS

mmm 100 %)

Figure 7. Images of the head of a fruit fly formed by Ca X-rays, STIM encruy loss und the pixel by pixel ratio of the X-ray image to the aerial density.
Whiter ureas indicate areas of higher X-ray yield, arcal density and concentration. (Reproduced by permission of HW Lefevre er of, ref 12

than M, and the kinematic factor reduccs to
M, cos Mi—Msint )P
K= 1 g+ (M 1 i) . (13)
M, + M,

Here K depends only on M, M- and . Hence a measurenent
of the energy ol the elasticuily scattered ions at a particular angle
i allows the determination of M .. The valuc ol K varies with i
and has its smallest rate of change near b = 180 . Also. the
difference in cnergy between dificrent A7 . values is @ maximum
at ¢ = 180 for ali but the lighter values of A7, Thus in most
RBS measurements. scaticred particles are detected at values of
¥ as close 1o 180 as is reasonably achievable. Here the encrgy
spread introdueed by the finite angle of the detector is a minimum
and the ability to distinguish sample atoms of different mass is
the greatest. The energy separation of 2 MeV *He. '*0 and (1
jons. backscattered from aloms ol consecttive mass. is shown in
Figure 8. Mote that the enerpy scparation for the heavier sample
atoms increases as the incident ion mass increases and also
increases lincarly with the ion energy. I the scatlered particle
encrgics could be measured with absolute accuracy. atoms of
consceulive mass at the surface of a sample could be resolved for
all masses. In real life. however. the cnergy resolution of the
detector system must be taken into aceount. Conventional silicon
surface barrier deteetors have an energy resolution of about 15
keV for alpha particles. Thus. when using 2 MeV He ions, the
maximum sample atom mass 1t which consecutive masses can be
resolved is about 43. In principle, the limit can be pushed higher
by using heavier ions. However. these produce much higher ion-
ization densitics, with an increased probabilily of recombination
und a larger fraction of their energy loss is through non-ienizing
nuclear stopping processcs. This results in a resolution in silicon
detectors as high as 100 keV for oxygen 1ons and even higher for
heavier ions. Some of this disadvantage can be compensated for
by using higher energies. although ion beamn damage in the sam-
ple then becomes a greater problem.

A typical RBS response for 2 MeV alpha particles scaitered m
173 . Tor & sample composed of & uniform mixture of equal parts
by weight of silver silicon and carbon. is shown in Figure 9.
Figure 9(a) shows the spectrum from a thin sample, Figure 9(b)
from uan intermediate sample and Figure 9{¢) (rom a samplc thick
enough 1o stop the alpha particles. The rounding of the edges of
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the three groups s dominated by the detector resolution which.
in this case, wus 15 ke, 1t can be seen from the scattering cross-
section, equation {1E). that for a given jon and detection angle o
2 £3:E7). Hence RBS is very sensitive to high Z. clements and
insensitive to fow 7, elements. The generally rising vicld towards
lower energies in the thick target spectrum reflects the £, - depen-
dence of the cross-section. The wechnigque is most suited Lo the
determination of heavy clements, particularly il they are in o light
clement matrix. Also, because of the analytrcal value of the cross-
section, when the system geometry and integrated heam charge
are known, the arcal density of the sample (Na) can be measured
absolutely without resort 1o the use of standards. Elemental
depth profiles can also be determined withowt destroving the
sample. For relatively thin samples. when the stopping cross-
scetion throngh the thickness of the sample can bhe taken as
constant. equation {3) cun be used to define a depth scake par-
ameter &

. Kepge “pROD (14)
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Figure 8. The cnrergy scparation of 2 MeV “He, '*0 und Q) ions,
backscattered at an angle of 180 from atoms of consecutive mass.
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Figure 9. A typical RBS response for 2 MeV alpha particles scattered at
175" from a sample composed of a uniform mixture of equal parts by
weight of Ag, Si and C. Part (a) is for a thin sample ; (b} for a semi-thick
sample; and (c} for a sample thick enough to stop the alpha particles.

The spectrum for such samples can be analysed very easily. The
distributions shown in Figure 9(b) have a width inversely pro-
portional to £ and a total area proportional to Z3. The step
height of the distributions is therefore proportional to Z3/e’. If
the layer to be measured is sufficiently thin that the contribution
from different efements do not overlap, then the stoichiometry of
the layer can be accurately measured directly from the ratio of
the squarc of the atomic numbers and the yields in the peaks. If,
however, the contributions overlap significantly then the step
height from each element must be used and the stopping cross-
section must also be known. Stopping cross-sections have been
tabulated' and are accurate to better than 5% for helium ions.
Typical spectra for RBS analysis of a thin YBa ,Cu,0; super-
conductor film on a Mg backing are shown in Figure 10. At an
alpha particle beam energy of I MeV, shown in Figure 10(a), the
energy loss in the film is sufficient to cause the groups to overlap.
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Figore 10. Typical alpha particle RBS spectra from a thin layer of

Y Ba,Cu;0; superconductor on a MgO substratc; (a) 1 McV beam show-

ing overlap of signals from the different elements; (b} 3 MeV beam

showing separation of the individual contribuiions.

At the higher energy the stopping cross-sections are less and the
contributions from individual metals are clearly separated. The
insensitivity to light elements is evident in these spectra, making
the accurate determination of oxygen very difficult. Note that the
leading edge of the Mg signal has been displaced downward
in energy by the energy loss in the superconductor layer. This
illustrates the ambiguity of RBS spectra where, for complex
spectra, it is not always easy to differentiate between the signal
from an element on the surface and a heavier clement at a point
beneath the surface.

Onc of the biggest advantages of RBS is the analytical form
of the Rutherford cross-section, which enables absolute elemental
concentrations to be determined. Great care is usually taken,
therefore, to use only ions ard energies for which this relationship
holds. In such cases, the depth of analysis possible is usually
restricted to the order of one micron. Once departures from
Rutherford occur, experimentally determined cross-sections
must be employed in analysing spectra and accuracy is reduced
as cross-section data are not always well known. However, con-
siderable advantages can be gained for certain elements if ion
energies are chosen carefully. For example, the '°0 (a,2}'°0
cross-section has a large sharp resonance at 3.06 MeV at back-
ward angles where the peak cross-section is nearly thirty times
higher than Rutherford. At still higher energies, the cross-section
is greatly enhanced by n number of resonances, as is shown in
Figure t1. Between 7 and 8 MeV alpha energy there is a region
of reasonably constant cross-section which is cnhanced above
Rutherford by a factor greater than 10°. This is an ideal energy
range for measuring oxygen concentrations in a heavy element
matrix where conventional RBS would be {otally ineffective.

3.3. Eiastic recoil detection analysis (ERDA). When M = M,
ions cannot backscatter, However, useful information can be
gained about the M, atoms by measuring their forward recoil
energies. From equation (8) the recoil energy is

4M M,
= F 2182
B =Eviig, sy

Maximum energy is transferred when M| = M, and { = 0°. The
technique relies on being able to discriminate between the scat-
tered incident jions and the forward recoil nuclei. The most com-
mon application makes use of energetic helium ions to measure
the isotopes of hydrogen. an element of greal technological
importance and one which is notoriously difficult to measure.
The sample is placed at a glancing angle to the incident beam of
0 = 15" and { is usually restricted to 30" to maximise E, (Figure
12).

cos’{ = K'E,. (15
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ALPHA ENERCY MeV

Figure 1%. The alpha particle elastic scattering cross-section from 'O at
an angle of 170° between the incident energies of 5 and 9 MeV.
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RV

Figare 12, A schematic representation of & typical arrangement {for ERDA
analysis.

As helium has a higher stopping power thun hydrogen, it bs
possible 10 exclude the scaticred beam rem the detector by
covering it with foi! which is just thick enough 10 stop the beam
patticles but which will transmit the hydrogen isotopes. For 3
McV He ions, surface deuterons recoil al around 2 McV and
hydrogen at around 1.5 MeV and lose about 300400 kcV respeu-
tively in passing through a detector {oil just thick enough to stop
the scattered alphas. Becausc of the shallow angle, depth scales.
which are generated in the same manner as with RBS spectru. arc
fimited to a few hundred nm. Encrgy resolutionis very sensilive to
surface topography because of Lthe shallow angles involved and
to the accurate positioning of the sample in the beam. Kinematic
energy spread is given, (rom equation (133, by

"

47 M. .
T Lsin 2 4L (16)
(M, +M,)-

For the cxample quoted above this has o value of 28 keV tor an
angular spread d& = | . Energy straggling in the detector foil has
a comparable value, giving an overall spread. assuming 15 keVv
detector resolution. of the order of 40 keV und a resulting surface
depth resolution of abowt 20 nm. The technique typically has a
bulk sensitivity ol about 0.1 a1% and is scnsitive to .1
monolayers on o surfuce. Usually, absolute concentralions are
determined by reference 1o standards. Typical 3 MeV He' ERDA
spectra are shown in Figure 13 for & 96 nm plasma deposited
Si:N, laycr on a Si substrate before unrd after a high mnperuiurc
anncal, The as-produced sample containg %% atoms of hydro-
sen whilst in the annealed sample the hydrogen concentration is
reduced to 7% atoms. The small number of counts below the
muain peak are probably duc to multiple scattering in the sample
and detector absorber foil.

A variation on the above technigue is 10 use a sample which

o
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Figare 13. Proton recoil spectra. measurced at 30 . from the 3 MeV He?
bombardment of a 96 nm plasma deposited 8i:N. layer on Si. belore and
afler unnealing.
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is thin cnough to just stop the incident He beam. in which case
the ol can be placed normal o the beam and hydrogen isotopes
can be detected at 0 . A further variation of the thin foil approsch
i5 1o bomburd with protons and o observe both the recoil hydro-
gen atom und the seaitered proton in coincidence in detectors
placed at +45 to 1he beam. Here the sum of the energy in Lthe
two detectors is Towmd 10 increase with the distance irivvelled
through the (o1l by the incident proton before scuticring und 4
depth profile is obtained ITom the summed energy spectiun.
The coincidence requirement gredtly reduces background and
detection sensitivities as low s 1 ppm atoms have been achioved.

In sonwe of the major factities. wsually ex-nuclear structure
rescarch machines, ions of oxygen. sulphur and chiorine can he
aveelerated (o severd] lens of MoV oand use of these jons in the
ERDA gcometry chables clements Irom hvdrogen 1o around
oxygen {with **Clions) to be measured. The problem experienced
here is in distinguishing the various recoil ions. Even though fhe
heavier ions have the highest recoil energics, they also have the
highest stopping cross-sections and consequently often appear at
lower cnergies in the final speftrum. In such cases. it is a greal
help to bave a good idea of 1he clemients 1o he expected in the
sumple. Figure B oshows an example of an ERDA spectrum
taken from a CVD-deposited Him of dismond-like carbon. using
30 MceV °C ions. The high energy peak is from recoif carbon
and corresponds (o a thickness of 91 nm (assuming a density off
2270 kg m ). Oxygen, which initially bas « higher recoil energy
but also has a higher stopping power, 15 present as the inter-
mediale distribution and the low energy peak Is [rom hydrogen.
Both exygen and hydrogen are found to be distributed through-
out the loil, the narrowness of the hydrogen peak reflecting
the much lower stopping power of hydrogen. The respective
concentrations zre found to be 74% atoms ol carbon. 3% atoms
of oxygen and 23% atoms of hydrogen. The accuracy is typicudly
better than 3%,

3.4. Nuclear reactional analysis (NRA)}—non-resonant. Non-res-
onant nuclear reaction und Rutherlord backseattering unalysis
have many features In common. Both technigues meuasure the
crergy distribution of reaction products or scatwered lons and
determine clemmental concentrations und depth profiles Irom the
yields and ion energy toss refations, as illustruted in Figure 2.
With NRA. however. reaction gross-sections have no casily pre-
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Figure 14. Elastic recoil spectrum of a 91 nm diamond-like carbon coating
an Si. recorded using 30 MeV Clions {reproduced by permission ol AEA
Technelogy. copsright © UKAEA 1992),
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Figure I5. The laboratory differential cross-section for the '*C(d. p,)'C
reaction at a laboratory angle of 135

dictable value or variation with ion encrgy. Imterpretation of the
energy spectra must therefore rely on experimentally measured
cross-sections, with a consequent reduction in accuracy. or on
comparisons with spectra from standard materials. The differ-
cntial cross-section for the '*C(d, p}'*C reaction at a laboratory
angle of 135 is shown as a function of incident deuteron energy
in Figure 15 and the proton energy spectra from the 1.5 and 2.0
MeV deuteron bombardment of a thick graphile sample, as shown
it Figurce 16. The link between the proton yield as a function of
deuteron encrgy as the beam slows down in the graphite and the
reaction cross-section is clearly visible. The analysis depth for 1.5
and 2.0 MeV deuterons in graphite is 8 ym and 17 pm respec-
tively. Nuclear cross-sections are strongly influenced by the Cou-
fornb barrier and generally only have usefully high values for
clements with Z, < 16, NRA is consequently excellent for
measuring the distribution of low Z, elements, especially when
contained in a high Z, matrix, and therefore complements RBS
analyses very well. Most isotopes from 'H to **S can be deter-
mined with good sensitivity for the lighter elements, which are
often difficult to measure by other techniques. Unlike RBS, which
produces thick sample spectra extending down to zero scattered
ion energy, nuclear reaction products usually cover a finite energy
range. This is because reactions are usually chosen to have a
positive '@ value which imparts a finite energy to the reaction
products, event when the incident ion eneegy approaches zero.
Nuclear reaction spectra are usually highlv complex, depend-
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Figure 16. Spectra of prolons measured at 135 from the 1.5 MV and

1.0 MeV deuteron bombardment of a thick sample of pure carbon. The
smooth curves show the simulated spectra.

ing upon the nuclear properties of both the incident ion and the
sample nucleus, the incident ion energy, reaction @ value, excited
states of both the compound nucleus and daughter nucleus, the
reaction cross-section and the angular distribution of the reaction
products, However, the spectrum or reaction product *signature’
is unique and highly specific to each isotope. This makes NRA
an cxceltent technique for studying chemical reaction dynamics
because the behaviour of different isotopes can be easily dis-
tinguisheel. For example, the pairs of isotopes *C/'*C, '*N/UN
and '*0/'*0 all have quite different ‘signatures’. Nuclear reaction
cross-sections tend to become smaller and excited states closer
together for higher Z, nuclei, giving rise to very complex spectra.
In general, therefore, only two or three isotopes can be measured
simultaneously. Care must also be excrcised in choosing the
appropriate beam ion, energy and detection angle to ensure opti-
mum separation of the signals from different isotopes. A typical
NRA particle spectrum, obtained from the 1.1 MeV deuteron
bombardment of a thin titanium nilride sample, is shown in
Figure 17. Most of the observed peaks are from the '“N(d, p)'°N
reaction although peaks from "*N(d,«)'*C and '*C(d, p)"*C arc
also visible. Carbon is present as 4 surface contaminant.

The most commonly used nuclear reactions are carried out
with proton, deuteron or *He ion beams. With proton beams the
usual method is to measure gamma rays [rom inelastic scatiering,
capture or (p, #7) reactions. The majority of NRA measurements
detect charged particle reaction products however, making use
of the high positive  values for reactions induced by the loosely
bound D and “He ions. In these cases it is usual to place a foil
over the detector, thick cnough to prevent elastically scattered
ions. being detected but thin cnongh to allow reaction products
to pass through into the detector. Nuclear reaction cross-sections
arc usually very much sinaller than those for elastic scattering
and the removal of the high fluence of scatiered ions enables
higher beam currents o be used to improve count rates. In many
laboratories deuteron induced reactions are favoured. However,
large numbers of fast neutrons are also produced by (d, n) reac-
tions, in beam line components as well as in samples, and due
attention must be paid to the provision of adequate neutron
shielding when employing deuteron beams. NRA sensitivities
vary greatly with the reaction and usually lie in the range of %
down to mg g '. Il a moveable detector loil is employed, it is
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Figure 17. A typical NRA spectrum from the 1.1 MeV deuteron bom-
bardment of a thin TiN sample.
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possible to measure both NRA and RBS spectra, thus deter-
mining the detector solid angle calibration by using the RBS
data.

3.5. Nuclear reaction analysis—resonant reactions. With the non-
resonant reactions described in the previous section. the reaction
cross-seclion varics with the incident fon energy and is gencrally
i coentinaous function. However, some reactions. known as res-
onand nuclear reactions, exhibit very lurge increases i cross-
scction al well defined encrgies corresponding to specific excited
states of the compound nucleus. Such resonances have a lull-
width-at-half-maximum which is a property of the cxcited slate
and which may huve values ranging rom clectron volts or loss
up 1o many thousands of clectron volts. An oxcellent example
of a resonant cross-section is provided by “Fip.x)'"0 und is
shown in Figurc 8 for proton encrgies from 0.5 1o i.5 MeV.
The analysis of malerials using resonant nuclear reactions
requirey a different approuch. If an ion beam of a given energy
hombards u sample containing an clement with @ resonant cross-
section. Lhe reaction will only accur for very thin lavers in the
sumple al which the ion energy is at the resonunce encrgy. As the
meident ion cnergy is increased above the resonance energy, the
reaction will occur at a greater depth in the sample. This effeet
15 illustrated in Figare 19 for the case of an clement distributed
in a thin fayer on the surface. with a second thin layer buried in
the sample, and where the yield is plotted against the difierence
between the incident ton energy and the resonance energy. This
difference, being the encrgy loss by the beam in arriving al 1he
resonance encrgy. is casily converted (o a depth using the usual
encrgy loss relations. The square distributions in Figure 19 rep-
resent an idealised case where the flal tops reficet the faet that. it
the resonance energy is entirely within (he region containing the
clement of intercst, the yield has a constant maximum value, This
ideul response is modified al the surface by the energy spread in
the beam and the energy widih of the resonance and bencath the
surface by the additional broadening effects of energy straggling,
It shiould be noted that for resonance analysis the depth inlor-
mation is determined only by the incident fons and not the
reaction products. In favourable cases. nuclear resonance anady-
si$ can achicve a depth resolution of | iny st the surlace and can
profile clemental concentrations to a depth of 1 m. Sensitivities
depend on the seaction cross-section and the presence of infer-
foring radiation and (ypically range from % down to 1 ppm
atoms. Fhe depih 1o which clements can be profiled is often
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Figure 18. The differential cross section for the ™Fip, 2330 resonant
reaction between the energies of 0.5 and 1.5 MeV.
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Figure £9. A schemutic represeritation ol resorance reaction depth pro-
filing showing reaction vield as a Tunction of beant energy ahove the
resonance encrgy (F—Fy) for a surlaee and buricd layer. The rounded
vield curves show the effect of heam energy spread, resonance width and
cnergy strapgling.

limited by the presence of additional resonances which greatly
complicate the response. As with pon-resonant nuclear reaction
inalysts, ancertainty in the nuclear resonance parameters often
limul the aceuracy of concentration determinations and measure-
ments are usually made by comparison with the respense from
a known sample with a similar material matrix. In addition.
accurile stopping power data is required when assigning depth
seades. This is no problem when trace levels in a fixed matrix are
betng measured. but is sometimes difficult o determine when the
<lement of interest is o major constituent which may be varying
rapidly as ncar an interface. A major advantage of vesonance
analysis is that the fon beum cnergy can by set just above res-
onance energy, thus sumpling the concentration below the surface
and consequently ree from the influence of surface contami-
nauon. The techmique is much slower than RBS or nen-resonant
NRA hecause measurcments must be made at many different
heum energics. A comprehensive list of resonances used in depth
proliling has been provided in table F4.13 of ref' 9.

As many of the resonant reactions are induced by proions., o
uselul application is 1o use the reverse reaction to study hvdrogen
distributions, For these reactions, the centre-of-mass motion is
very high. Henee, for example. the resonances at 0,330 McV and
(872 MeV for Fip. o) "0 are al 6418 MoV and 16,568 McV
for the reverse "HO''F. )"0 reaction. The technigue is only
possible therefore in laboratories possessing a bigh energy aceel-
eriltor.

3.6. Data analysis. When RBS meussurements are made in the
regions where cross-sections are Rutherford. analysis of speetra is
often not toe difficult. However. in cases where nuclesr enhanced
cross-seetions are used or clemental concentration profiles are
changing rapidly with depth. the analysis of specira is much more
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difficult. Similarly, NRA spectra are always complex and simple
interpretation and analysis is rarely possible.

The most common approach to analysis is to use computer
codes to simulate measured spectra and through these to infer
elemental distributions. 1t is rare that the constituent elements of
a sample to be analysed are totally unknown. The simulation
technique, therefore, consists of making an educated guess at the
composition and structure of a sample {often also from the
appecarance of the spectrum) and calculating the resulting RBS
or NRA spectrum. This is then compared with the measured data
and adjustments made to the input structure until the simulated
and experimental spectra agree (using a least squares criterion).
Particular attention is paid to the fits to step heights and to
leading edge positions., as energy shifls can indicate the presence
of surfacc layers (oxides or contaminants for example). If a
matrix contains significant levels of light elements such as carbon,
nitrogen or oxygen which are not well determined by RBS, it is
often advisable to perform both RBS and NRA analysis as accur-
ate determinations require a good knowledge of all the elements
present [or inclusion in the stopping power calculation. The
computer code contains tabujated stopping power data for alt
clements and either calculates Rutherford cross-sections for RBS
or uses tabulated values for non-Rutherford or reaction cross-
sections. The effects of straggling in the sample and delector
absorber foil (if used) are included in the calcnlations, as is the
energy resolution of the detector system. In more sophisticated
programs, natural isotopic abundances are included for RBS and
the energy spread caused by the finite detector angle can also be
included. Figure 16 shows measured and simulated proton energy
speetra {rom the deuteron bombardment of a thick pure graphite
sample. Good fits are obtained to the data except for the lowest
cnergy regions of the 2 MeV spectrum, which corresponds to a
depth in cxcess of 20 um and probably suffers from the effects of
multiple scattering events.

3.7. Channelling. Since the late 1960s ion implantation has been
used almost exclusively in selectively doping semiconductors. The
advantage of ion implantation is the accurate control it affords
of the dose and location of the dopant. However, the resulting
damage introduced by thc ion beam must be satisfactorily
annealed out. Channelling has been developed largely to provide
a simple method of monitoring damage removal and of studying
the atom location in the laitice of the implanted dopants, It also
has wide application in the analysis of other crystalline materials,
such as the recently developed thin film high-T, superconductors
and the range of thin films manufactured by epitaxial growth on
crystalling substrates.

The principle of channelling can be illustrated by Figure 20,
When a parallel beam of ions is incident along a major crys-
tallographic axis or plane, the average field of the columns or
planes of atoms act to gently guide the ions down the centre of
the channel. The ions spiral down the axis, with a characteristic
wavelength of a few tens of nm, in a region where the electron
density is at its lowest. The rate of energy loss is therefore less
for channelled ions and the fons never come close enough to the
tattice nuclkei to suffer RBS. A small fraction of the incident ions
will collide with nuclei in the top plane of atoms and be scattered.
However, subsequent crystal atoms will be in the shadow of the
top atom and cannot contribute to the RBS yield. For helium
ions channelled down a major crystallographic axis, the RBS yield
from atoms behind the first layer can be as low as 1% of that
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Figure 20. A schematic representation of the possible paths of particles
n a parallel beam of ions incident along & crystal axis or plane.

from an amorphous sample of the same materizl. IFthe ton beam
15 gradually directed away from the crystal axis, an angle will be
reached, known as the critical angle ¥, at which the steering
effect can no longer chanrnel the beam and the RBS yield will
increase. Initially the yield rises above the amorphous sample
level but within a degree or so reaches the equivalent amorphous
or ‘randony” sample level. Such an angular yield curve is illus-
trated in Figure 21. For helium ions, the width of the angular
yield curve ¥, - lies typically within the range W, = 0.3-1.2".
More generally, ¥ ., varies as [Z,Z ./ Ed]""*, where £ is the incident
ion energy and d is the distance between the latticc atoms in the
direction of the beam. RBS spectra, measured for both random
and aligned crystals are illustrated in Figure 22, The ratio of the
minimum yield just below the surface peak and the random yield
is known as ;. For channelling of He ions down a major axis
Yemin €N be as low as 0.01.

One of the most straightforward channelling applications is
the location of impurities or implanted dopant atoms in a crystal

0 0 03
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Figare 21. A plot of the ratio of the channelled (o random RBS yield as
a crystal is tilted refative to a channelling axis.
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Figure 22. Typical RBS specira for a randomly oriented and axially
aligned Sb implanted Si crystal. Specira from as-implanted (surface dam-
aged) and annealed samples are shown.
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lattice. Such atoms can occupy cither substitutional or interstital
sites. as shown in Figure 23, and these will interact in different
ways during ion bombardment. If u random spectrum is taken,
the vield from forcign atoms will give the total number ol aloms
present. In the case ol channelled spectra. substitutional loreign
atoms will suffer a similar drop m vaeld to the host atoms.
However, lor interstitial atoms the channelled vield will depend
upon the location of thé atoms und the direction of channelling,.
For example, in the case illustrated in Figure 23, body centred
interstitials will be “visible® 10 the beam in direction (1) but nol
indirection {2y and the reverse is true for fuce centred interstitials.
Congiderable information can thercfore be gained on the location
of impurity or dopant atloms by mcasuring channelling viclds
along & number of different axes or planes.

A common application is in the study ol ion implantation
doped semiconductors. A typical cxample is the implantation of
Si by Sbrions. As the dopant in Si is usually a heavier clement. its
RBS signal appcars isolated ut a higher cnergy. as illustrated
in Figure 22. Three spectra are presenied here: random. as-
implanted aligned and aligned afier annealing to remove implan-
tation damage. The as-implanted aligeed spectrum indicates that
the surface region of the 5i. represented by AE, hus been heavily
damiged and the yield of the Si and implanied Sb which resides
within this damaged region is the same as lor the random
spectrum. Bencath the damaged region the 8i vield is higher thun
for the pure crystal case. because many of the incident ions are
scattered in the damaged surface layers Lo angles heyond the
channelling critical angle. When the sample has been fully
anncaled and the crystal siructure restored, the Si vicld matches
that of a channclling spectrum from a defeet Iree erystal and the
Sb yield is also shown to have dropped considerably. 117 the
number of counts in the random {or as-implanted) Sb peak is
{501, and the number of counts in the aligned and anncaled Sh
peak 15 (Sb) ., then it can be shown '™ that the frzction of Sh atoms
sitting on substitutional or shielded sites in the anncaded sample
is given by

I - (Sb),/(Sb)g

Nop = (17)
ii;Cmin

Nk

LR RS BY)

Figure 23. A schematic of a crystal containing substitutional (Hl). Tace
centred interstitial {X) and body coentred interstitial atoms (7). Sub-
slijutional atoms are not “visible™ to the beam in any channelling direclion
whilsi lace centred interstitials only are visible in direction {2) and body
cehtred interstitizls only in divection ().
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Figure 24, Schematic showing how epitaxially grown layers with latiice
parameter mis-maiched 1o the substrate result in weiragonal distortion
itong the growth dircetiosn.

I measurements arc made on the sumples al various slages in
the anncaling process, the ievel of damage remaining and the
changes in location of dopant atoms can be studicd as & function
of time or annecaling wemperature.

Since the development ol molecular beam epitixy many crys-
talline materials have been successfully grown on suilable crystal
substrates. Indeed it is now possible 1o grow thin lavers of defeet
lrec crystals which are lattice mis-matched with the substrale
and m which the strain is taken up by tetragonal distortion. as
Hlustrated in Figure 24, One such cluss of matcriaks are strained
kiyer superlattices where thin kayers are built up under alternating
compresstonal and tensional strain. thus altering band-gaps and
giving the possibility of engineering new Lypes of semiconductor.
Another class are thin layer epitaxially grown superconductor
which may also be under strain. Tt is clear from Figure 24 that
chuannelling performed in the growth direction witl revead a per-
lect erystal, provided the strain is not sufficient to produce dis-
locations. Because of the tetragonal distortion of the surface Layer.
however. chunelling slong another chunnel will he sensitive 1o the
degree ol distortion and careful measurement of the channeliing
angles will enable the degree of distortion 10 be measared for the
surfaece layer. Analysis of strained layer superlattices where
targe number of different alternating layers may be involved is o
much more complex situation involving “resonant channelling”
amd “vatastrophic dechannelling”. More detailed information on
these subjeets can be found in the paper by Picroux ef «f'™.

4. Experimental equipment

4.1. Accelerators. Probubly the majority ol accelerutors currently
being used for energetic ion beam analysis started their life as
nuclear structure facilities. However, aceelerators are now being
purchused in increasing numbers specifically for use in materials
analysis, As depth resolution is directly related to beam cnergy
resolution, aceelerators used are generally confined o do
machines which are capable of producing beams with energy
spreads in the range 0.05-0.2%:. Terminal voltages [rom a few
hundred kilovelts to several million volts are used and beam
currents up to a few microamps are produced. Beciuse such high
potentiuls are required. accelerators are placed inside a pressure
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vessel containing electrically insulating gas at high pressure (SF,
is the most cffective insulator). Accelerators consist of an ion
source which injects ions into an evacuated beam tube containing
a graduated electric potential which accelerates the ion. Various
steering, focusing and bending elements are provided and the
high cnergy beam is directed into the sample through a set of
collimating apertures which accurately define the beam size and
position. The vacuum in the beam line is kept better than 100
pPa. Calibration of the energy of the beam is carried out by
reference to various well known nuclear resonance or threshold
energies : examples being the 991,87 keV *"Al{p, v) **Si resonance
and the "*C{p,n}"*N threshold at 3235.7 keV. A more detailed
description of the design of various accelerators is given in
Krane'” and a list of the epergy of useful calibration reactions
and thresholds is given in table 2.7 of ref 9.

Direct current accelerators are generally of two broad types.
In those using the Van de Graaff principle, charge is transported
mechanically to an enclosed high voltage terminal where it is
collected to produce a voltage V' = /C, where ( is the charge
on the terminal and € is the terminal capacitance. Charge is
either sprayed into an insulating belt, or more probably induced
onto conductors separated by insulators and connected to form
a conlinuous moving chain. It is then picked off at the high
voltage terminal. The other class of dc accelerator is based on
the rectification of an oscillating voltage and uses a seties of
rectifiers and capacitors in the form of voltage doublers (as in
Cockeroft-Walton machines). The simplest design of aceelerator,
known as singlc-ended. places the ion source within the high
voltage terminal at potential ¥ and singly charged positive ions
are accelerated to an energy of ¥ electron volts. A useful alter-
native, known as a tandem accelerator, places the ion source
outside the pressure vessel and at ground potential and acccl-
erates negative ions to the high voltage terminals at potential ¥
volts. At this point the beam is passed through on thin carbon
foil or narrow canal containing low pressure gas which strips
electrons from the fon, giving it a positive charge. The positive ion
is then accelerated back down to ground potential and acquires a
total energy of (n+ 1)V electron volis where » is the number of
positive charges on the ion after being stripped in the terminal.
Thesc two approaches are shown schematically in Figure 25. The
advantages of the tandem configuration are that the ion source
is outside the pressure vessel, allowing easy access for maintenance,
and a lower high-voltage can be used, leading to a smaller diam-
eter accelcrator and softer X-rays from the terminal. A com-
merciaily available I MV tandem accelerator dedicated surface
analyser'™ capable of producing 3 MeV helium beams is shown
in Figure 26.

4.2. Target stations. A schematic of a typical target station is
shown in Figure 27. Samples are mounted in the centre of a
cylindrical vacuum chamber and a beam spot about | mm square
is defined by a collinating aperture just before the chamber. When
channelling measurements are being undertaken, a parallel beam
is defined geometrically using a second 1 mm square aperture a
further 34 m back along the beam line. Also, in channelling
measurements the sample is mounted on a triple axis goniometer
which allows the sample orientation to be varied about each of
the three axes in steps of 0.01°. For routine investigations many
samples can be mounted on a target ladder or carousel and
moved into the beam for analysis by remote control without
having to break the vacuum system.

HIGH VOLTAGE ("‘
\\ |
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BENDING MAGNET -7

SINGLE ENDED TANDEM

Figure 25. Schematic diagram of a single-ended and tandem electrostatic
accelerator.

In sotne applicattons the sample may be very large, or may
contain moisture or other volatile materials. For such cases it is
possible to bring the beam out of the vacuum chamber, through
a thin window onto the sample, which is usually surrounded in
an inert atmosphere of helium.

For most samples it is sufficient {0 maintain a vacuum in
the chamber of 100 uPa or better, because the depth profiling
capability of ion beam analysis enables contributions from sur-
face contamination to be avoided. Ultra-high vacuum is some-
times required however. In such cases it is often sufficient to
simulate uhv conditions by providing local liquid-nitrogen-tem-
perature cryo-pumping. For absolute measurements, accurate
integration of the beam charge is also important. As energetic
positive ions produce secondary electrons, it is important to
provide suppressor electrodes both near the aperture before the
chamber, to prevent clectrons entering the chamber, and near the
sample to prevent the escape of electrons from the sample. In
some cases, charge is collected from the whole target station which
then acts as an enclosed Faraday cup. Charged particle detectors
are placed inside the vacuum chamber at appropriate angles to
the incident beams. Gamma ray and neutron detectors, however,
can be placed outside the chamber, although maximum detection
cfficiency requires short sample to detector distances.
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Figure 27. Schematic plan of a typical ion beam analysis target station.
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4.3. lon microprobes. Many samples contain inhomogencities
wilth dimensions as small as a micron or less und it is often
necessary o use very high spucial resolution for an accurale
analysis. The first attempts le produce ion microprobes used very
fine collimated beams '™ ™", Great problems were expericneed with
vanishingly small beam currenis and with halo produced by
slit-edge scattering. These problems were greatly relicved when
Cookson e/ o' used a relatively faree object slit and focused the
beant to a small spol using strong focusing lenses. Excellent
reviews ol the development and application of 1on microprobes
can b tound in an article by Cookson™" and u book by Wall
and Grime™'.

Mega clectron volt ion beams are rather rigid and not cisy Lo
deflect. It is therefore necessary 1o employ strong lTocusing
clements, such as magnetic quadrupole lenses, to focus them effee-
tively, Various arrangements ol lenses have been used™, ranging
from iwo Lo Four quadrupoles. Such systems, which may not
be symmetric in the X and ¥ plancs, produce demagnifications
typically in the range 5-30 and can produce beam spots less than
one micron squarce. Onc ol 1he advintages of ion microbeams is
that the beam suffers only a small lateral expansion wilh depth,
so that a | um diameter beam can be used o profile 1o a depth
of several microns without significant loss ol lateral resolution.

Microbeams cun be cmployed 1 several wavs, In the most
common maodce. the beam is scanned rapidly over a sample in a
raster pattern and the energy of the nuclear interaction products
are recorded mdividually. 10gether with their A'Y locations. and
the data is stored sequentially in a computer memory. OOn com-
pletion of the measurcment the data is sorted according to cach
XY location. allowing a spectrum 1o be reconstrueted for cuch
point. Potentially huge volumes of data can be accumulated and
this is often reduced by stoning only pre-selecied portions of the
cnergy spectrum. An alternative approach is to allow the beam
Lo remain at a selected position on the sample, whilst a spectrum
is built up. The disadvantage of this method is thai the extremely
high power densities in such small sample volumes can produce
severe damage. Microbeams are also ideal for producing STIM
images and very small beam spots can be used as only very low
count rates are required.

4.4. Detectors and electronies. The clectricul signal from most
radiation detectors is very small and requires considerable ampli-
fication. In addition. counting rooms are often n consideruble
distance rom the target station. Charge sensitive preamplificrs
arc therefore placed very close to the detectors Lo minimise cable
capacitance and minimal pulse shaping and modest amplification
allows the signai to be transmitied by coaxial cable Lo the count-
\t the counting station the signal is further wuplificd
with appropriate pulse shaping 1o optimise the cnergy resolution
and pulse length ¢around 1 ps) 1o reduce pulse distortion by
overlap of successive pulses (pile-up). Pulses arc amplified in the
range up to 10 volts and are digitised by an anulogue-to-digital
vonverter and stored in a dedicated microcomputer 1 512 or
1024 *bins® or “channcis’. All clectronics used are commercislly
available and are fully described by Knoll** and Leo ™.

The majority of detectors used for jon beam analysis wre hased
on Ge or Si semiconductors and consist of reverse biased recti-
fving junctions. Such solid-state devices have the advanwage of
requiring 4 low encrgy to produce an clectron—-hole pair and thus
have a good energy reseiution. Silicon 1s used for charged particle
detectors, producing compact detectors with [00%  intrinsic
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Figure 28, Schematic experimental arrangement of o heavy ion Lime-of-
flight enerey analyser. TA: timing amplifier: CFD: constant fraction
discriminator : TAC stime-lo-amplitude convertor : MCA - multi-channel
anabyser. (Reproduced by permission of M Dobeli of af, 1ol 26.)

efficieney which operale satistactorily inside the vacuum system
al room {emperature. The cnergy resolution (full-width-at-half-
maximunt) can be as small as 11 keV for alpha particles but is
considerably higher (or heavy ions ; being as high us 100 keV for
20 MeV oxyzen ions und 300 keV for 50 MeV sulphur jons™,
Annrular detectors are available which provide lirge solid angles
at backward angles with the beam passing through the centre of
the deteetor before striking the sample. These offer high efficiency
whilst not suffering from large-ungle kinematic broadening. An
encrgy resolution an order of magnitude higher can be provided
by magnelic spectrometers. However, these have very small solid
angles and require separale measurements at cach cnergy sctling.
leading lo very long measurcment times with increascd beam
damage ol the sample. The improved mass resolution of heavy
ion RBS cun be realised if the cnergy of the ions can be measured
with good resolution. Débeli ¢f af*® have developed a time-ol-
fight system using micro channed plates o amplify the clectron
signal produced when the {on pusses through o thin carbon foil
al the beginning and end of a known flight path. A schematic of
their deteetar is shown in Figure 28 and part of the RBS specirum
of 25 McV (1 ions backscattered from a 55 mm GaAs layer on
S0 iy shown in Figure 29, The two gallium peaks are from the
two natarally eccurring isctopes *'Ga and 7'Ga. The widih of
the peaks is due almaost entirely to the layer (hickness clearly
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Figure 29, 25 McV “Cl buckscattering from a 55 nm GuAs layeron $i0-
Masses 69, 71 and 75 are clearly resolved. (Reproduced by permission off
M Dobeli ¢r af. rel 26.)
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indicating the superior depth and mass resolution. The main
disadvantages of time-of-flight systems are their relative com-
plexity and low solid angle. For gamma ray detection, Ge detec-
Lors are preferred, as they can be produced with a larger active
volume, and the photoelectric cross-section is about 60 times
larger than that for Si. However, the smaller band gap necessi-
tates operating Ge detectors at liquid nitrogen temperature to
reduce noise. The high resolution of Ge detectors, about 0.15%
at 1.33 MeV, makes them ideal for analysis where many pamma
encrgies are present. When only one or two gamma lines or high
energy gammas are presenl, Nal (TI) scintillation counters are
often preferred as they have a much higher detection efficiency
than Ge detectors. The energy resclution is much poorer at the
same encrgy, however, at around 8%.

5. Applications

Rutherford backscattering and nuclear reaction analysis have
found extremely wide application in the analysis of the near
surface of materfals from a very wide range of disciplines. As it
is not possible 1o cover the range adequately, this section aims
to take examples from just three areas to illustrate the diversity
of itnformation obtainable from energetic ion beam analysis.

5.1. Semiconductors. In the field of semiconductor technology
8iQ, is an important dielectric used for isolation of components
and its location, thickness and compasition is of great import-
ance. One approach to producing buried oxide layers is to
implant silicon to a very high dose with energetic oxygen ions,
which then form an insulating SiO, layer around the end of their
range, leaving a surface layer of pure silicon. Figure 30 shows the
particle spectra obtained when 900 keV deuterons were used to
bombard a 1.3 gm layer of thermal oxide on silicon and a buried
oxide layer produced by oxygen implantation®’. The small peak
in channel 680 is from the (d, p} reaction with a thin surface layer
of carbon and the peaks in channels 340 and 340 are from the
{d. py) and {d. p,} groups from '*0. The broader group centred
around channel 580 is from the '*0{d, x,) "N reaction. Inspec-
tion of the latter clearly indicates a thin burted SiO; layer and
computer simulation analysis reveals the composition shown in
the inset in Figure 30. There is evidence for a thin interface layer
above the oxide which is deficient in oxygen and this is thought
to be duc to oxygen diffusion into the damaged region of the Si
crystal just before the end of the range of the implanted oxygen
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Figure 30. Energy specira of particles emitted from the 900 keV deuteron
bombardment of samples of (a) St0, on silicon and {b} oxygen implanted
silicon. The smooth curve shows the simulation from the implanted

sample assuming the structure shown in the inset®”.
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Figure 3t. The yield curves of the '*F(p,, 27) reaction around the 882 keV
resonance energy for samples of '°F implanted SiO. before and after
annealing under dry nitrogen at 1090°C (ref 28).

ions. The buried layer is found to be 370 nm thick with a depth
resolution of 200 nm and is stoichiometric SiO,.

Following a suggestion that the presence of fluorine in SiO,
improves radiation hardness, '*F was implanted into an oxide
layer and its behaviour with annealing was studied with the
"F(p, #y) %0 reaction using the 882 keV resonance”®. Figure 31
shows the resonance yield curve for a 600 nm thick oxide layer
which had been implanted with '’F ions to adose of IE 19 m .
The shape of the sharp resonance curve is dominated by the
resonance width of 4.7 keV for the as-implanted sample. However,
after the sample had been annealed in dry nitrogen at 1090°C for
one hour, the fluorine, as indicated by the broad resonance curve,
had redistributed uniformly throughout the oxide layer and
nearly half had been lost from the surfacc.

5.2. Surface engineering. Many materials have advantages such
as strength, easc of engineering processing. low cost and often
low weight. However, they can also suffer from disadvantages
such as poor corrosion resistance, poor wear properties and a
high coefficient of friction. Surface engineering aims to alter the
surface propertics of otherwise advantageous materials to make
them more widely useable®’.

Probably the most common approach is to treat surfaces in
various wavs with nitrogen. One such procedure is to subject a
surface to a nitrogen-atmosphere-plasma glow discharge where
the accelerated nitrogen ions interact with and heat the surface,
resulting in the formation of a nitrogen-rich layer with a deeper
nitrogen diffusion tail. Such a process forms a hard coating
which adheres well to the surface. In the following example,
commercially pure (CP) titanium was treated in a 485 V plasma
containing 90% N and 10% Ar atoms and was analysed by alpha
particle RBS and deuteron NRA?". Figure 32 shows the 2 MeV
He* RBS spectra measured at a laborztory angle of 1507 for
untreated and plasma treated CP titanium, where it i seent that
the top 0.25 um has been converted to TiN, with a further micron
converted to £Ti,N. An analysis was not possible beyond 1 um
depth. Of interest is the presence of surface traces of Cu and Fe
which originate from sputtering of the plasma chamber com-
ponents. The contamination extends to a depth of 15 nm and
contains 0.15% atoms of Fe and 0.08% atoms of Cu. Near the
surface, where the nitrogen concentration is changing rapidly, a
depth resolution of 10 am is achieved. Nitrogen analysis to

799



L G Farwaker: Rutherford backscattering and nuciear reacticn analysis

rimien . B TR

-« Haw Dua

—— Stulanan

=
A Nitrogen Figu
Iiramwr, Tad
et ek

[ . .

£ % 1 s 230 ErEY L s 10 aun L
CHAHHEL HUMBEH

Figure 32. 2 McV He' RBS spectra of CP titanium and plasnua nitrided
CP titanium. The smooth lines are computer simulations. Two small
surlave peaks corresponding to iron and copper are alsa visible ™.

greater depths was carried out by observing NRA producets from
1.1 MeV deuteron bombardment at 150 . A 12 ym Al absorber
foil was used to eliminate scattered deuterons and the resulting
spectrum is shown in Figure 33. Peaks can be scen arising from
the ""N(d. p)' "N and ""N{d. 2)'*C reactions and from (d.p) rcac-
tions with small amounts of carbon and oxygen contaminanis.
The insert 10 Figure 32 shows a detail of the "*N{d.p, }'*N
peaks. logether with a computer simulation of the data. The
nitrogen depth distribution determined from the NRA was then
combined with the surface data from RBS to produce the nitro-
gen concentration depth profile shown in Figure 34. 1t can be
seen that the top 0.25 pum has formed a somewhatl over-stoi-
chiometric and rapidly varying dTiN fayer. followed by a further
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Figure 34. The nitrogen depth profile prodiced from the combined RBS
wnd NRA measurements shown in Figures 32 and 33 (ref 34),

0.75 gem of £Ti.N. bencuth which is @ long il of dittused nirogen
o a depth of approximately 3 um.

In an alternmative treatment. stecl was coated with o thin laver
of Zr. which was then covered with u layer of ZrN produced by
sputier coating™'. The total laver measured approximately 4 um
and was too thick 1o be analysed by conventional RBS. In this
cise, the sample was analysed using 2.2 MeV deaterons, detecting
reaction products at 135 . No absorber foil was used and both
deuteron RBS and NRA particles were observed as shown in
Figure 35. A computer simulation of the clustic scrttering is
shown in Figure 36, The data indicated 1.43 gm of ZrN on lop
of 2.25 um of Zr over a steel substraie. The faver was seen o
be wniform in compaesition with noe interdiffusion at the inter-
faces. The duta suggested slightly over-stoichiometric nitride.
Figurc 37 shows computer simulations of the "'N{d. z,)'*C and
"Ni{d, %,)"'°C contributions. aggin indicuting 1.43 um of ZrN. A
deuteron energy of 2.2 MeV was chosen 1o tuke advantage ol the
relatively slowly varving cross-section around this energy. Two
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Figure 33. NRA spectrum from the 1.1 MeV deuteron bombardinent of plusma nitrided CP titanium using » detector placed at 150 cavered with a
12 um Al absorber foil. The Np, - peak has been expanded in the inset 10 show the computer simulistion used for depth prodiling *.
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Figure 35. The energy spectrum of particles emitted at [35° from the 2.2
MeV deuteron bombardment of a ZeN/Zr coating on steel*’.
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Figure 36. The portion of the spectrum shown in Figure 33 corresponding
to backscattered deuterons. The smaocth curve is the simulated spectrum
for the layer structure shown in the inset ',

i

§

20 | “Nid,a ] 2C

COUNTS PER CHANNEL

] . . -
si2 s7e B 704 708 e32 aus sae wae
CHANMNEYL. NUNBEA

Figure 37. The portion of the spectrum shown in Figure 33 corresponding
to the "Nid, x,)'*C and '*N(d, «,)'*C reaction products. The smooth
curves are simulations corresponding to {a) a 1.43 um ZrN layer and (b)
the best fit to the data corresponding to 12% less nitrogen™.

simulations are shown. Curve (a) is for 1.43 ym of Z¢N and curve
{b) 15 for a laycr containing 12% less nitrogen. The uncertainty
in the (d, 2} cross-sections however, is also about 12%.

5.3. Superconducting films. Thin film superconductors are widely
manufactured by epitaxy on crystalline substrates. These tend to
have superior properties to bulk superconductors, are an impor-
tant medium with which to study fundamental properties, and
also have particular application in the field of electronic devices.

A wide range of approaches to superconductor film epitaxy
have been investigated and ion beam analysis techniques have

" provided valuable support during this development phase. Figure

38 shows a 2 MeV He™ RBS spectrum, measured at 150" of a
Y Ba,Cu;0, (YBCQ) superconductor film grown by rf sputtering
at 650°C onto a MgO substrate in a partial pressure of oxygen®™.
This particular sample was produced at an early siage in the
development of the technique when the relative proportion of
the metals could vary greatly during film growth. The smooth
line through the data is the best fit computer simulation and the
contribution from each metal is drawn separately for clarity. Tt
can be seen that the Ba content starts low and falls over the first
third of the layer, then rises rapidly to a constant level. Yr is
relatively uniform throughout the film, except for a large drop
for a short period near the middle, and the Cu content starts high
and falls steadily to zero at the surface. This spectrum illustrates
the insensitivity of RBS to oxygen in a heavy matrix and also
hightights the need for computer simulation techniques to extract
information in complex situations.

In a separate set of experiments, YBCQ films were grown on
(001) MgO by in situ electron beam co-evaporation in the pres-
ence of atomic oxygen and were analysed by He™ RBS and
channelling measurements®®, RBS spectra taken with 2 MeV He™*
RBS at 150°, together with <001) axis channelling data for two
thin films with slightly different composition, are shown in Figure
39. The sample in Figure 39(a) was measured to have a thickness
of 330 nm and a stoichiometry of Y:Ba:Cu of 1.25:1.78:2.97.
The excellent computer fits to the random spectrum indicale
uniform distributions and a sharp interface with the MgO. The
chanrnelling spectrum has a ¥, for Ba of 8%, indicating a very
high degree of crystallinity in the film. The sample in Figure 39(b)
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Figure 38. The 2 MeV He™ RBS spectrum from a rf sputtered YBCO
film on a MgO substrate. The smooth curve through the points is a
computer simulation and the contributions from the individual elements
in the film are shown for Ba {solid line} ; Y {dash—dot lingyand Cu (dashed
line)*.
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Figure 39. The random backseattered and channelled spectra for 2 MeV
He' RBS from (a) 330 am of Y, 2By, 2 Cu.O: |, on MgQ. and th) 335
nmel'Y ,:Ba, 5:Cuy 0- | on MgO. The smooth lines through the points
are compuler simulations®S.

was found (o havea Y : Ba: Curado of 1.03:2.22: 2.74. Here the
computer simukidion of the dala (assuming o uniform com-
position) is not periect near the inlerface and this indicates a small
composition gradient of 5%. increasing in Cu and Y wowards the
interface. The channelling spectrum has & ... for Ba of 149,
indicating that this crystal does comtain defects.

These superconducting films have @ rather large lattice pac-
ameter mismatch with Mg(; the value for Mg being 4.21 and
that for the YBCO being 3.82. [t is cxpected, therefore. that the
layers will be strain relieved at a thickness of 300 nm. Angular
chunnelling scans along the {010} plane for Mg and Ba around
the (001> axis and for Ba around the <103 YBCO axis are
shown in Figure 40. The angular difference is 44.6 . which is
entirely consistent with an unstrained film with appropriate
latlice parameters « = 3.82 and (:3)¢ = 3.89.

6. Conclusions

Anatiempt has been made in the previous sections of this chapler
to mntroduce the range and power of RBS and NRA as neur-
surface anadyiical techniques. In the last few. paragraphs. there-
fore. the more important features will be summarised and one or
two future developments outlined.

Taken together. RBS (including ERDA} und NRA provide
for the essentially non-destructive analysis and depth profiling of
all clements in the periodie table in the ncar-surfuce of materials.
In the case of RBS. measurcments arc accurale {3 5% and
quantitative and do not require the use of secondary standards.
The same applics for selected isolopes for NRA und is true. in
general, when standards are alse employed. In addition. the depth
proliling capability allows accurate measuremenis ta be matde
just beneath the surface, thus avoiding the undesirable effects of
surface contamination. The sensitivity of the techniques depends
on such experimental parameters as the beam charge. detector
efficiency and solid angle. The examples quoted in the following
paragraphs arc thercfore typical values only and are subject 1o
variation in individual cascs. '

Rutherford backscattering has a high cross-section and analy-
ses are fast. typically taking between 5 and 30 min. Depth pro-
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Figure 40. The axial angulor vield cuerves of 1.3 Mev He' RBS taken
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sumple shown in Figure 3%a) The inset depiets the 0017 < 103 - and
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liling is possible between 10 nm and 1 jum and measurements can
distinguish between consecutive masses up Lo about muss 45 for
2 McV CHe beams. This limit can be pushed much higher by
using high cnergy heavy jons and claborate delecting systens.
The Rutherford cross-seetion has a2 dependence. Henee sen-
silivities as high us 10 - 10 monolayers ure possible for heuvy
clements (10 1 10 “Hor ligh(). The technigue is relatively insen-
sitive Lo Hght clements in a heavy matrix. However. considerable
advintage can often he gained in these cases by taking advaniage
of enhaneed non-Rutherford cross-scetions, although lack ol
precision of the cross-section vulues leads 10 the dependence on
stundards for absolule determiinations. Up to 5 1) clements cun
be measured simultancausly with a depth resolution as high as |
nrit al the surface to 40 nm at depth. Siraggling dominates the
depth resolution tor thicknesses greater than 100 nm. Tuken in
conjunction with ERIDA, all elements in the periodival 1able can
be measured. ERA cun measure hydrogen to 1000 ppm atoms
or 0.1 monolayers and  when  coincidence  technigues are
employed thie seasitivity can be reduced to aslow as | ppm stoms.

Nuglear reaction analysis complements RBS extremely well,
measuring all clements from hydrogen to sulphur with good
sensitivity. This i especially advantageous for many light
clements which are diflicult 10 measure by other technigues.
Sensitivities depend onindividual reaction cross-sections and
range from %e to 100 ppm in advantageous cases and < | mono-
uyer. Depth resolution ranges ront 2 20 nm, agals depending
on the reaction. NRA is a very complex techaigue in execution
and interpretation and reguires a high level of experience in the
selection of appropriate reactions, detection ungle and ion beans
caergy. A maximum ol 2 3 clements cun be satisfactorily mes-
sured simultancousty. The maximum analvsis depth is around
10 gm. Cross-sections are smaller than most RBS values and
measurement times lend 1o be longer. around 15 30 min cach.
Accurate absolute measurements arc possible [or selected
isotopes, However. most mcasurements are made relative to stan-
dards. One of the mugjor assets of NMRA is that reactions are
isotope specific and measurements can olien be made of different
isotopes of the same clement. thus elucidating chemicul reaction
processes (c.g. 'CHUC, NN, 0RO,
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Both RBS and NRA, when used in conjunction with chan-
nclling, provide valuable information on crystalline materials.
Analysis along different planes and axes reveal impurity atom
locatiens. Crystal integrity can be studied. providing information
on defect and damage depth profiles, and the fraction of
implanted or impurity atoms in substitutional sites can be deter-
mined. For epitaxially grown layers, crystal integrity, fattice
strain by tetragonal distortion and changes in lattice parameler
can all be measured to high accuracy.

Current advances in the field include the development of new
delcctor systems, enabling advantage 1o be taken of the botier
surface mass separation with heavy ion beams, and the usc of
enhanced non-Rutherford cross-sections for the analysis of light
elements. Considerable efforts are now being made to make
accurate measurements of many of these non-Rutherford cross-
sections. Another arca of advance is the development of better
microprobes with sub-micron beam spot sizes. The current push
is towards 100 nm resolulion. Even higher resolutions are poss-
ible with STIM imaging. which requires very few particles 1o lorm
an image. In conclusion, it may be safely said that. although RBS
and NRA are now mature technologics, much new and exciting
development work is still being undertaken.
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